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1.1
Homeostasis
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1.1.1
Homeostasis Deﬁned

For an organism to exhibit normal cellular function it is required that the intracellular composition,
with regard to water, pH, small molecules, ions, etc., be maintained within specific ranges. This
maintenance is balanced by exchange through the membrane into and out of the cell. The human
body has many different systems designed to maintain ranges, both within the cell and within the
organism as a whole, a theme that will be further developed this semester.
As an introduction, one of the defining features of warm-blooded animals, like humans, is the ability
to maintain a core body temperature that is different from the environmental temperature. The
average human core body temperature is around 98.6°F (37°C) give or take a degree in either
direction depending on the time of day and the person. The body exerts a fair amount of energy
ensuring that this temperature stays relatively constant; we call this temperature value (98.6°F)
the set point for body temperature. Different set points for different systems are found throughout
the body. For instance, the set point for glucose (blood sugar) is 85 mg/dl, and the set point for
extracellular sodium is 142 mmol/L. The body uses a variety of organs and organ systems to help
ensure that certain variables remain as close to their set point value as possible or at least within
a normal range. For example, without the assistance of clothing, the human body has a remarkable
capacity for keeping the variable of body temperature between 98°F and 100°F, even when placed in
environmental conditions that range from 68°F to 130°F. How does the body stay warm at 68°F and
cool at 130°F? To stay warm, the body can increase metabolism, divert blood flow away from the
surface, or cause muscles to shiver. These mechanisms act to generate or conserve heat. Of course,
we could also use our higher cognitive abilities and put some clothes on.
Conversely, to stay cool, the body releases water droplets on the surface of the skin, forming sweat,
which acts to dissipate heat as the water evaporates. Some desert dwelling animals have adapted the
ability to allow their core temperatures to rise without sweating to conserve water. This is how
camels conserve water; they allow their body temperature to increase from 93.2°F to 102.2°F (34°C
to 39°C) during the heat of the day. Pregnant camels have been observed to go without water for 16
days without sweating or panting! One of the best desert adaptors is the Arabian Oryx with observed
core temperature swings up to 107.6°F (42°C)!
Perhaps most interesting is that sweating (or not sweating), shivering, and blood flow diversions
happen automatically; in other words, we do not consciously control them; they just seem to happen.
This automatic property of the human body to regulate variables was observed and defined by Claude
Bernard in 1854. Then, in 1926, Walter Cannon named this process homeostasis. Homeostasis, like
many scientific words, is of Greek origin were homeo means "similar or same," and stasis means
"standing still or remaining the same." Homeostasis then, by definition, is the ability of the body to
maintain relatively stable internal conditions (internal environment) even though the outside world
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(external environment) is changing. The internal environment is defined as the fluid that surrounds
the cells.
As will be explained, the human body undergoes a multitude of highly complex interactions to
maintain homeostasis by ensuring that systems function to hold different variables within their
normal ranges. These interactions are essential to the survival of the body. An inability to maintain
homeostasis may lead to death or diseases such as: diabetes, dehydration, hyperthermia, and even
allergic reactions.
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1.1.2
Homeostatic Control Systems

In order to explain how homeostasis works, let us revisit changes that occur to maintain body
temperature. How does the body know when to shiver or sweat? The body first needs to detect a
temperature change. In the body, this function is attributed to a receptor, which is a type of sensor
that monitors the environment and detects changes in variables. When conditions cause a change in a
variable, we call those conditions stimuli. Once a receptor detects a change, it then communicates
this change to a control center. Control centers are located throughout the body, often in the brain,
and are responsible for determining the set point and the appropriate course of action to correct
deviations from the set point. Control centers dictate a course of action by communicating
with effectors. An effector provides the means to correct the deviation. In terms of temperature
regulation, the control center is located in the hypothalamus, a small region in the brain, and the
effectors would include skeletal muscles (shivering), sweat glands (sweating), and blood vessels
(constriction and dilation). It is also interesting that the human body can change a set point for a
particular variable. This change is generally temporary and beneficial. For example, the set point for
body temperature can change to a higher value in response to infections, called a fever. This increase
in temperature aids the immune system in eliminating the pathogen. Consider this critical thinking
question: does the set point change observed during a fever represent a negative or positive feedback
response? The answer is negative, but why?
An essential component of homeostasis is communication. Communication in the body occurs
primarily through two systems: the nervous system and the endocrine system. Regardless of the
system used, if communication flows toward the control center from the receptor, it is termed an
afferent pathway. If information flows from the control center to the effector, it is termed
an efferent pathway. Collectively, the receptor, afferent pathway, control center, efferent pathway,
and effector comprise a homeostatic control system. Essentially, all organs and tissues of the body
are part of homeostatic control systems and perform functions that help maintain the body's internal
environment.
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Body Temperature Control by Homeostatic Control System
Wikimedia Commons; File:2704 Concentration of Elements in Body Fluids.jpg

1. Receptors in the skin and the brain can sense temperature.
2. Information about the temperature travels through afferent neurons to the control center. The
control center in this story is the hypothalamus (green dot in the brain picture above).
3. The hypothalamus assesses where the temperature is in relationship to set point (98.6°F). The
hypothalamus then sends a signal through efferent neurons to the skin and the muscle tissues.
4. The skin and the muscle tissues are effectors. If the control center determines that the
temperature of the body is above the set point, then blood vessels in the skin dilate to divert
some of the blood closer to the surface of the body, thus releasing heat in sweat and cooling
down the body. Sweat glands can draw water from the blood, trapping heat and releasing it as
the sweat (water) is evaporated at the surface of the skin. If the control center determines that
the temperature of the body is below the set point, then the blood vessels of the skin constrict
to decrease the amount of blood moving to the skin, so the warmer blood instead moves toward
the core of the body. In addition, sweat glands cease producing sweat. Muscles are another
effector that can shiver when it is cold to produce heat in the body.
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1.1.3
Feedback Response Loop

Homeostatic control systems, like the temperature example above, generally result in Feedback
response loops. Feedback response loops start with a stimulus that changes a variable and ends with
an effector that changes the variable. If the variable is changed in a way that brings it back towards
set point, we call it negative feedback. We use the word negative to indicate that the resulting
change in the variable is opposite of the initial change. In other words, if a stimulus were to cause the
temperature variable to be increased to 99°F, the response of sweating would act to decrease the
variable back to 98.6°F. Since the initial stimulus caused an increase in temperature and the
resulting response was a decrease in temperature, opposite to the initial change, we call the whole
process a negative feedback loop. Regulation of body temperature is only one of many examples of
how the body maintains the constancy of the internal environment. Other negative feedback loops
that regulate homeostasis include replenishment of oxygen by the lungs, the regulation of the pH of
the blood at 7.4, and the regulation of blood glucose by insulin; however, keep in mind that there are
many other examples.
Sometimes, the response to a stimulus results in a change to the variable that increases the deviation
from the set point. This type of mechanism is called a positive feedback loop. Most of the time,
positive feedback loops are the result of negative feedback systems that do not adequately correct
the problem. For example, in response to a substantial loss of blood, the blood pressure would drop
and the negative feedback response would be to increase the heart rate to help return blood pressure
to normal. However, if the loss of blood was too great, the increase in heart rate might not be
adequate to increase the blood pressure, and as a result, less blood would go to the heart. Since
blood carries essential oxygen and nutrients, less blood to the heart would essentially starve the
heart. This would result in loss of function and weaker contractions resulting in less blood being
pumped, which would result in less blood to the heart and so on. Thus, because the negative feedback
response (an increase in heart rate) was not adequate, the end result was that blood pressure
continued to drop, causing an increased (positive) deviation from the set point. This situation would
require intervention from a medical professional to save the individual.
There are a few examples where positive feedback mechanisms are good. For example, during
childbirth, labor contractions are enhanced through positive feedback. This is the result of a hormone
called oxytocin, which is released from the brain during labor contractions. Oxytocin enters the
bloodstream from the brain and circulates through the blood to the uterus where it causes more
powerful contractions. Contractions, of the uterus, push the baby's head downward which stretches
the cervix. Stretch receptors in the cervix and uterus then send signals to the brain to release more
oxytocin, and this positive feedback system continues until birth is accomplished. You may have
heard of the drug Pitocin; this is a synthetic form of oxytocin that can be injected into expectant
mothers to induce labor or assist contractions when the oxytocin system is not functioning naturally.
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Some systems have adapted an anticipatory response called a feedforward control. For example,
dehydrated humans in warm environments show low sweat rates but can be induced to sweat almost
instantaneously when they drink water. The most widely known feedforward response is the
salivation response that occurs with the sight, smell, or even the thought of food, inducing salvation
and stomach acid secretion before food enters the mouth.
Feedback loops rarely operate in isolation but are almost always part of a larger network of systems
that operate in a complex interplay with one another. Some of the loops can even be in
competition with each other, sometimes making treatment options very complex. In addition, there is
a hierarchy among the various feedback loops with the maintenance and balance of the brain having
priority over everyone else. For example, the body will sacrifice bone for the essential ion calcium to
ensure proper brain function. Two other important themes of homeostasis are redundancy and
acclimatization. The maintenance of some variables is so crucial that the body does not entrust
them to one system, opting instead to build in redundancy in case one system fails or is inadequate.
The overall fitness of an organism can be determined by its ability to adapt to different physiological
situations. For instance, acclimatization is observed in the long-term adaptation to high altitude in
breathing rate and overall red blood cell numbers (discussed later).
The practice of medicine then is to help individuals return to homeostasis when their own systems
have become inadequate. Thus, stated another way, the discipline of medicine uses physiological
parameters to establish reference states and then attempts to intervene to help return the
parameters to that state.
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Feedback Response Loop
Image created by JS at BYU-I 2013

Above is an image representation of a Feedback Response Loop. Notice that feedback loops can
result in Negative or Positive Feedback. The red arrows in the top-left graph always show what would
happen if the effector(s) always caused the variable to come back to set point (Negative Feedback).
The red arrow in the right-hand graph (inside the cycle) shows what would happen if the effector(s)
always caused the variable to go further and further from the set point (Positive Feedback).
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1.2
Cell Transport; Water & Solutes
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1.2.1
Fluid Compartments

The cell is the functional unit of the body, but it cannot survive outside of an environment of water,
nor without its most important structure, the biological membrane. This membrane effectively
separates water in the body into two distinct fluid compartments, the intracellular fluid
compartment (ICF) and the extracellular fluid compartment (ECF). The ICF is the larger of the two
compartments, containing approximately two-thirds of the total body water. Total body water
averages 42 liters for a 154lb (70kg) man (the usual physiological reference). The ECF is comprised
of the other one-third of total body water and acts as the buffer between the cells and the outside
environment. In other words, everything that enters or leaves the body must pass through the ECF.
The ECF can be further divided into interstitial fluid (fluid in direct contact with the outside of
cells) and plasma (water component of the blood). The regulation of what passes, when it passes,
and how much passes is a major theme of cellular function. As stated, without water life cannot exist,
thus water movement, a phenomenon called osmosis, is an essential characteristic of life. Movement
of water between the ICF and ECF must occur through cell membranes that are essentially
impermeable to water. Thus, the movement occurs through special protein water channels called
aquaporins and is driven by osmotic pressure gradients. The pressure gradients are determined
by the molecules or ions dissolved in the water. These molecules and ions (solutes) exist in a state of
chemical disequilibrium, which means they are not equally distributed between the ICF and ECF
(see figure below).
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Distribution of common solutes in ICF, ECF and Plasma
Wikimedia Commons; File:2704 Concentration of Elements in Body Fluids.jpg
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1.2.2
Osmosis

By definition, osmosis is the diffusion of water through a selectively permeable membrane from an
area of high water potential (low solute concentration) to an area of low water potential (high solute
concentration). Therefore, for osmosis to occur the membrane must be permeable to water but
impermeable to the solute, and the concentration of the solute must be different on the two sides of
the membrane. Water will move from the side with lower solute concentration to the side with higher
solute concentration until the concentrations are equal or until some external force prevents further
movement of water. This is a passive process, in that no energy expenditure is required for the
movement of water. In an artificial system such as the one depicted in the figure below, water will
attempt to move from chamber B to chamber A. Since chamber A is a rigid chamber, pressure will
develop. Pressure that is just sufficient to prevent water from moving across the membrane is
referred to as osmotic pressure.

Osmotic Pressure. Minimum pressure needed to be applied to a solution to prevent the inward flow of water across a semipermeable membrane from chamber B to
chamber A.
Image by BYU-I student Hannah Crowder, 2013.

In the body, water will move into or out of cells, depending on the solute concentration (osmolarity)
of the extracellular fluids and the intracellular fluids. If the solute concentration in the extracellular
fluid is lower than the solute concentration in the cell, water moves into the cell, and the cell will
swell. Before we can explain why cells shrink or expand when placed in a certain kind of solution, we
first need to discuss the difference between osmolarity and tonicity.
Osmolarity represents the number of moles of particles per liter of solution, while molarity
represents the number of moles of molecules per liter of solution. Why do we have these different
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ways of expressing concentration? We have to change the units because different substances behave
differently in solution. For example, when NaCl is dissolved in water it breaks apart into Na+ and Clions (this is a characteristic of substances held together by ionic bonds). Thus, there are now twice as
many particles than there were when the substance was dry. Consequently, a one molar solution of
NaCl would be a two osmolar solution (technically it would be a 1.6 osmolar solution as there is not a
complete dissociation of the two atoms). Glucose is different; it does not break apart in water because
the atoms are covalently bonded. Therefore, a one molar solution of glucose will also be a one
osmolar solution. The concentration of solutes in body fluids is 285–295 mOsmoles/liter (for simplicity
we often round this number to 300). We place the small m, which stands for milli or one-thousandth,
in front of osmole because we are dealing with very small amounts: 1000 times less than an osmole.
Osmolarity is a useful term because now we can use words to describe solutions, such as isosmotic,
which means, “two solutions have the same number of particles;” hyperosmotic, which means, “one
solution is more concentrated than the other;” or hypoosmotic, which means, “One solution is less
concentrated than the other.” Notice how we use three different prefixes to help us describe the
nature of the solution: iso means “same,” hyper means “more,” and hypo means “less.” (Note:
Osmolarity takes into account all of the particles in the solution. Therefore, if you have a liter of
solution containing one mole of glucose and one mole of NaCl, you would have a three
osmolar solution.)
Perhaps the most important concept when talking about solutions and how they affect the body
is tonicity. “Tone” means “firmness or stretch of a tissue”, so the term tonicity is used to describe
how a solution affects the firmness or stretching of a cell when it is placed into a solution. Now we
begin to deal with membranes and particles. Why are cells affected by different solutions? The
answer lies in the behavior of particles with regard to diffusion. Particles tend to diffuse from areas of
high concentration to areas of lower concentration to reach equilibrium. However, if the membrane is
not permeable to the particles, then instead of particles moving or diffusing, water will move or
diffuse through aquaporins in the cell membrane to reach equilibrium. Additionally, at equilibrium,
the osmolarities of the two solutions will be the same. When water moves out of a cell, the cell
shrinks; likewise, when water moves into a cell, the cell swells. Thus, if we place a cell into an
isotonic solution, the cell shape will not change because the solutions are already in equilibrium, so
there will be no net movement of water or solutes across the membrane. In other words, isotonic
solutions have the same concentration of osmotically active particles (osmotically active particles are
non-permeable particles) as are found in the cell. If the cell swells, we say that the solution was
hypotonic, and if the cell shrinks (crenates), we say the solution was hypertonic.
Remember, fluids and ions inside the cell (intracellular fluid) and fluids and ions outside the cell
(extracellular fluid) will always move to equilibrium, either by movement of solutes (ions) if they can
cross the membrane or by the movement of water if the solutes cannot cross. However, there are
exceptions to the rule! By now, you are probably getting used to exceptions in science! For instance,
some solutes can cross the membrane, enter the cell, and then disappear! This disappearance act is
due to the ability of the cell to metabolize (or eat) the solute. What will happen to equilibrium in this
case?
Let's look at a few examples. Five percent dextrose (dextrose is another name for glucose) is
isosmotic with regard to body fluids because it has the same number of particles per water as the
body; however, once infused into the body, the dextrose solution acts like a hypotonic solution. If the
solution is the same concentration as cell fluids, why does water move? This is because glucose is a
solute that is permeable to the cell membranes in healthy individuals. However, once inside the cell,
the glucose is immediately metabolized. More specifically, as the solute (glucose) moves into the
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cells, the cells metabolize the glucose molecules, which effectively makes the glucose disappear.
Within seconds, the solute concentration on the outside of the cell becomes less and less as the
glucose moves into the cells and disappears. Since the cell constantly “eats” the glucose, the gradient
for glucose to keep moving into the cell stays high, even though the concentration of glucose in the
surrounding solution continues to decrease. Thus, the overall concentration of glucose on the outside
of the cell becomes less and less. To maintain homeostasis, water will start to move into the cell to try
to balance the solute concentrations on both sides of the membranes, causing the cell to swell
(hypotonic solution).
Consider what might happen with a permeable solute that moves into the cell but does not disappear
(i.e. urea). If we start with an isosmotic solution of urea (same solute concentration per water as the
cell) and then place a cell into this solution, the urea, being a permeable solute, will move down its
gradient into the cell. We say down the gradient because initially, the concentration of urea outside
the cell is much greater than the concentration inside the cell. Urea will move into the cell until the
urea concentrations inside the cell equal the urea concentrations outside the cell. This movement will
result in a decrease (cut in half) of the solute concentration outside the cell and an increase in the
solute concentration inside the cell. Since there are more particles inside the cell than outside, water
will move into the cell to try and balance out equilibrium, causing the cell to swell. Thus, any
isosmotic solution of a penetrating or permeable solute will act as a hypotonic solution to the cell.
Here is another way to think of osmolarity and tonicity. Osmolarity can be used to compare the
concentration of solutes in two solutions. It can also be used to compare the concentration of the
solutes in a solution with those in the cell before equilibrium is achieved. Tonicity is used to describe
what effect the solution has on the cell. Osmolarity does not take into account the nature of the
solutes, while tonicity is dependent upon the concentration of the nonpermeable solutes.
The figure below shows what happens to red blood cells when they are placed into hypertonic,
isotonic, or hypotonic solutions.

Osmotic Pressure on Blood Cells
Title: File: Osmotic pressure on blood cells diagram.svg; Author: LadyofHats; Site:
https://commons.wikimedia.org/wiki/File:Osmotic_pressure_on_blood_cells_diagram.svg; License: Public Domain.
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When placed in a hypertonic solution, red blood cells will shrink or crenate. When placed in an
isotonic solution, there will be no change in volume, and when placed in a hypotonic solution, red
blood cells will swell. If the concentration of the solution is great enough inside the cell, the cells will
swell and even burst (lyse).
The link below shows what happens to a wilted plant when it is placed into a hypotonic solution.

Watch on YouTube https://books.byui.edu/-KCW

Let’s try one more example. Consider a solution that is composed of a 0.9% NaCl solution mixed with
a 5% dextrose solution. Both solutions are considered isosmotic to the cell, but when added together,
they become double the concentration of the cell. Thus, this solution would be considered
hyperosmotic. If we place a cell into this solution, what will happen? To answer this question, let’s
talk about tonicity. Now, when talking about tonicity we need to consider the nature of the particles.
NaCl is considered nonpenetrating (nonpermeable), while dextrose is considered penetrating
(permeable). Once a cell is added to the solution, the dextrose will immediately move down its
concentration gradient into the cell and “disappear” until all that is left will be the 0.9% NaCl. Thus,
even though this solution was hyperosmotic to begin with, it becomes isotonic with respect to its
interactions with the cell. At equilibrium, the cell will not change shape.
To check understanding, complete the table below by filling in the missing column items with regard
to osmolarity and tonicity. Use the terms iso, hypo, and hyper to complete the table.
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SOLUTION

OSMOLARITY

TONICITY

0.9 % saline

5% dextrose

5% dextrose + 0.9% saline

0.45% saline

5% dextrose + 0.45% saline

**Here are the answers for the table above. Be sure you understand why the answers are what they
are.
SOLUTION

OSMOLARITY

TONICITY

0.9% saline

Isosmotic

Isotonic

5% dextrose

Isosmotic

Hypotonic

5% dextrose + 0.9% saline

Hyperosmotic

Isotonic

0.45% saline

Hypoosmotic

Hypotonic

5% dextrose + 0.45% saline

Hyperosmotic

Hypotonic

Tonicity vs Osmolarity
**Note: Other texts, even hospitals on occasion, tend to use less rigorous definitions of tonicity. In
other words, definitions are loosely given to define all hyperosmolar solutions as hypertonic. This is
based on the observation that water can cross the membrane faster than the permeable solute can
cross. It may also be based on the incorrect assumption that tonicity and osmolarity are the same
things. Thus, the initial effect of an abrupt change in extracellular osmolality may be temporarily
different from the predicted tonicity change. In other words, a 5% dextrose solution in saline would
be considered hypertonic because there are more than 300 mOsm of solutes in this solution. The
problem with this definition is that it does not distinguish tonicity from osmolarity, as it makes no
reference to whether the solutes are permeable or non–permeable with respect to a particular
membrane. We believe that loose definitions create confusion and, therefore, have defined tonicity by
the more rigorous definition of "effective osmolarity."
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1.2.3
Diﬀusion of Solutes

Because the hydrophobic core of cell membranes creates a barrier; (preventing hydrophilic
substances, such as ions, water and large polar molecules, from moving across the membrane), the
membrane makes use of proteins to facilitate movement of most solutes and water. Processes that
move substances (solutes) across membranes can be grouped into two general categories based on
whether the process requires an input of cellular energy or not. If no energy input is required for the
transport, then we say particles move via a passive transport process. On the other hand, if the
process requires cellular energy, usually in the form of ATP, then it is an active transport process.
Simple Diffusion
Diffusion is a process that results from the fact that all molecules, including solids, liquids, and
gasses, are constantly in a state of random movement. This motion causes collisions between
neighboring molecules, thus altering directions and creating a state of “random” motion. This random
motion can be further altered by temperature, with increases in temperature stimulating a more
rapid random movement. If there is an initial, unequal distribution of the molecules (i.e. more
concentrated in one area than another), the constant random movement and collisions cause them to
eventually become equally distributed. This process of gradual movement from more concentrated to
less concentrated is called diffusion. We refer to the concentration difference as the concentration
gradient.
Substances diffuse down their concentration gradients (from high to low concentration). Once the
molecules are evenly distributed, we say that we have reached a state of diffusion equilibrium, and
even though the molecules are still moving, there is no longer any net change in concentration. You
can observe this phenomenon by carefully placing a drop of food coloring into a glass of water. The
dye gradually moves through the liquid until it is evenly dispersed in the water. In the body, if the
material in question can pass through the cell membrane without the aid of a membrane protein, we
refer to the process as simple diffusion. Solutes that cross the membrane by simple diffusion tend
to be hydrophobic. Examples of substances that cross the membrane by simple diffusion are the
gasses CO2 and O2.
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Simple Diffusion: Process of Moving from High to Low Concentration to Reach Equilibrium
Image created by BYU-Idaho student, Hannah Crowder 2013.

The top panel shows the diffusion of solute from left (high concentration) to the right (low
concentration) until an equilibrium is established. Once a diffusion equilibrium exists, there will no
longer be any net movement of solute (lower panel).
Factors That Affect the Rate of Diffusion
The speed at which a molecule moves across a membrane depends in part on the mass, or molecular
weight, of the molecule. The higher the mass, the slower the molecule will diffuse (rate is
proportional to 1/MW1/2). Another factor that affects the rate of diffusion across the membrane is the
solubility of the substance. Nonpolar substances, such as oxygen, carbon dioxide, steroids and fatty
acids, will diffuse rapidly while polar substances, having a much lower solubility in the membrane
phospholipids move through more slowly, or not at all. Ions, such as Na+ and Cl-, tend to diffuse
across a membrane rather rapidly. The diffusion rate across a membrane is proportional to the area
of the membrane and to the difference in concentration of the diffusing substance on the two sides of
the membrane. This relationship can be demonstrated by Fick’s first law of diffusion, which states
that:
J = -DA(∆C/∆X)
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J = net rate of diffusion in moles or grams per unit time
D = diffusion coefficient of the diffusing solute in the membrane (this coefficient takes into account
the size of the substance as well as its solubility in the membrane)
A = surface area of the membrane
∆C = concentration difference across the membrane
∆X = thickness of the membrane. Diffusion is quite rapid over short distances but gets slower the
further it goes. The time it takes for something to diffuse is proportional to the square of the distance.
Therefore, if it takes one second to diffuse one centimeter, it would take 100 seconds to diffuse 10 cm
and 10,000 seconds to diffuse 100 cm. So, to go 100 times further takes 10,000 times longer. In the
body, diffusion is quite sufficient to cross the thin cell membrane, but traveling long distances by
diffusion would be very slow. This is why we have other mechanisms, like blood circulation, for
moving substances long distances.
Facilitated Diffusion
Facilitated diffusion represents the movement of substances across the membrane that are too big
and/or too polar to pass through the membrane. This type of movement is mediated by integral
membrane proteins called transport proteins. Unlike simple diffusion, this process of diffusion
exhibits saturation, and its rate is directly related to the concentration of specific transport proteins
within the membrane. In addition, this type of transport, like simple diffusion, does not require an
input of energy. Facilitated diffusion can occur in two different ways, through channel proteins and
carrier proteins.
Channel proteins resemble fluid filled tubes through which the solutes can move down their
concentration gradients across the membrane. These channels are often responsible for helping ions,
such as Na+, K+, Ca2+, and Cl-, cross the membranes. Even though they are open tubes, they often only
allow very specific ions to pass through them. For instance, a K+ channel may allow K+ to pass
through but not Na+ or Cl-. This is due to the presence of a selectivity filter that selects for hydrated
or dehydrated states of the specific ion. Also, as we will learn later, the regulation of the movement of
the various ions across the membranes is crucial for many important cellular functions. These
channels, therefore, are often gated (they have doors or gates that can be opened or closed).
Depending on the channel, these gates may respond to voltage differences across the membrane
(voltage-gated channels), specific signal molecules (ligand-gated channels), or even stretching or
compressing of the membrane (mechanically-gated channels).
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Voltage Gated Channel
Author: OpenStax College; Site: https://cnx.org/contents/FPtK1zmh@8.108:QBrzNCkw@5/The-Action-Potential#fig-ch12_04_04 License: Licensed under a Creative
Commons Attribution 4.0 License

Voltage-gated channels (shown above) open when membrane voltage changes. The concentration of
ions in the intracellular fluid create the voltage. Amino acids in the protein transporter are sensitive
to charge and cause the channel to open for a specific ion.
In ligand-gated channels the pore opens to ions when the ligand binds to a specific location on the
extracellular surface of the channel protein. Acetylcholine is the ligand shown in the example below.

Ligand-Gated Channels
https://cnx.org/contents/FPtK1zmh@8.108:QBrzNCkw@5/The-Action-Potential#fig-ch12_04_02 License: Licensed under a Creative Commons Attribution 4.0 License

When a mechanical change such as pressure, touch, or a change in temperature happens,
mechanically-gated channels open.
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Mechanical-Gated Channels

Author: OpenStax College;
Site: https://cnx.org/contents/FPtK1zmh@8.108:QBrzNCkw@5/The-Action-Potential#fig-ch12_04_03
License: Licensed under a Creative Commons Attribution 4.0 License
Another example of a gated channel protein is the K+ leak channel which opens and closes
intrinsically and contributes to the cells electrical potential (discussed in more detail later).

Leak Channel

Author: OpenStax College;
Site: https://cnx.org/contents/FPtK1zmh@8.108:QBrzNCkw@5/The-Action-Potential#fig-ch12_04_05
License: Licensed under a Creative Commons Attribution 4.0 License
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The second type of facilitated diffusion utilizes carrier proteins in the membrane and is known as
carrier-mediated transport. Unlike the channel proteins, these carriers do not open to both sides of
the membrane simultaneously. Instead, they bind to a specific solute on one side of the membrane.
This binding causes the carrier to change shape, which moves the solute to the other side of the
membrane (think of a revolving door).

Carrier Proteins

By LadyofHats Mariana Ruiz Villarreal [Public domain], via Wikimedia Commons
Like the channel proteins, these carriers can be very specific in the solute they transport since the
solute must bind to a receptor site that is designed to fit a specific solute. Another interesting
characteristic of these carriers is; similar to all channel proteins, that they have a maximum rate of
transport and can thus become saturated if the solute concentration is high enough. An important
family of carrier proteins transports glucose across cell membranes. To date, 12 carriers in this
family have been identified. They are simply identified as GLUT1 through GLUT12, and their
distribution and specificity vary. For example, GLUT2 is found in the liver and pancreatic islets,
while GLUT4 is found in skeletal muscle and fat tissue. Interestingly, GLUT4 is the only one of these
carriers that requires insulin for maximal activity.
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GLUT 4 Carrier Protein

By CNX OpenStax [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], via Wikimedia Commons
As mentioned above, one of the characteristics of carrier proteins is that they can become saturated.
One of the symptoms of uncontrolled diabetes is the presence of glucose in the urine. This is due to
the fact that so much glucose is entering the kidney tubules, so the transporters that normally move
the glucose back into the blood become saturated, and the excess glucose ends up in the urine.
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1.2.4
Active Transport

1.2.4 - Active Transport
To this point, the transport processes we have discussed have all been passive processes in which the
solute or the water movement has been down a concentration gradient with no input of energy
required. However, there are times when it is important for the cell to be able to move solutes
against their concentration gradient. Just like moving water from the first to the top floor of a highrise building, these processes require an energy source. Processes that require energy are
called active transport processes.
Primary Active Transport
Primary active transport can move solutes, such as ions, against their concentration gradient. This
process requires a carrier protein that is much like the proteins involved in carrier-mediated diffusion
mentioned above. However, in this case, the carrier has a site for the binding of ATP, which provides
the energy to move the solute against its gradient. These transport systems can move one or multiple
ions across the membrane. One of the most important active transport systems is the Na-K
ATPase (see figure below). This system moves sodium out of the cell and moves potassium into the
cell. Each cycle of the pump moves three sodium ions out of and two potassium ions into the cell.
Potassium is the primary intracellular cation in the body while sodium is the primary extracellular
cation, and Na-K ATPase is responsible for maintaining this distribution. The Na-K ATPase pump
exists in two different conformational states: an E1 form, where the binding sites for the ions face
intracellularly and an E2 form, where the binding sites face the extracellularly. The drug ouabain
binds and inhibits the pump in the E2 form, this drug will be important in latter applications.
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Sodium Potassium- ATPase pumps

Image created at BYU-Idaho by MG 2013
+

+

Three Na ions are moved out of the cell in exchange for two K ions with the aid of ATP. In addition
to the Na-K ATPase pump other types of ATPase pumps exist as well, these include the H-K pump, Ca
pump (SERCA), H pump, and MDR (multidrug-resistance transporters).
Secondary Active Transport
Like primary active transport, secondary active transport also moves solutes against their
concentration gradients. However, with secondary active transport, ATP is not directly involved in the
pumping of the solute. Instead, this process uses the energy stored in concentration gradients to
move the solute. Since sodium is always in a higher concentration outside of the cell (due to primary
active transport), the sodium gradient is often used to power secondary active transport. In this
process, the carrier protein has a binding site for the solute to be transported, as well as a binding
site for sodium. Once both solutes have bound, sodium moves down its concentration gradient and
moves into the cell, much like what happens with carrier-mediated diffusion, and in the process pulls
another solute into the cell (symport) or moves another solute out of the cell (antiport), against its
concentration gradient. A number of organic molecules are transported across membranes by this
process, such as glucose and amino acids. ATP energy is required to generate the sodium
concentration gradient but is not directly involved in moving the desired solute across the membrane,
hence the designation as secondary active transport.
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1.2.5
Bulk Transport

1.2.5 - Bulk Transport
To this point, we have been talking about the movement of relatively small solutes across the cell
membranes (i.e. ions and small organic molecules). There are instances, however, when it is
necessary to move much larger materials across the membrane, like when a macrophage engulfs a
bacterium or when larger amounts of a given material are released from a cell, such as the release of
a hormone. These processes also require ATP and are, therefore, examples of active transport, but
they move materials in very different ways.
Endocytosis
Endocytosis is the bulk transport of materials into the cell. There are several types of endocytosis,
and we will briefly explore each one. First, let's discuss phagocytosis (see figure below), which
means cell eating. Only a limited number of cells are capable of phagocytosis, specifically cells of the
immune system. In this process, the cell sends extensions of its plasma membrane, called
pseudopodia, out and around the particle to be phagocytized. As these pseudopodia surround the
particle, they eventually fuse, creating a vesicle containing the particle. This phagosome can then
unite with a lysosome inside the cell, and the engulfed material can be digested for use within the
cell.
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Phagocytosis. In phagocytosis (shown above), the cell membrane forms processes that surround and engulf a particle to be brought into the cell.

Image created by BYU-Idaho student, Hannah Crowder, 2013
A second type of endocytosis is pinocytosis, which means cell drinking. In this process, rather than
send out pseudopodia, the cell membrane simply invaginates (forms a pocket) and engulfs anything in
the fluid that is taken into the cell (see figure below). Unlike phagocytosis, pinocytosis occurs in most
cells of the body. The cells are not interested in the water in the vesicles but any solutes that might
be brought in. As you can imagine, this is not a very efficient way of bringing materials into the cell
because it is nonspecific and brings whatever is in the fluid into the cell. It provides cells with a
nonselective mechanism for sampling the extracellular environment. It is prominent in cells involved
in moving large amounts of material across the membrane, like cells of the intestines and the
kidneys. Thus, phagocytosis engulfs larger particles like bacteria or other microorganisms, and
pinocytosis engulfs smaller particles/molecules such as endo/exotoxins released from bacteria or
other molecules used for cell signaling.
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Pinocytosis. In pinocytosis, the membrane forms an invagination (pocket) that pinches off, bringing into the cell the fluid in the pocket along with any solutes in the fluid

Image created by BYU-Idaho student, Hannah Crowder, 2013.
A much more efficient mechanism for bringing specific solutes into the cell is receptor‐mediated
endocytosis. As the name implies, this mechanism employs specific receptors that bind to the
material (ligand) to be brought into the cell. Once the material binds, the receptor‐ligand complex
migrates to a specific area of the membrane, a clathrin‐coated pit, which is then brought into the cell
by a process similar to pinocytosis (see figure below). The advantage of receptor‐mediated
endocytosis is that it can engulf large amounts of a specific solute. The following two animations
demonstrate how this process occurs. The first is a general mechanism for receptor-mediated
endocytosis, and the second shows how a specific molecule, cholesterol, is brought into the cell by
this process.
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Receptor-Mediated Endocytosis.

Image created by BYU-Idaho student, Hannah Crowder, 2013.
In receptor-mediated endocytosis, ligands bind to specific receptors, which then migrate to a
clathrin‐coated pit. The contents are then brought into the cell by a process similar to pinocytosis.
Below an LDL particle is taken into the cell through endocytosis to retrieve cholesterol molecules.
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Receptor-Mediated Endocytosis of LDL.

Image created for BYU-Idaho by T. Orton, 2017, using LDL image from JS
Exocytosis
Thus far, we have been discussing bulk transport, bringing material into the cell. There is also a need
to export material from the cell into the extracellular fluid. This process is called exocytosis.
Exocytosis is the process by which the beta cells of the pancreatic islets secrete insulin into the
extracellular fluids. The mechanism is essentially the reverse of endocytosis. Secretory
vesicles filled with the material to be released migrate to the plasma membrane where the
membrane of the vesicle fuses with and actually becomes a part of the plasma membrane (see figure
below). The material that was in the vesicle suddenly finds itself outside of the cell. The usual signal
that initiates this process is the entry of calcium ions into the cell. Recall that calcium is an
extracellular ion, so there is a large diffusion gradient for calcium to move into the cell. The opening
of gated calcium channels, allowing calcium to diffuse into the cell, initiates the exocytosis process.
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Exocytosis

Image created by BYU-Idaho student, Hannah Crowder, 2013
In exocytosis, secretory vesicles migrate to the cell membrane where the vesicular membranes fuse
with the plasma membrane, releasing the vesicles’ contents into the extracellular fluid.
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1.3
Electrophysiology
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1.3.1
Ions and Cell Membranes

1.3.1 - Ions and Cell Membranes
Electrophysiology, by definition, is the study of the electrical properties of biological cells. It involves
measurements of electric current and electrical activity of neurons and other cells. The plasma
membranes of most living cells are electrically polarized. The cell membrane has the ability to
separate charges by performing work; the charges do not result from the separation of electrons (like
metal wire) but rather the separation of charged ions. This separation occurs through the action of
the Na-K ATPase pump.
Two very important terms to remember when dealing with the electrical properties of cells are
the resting membrane potential and the action potential. These terms will be discussed in more
detail throughout this section. The word potential means “having electrical charge.” Thus, when we
talk about the potential that a cell membrane has because it has separated ions, we refer to it as the
resting membrane potential. Later, we will talk about the membrane when it utilizes its potential, and
we will call it the action potential. The resting membrane potential is due to specific ions, mainly
potassium, and their tendency to diffuse down concentration gradients until opposed by electrical
forces of opposite, but similar, magnitude.
To understand the resting membrane potential it is important to recognize that positively charged
ions are attracted to negatively charged ions because of their valence charge, a resultant effect of an
ion in a solution. It is also important to understand that in bulk solution, the number of positive and
negative charges are always equal. The interaction of an ion with water is defined using a
dimensionless (a measurement without units) value called the dielectric constant. When compared
to the interior of the phospholipid bilayer membrane, the dielectric constant of water is
approximately 40 times greater. Thus, for an ion, for example, Na+, to dissolve in the bilayer as
opposed to water, is essentially zero. This is a fancy way of saying that the Na+ ion, without the aid
of a protein-mediated selectivity filter, will not be able to cross the bilayer. This dielectric constant
and the ability of proteins to close their gates and stop ion movement, allow the Na-K ATPase pump
to separate ions, which in turn results in the separation of charge across the membrane.
Since the pump moves 3 Na ions (3 positive charges) out of the cell in exchange for 2 K ions (2
positive charges) inside the cell, it is tempting to think that this imbalance in charge is what causes
the observed negativity of the inside of the cell membrane compared to the outside. However,
consider that when the Na-K pumps of a squid axon are inhibited (using the antagonistic drug
ouabain), the inside of the membrane that usually rests at a negative -60mV, initially only changes by
a value of 1.4mV. This suggests that the pump does not contribute that much to the overall negativity.
So what causes the negative inside? It appears that cell membrane negative potentials depend more
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on the ionic concentration gradient that was established by the pump than the actual pump itself.
To simplify, let's try an analogy. The figure below represents an artificial system of two chambers (A
and B) separated by a membrane. We will assume that the membrane is permeable to cations
(positively charged ions), but not to anions (negatively charged ions). If we placed two different
concentrations of a KCl solution into each chamber, say 0.1 M solution of KCl in chamber B and a
0.01 M solution of KCl in chamber A, what would happen?

Two Chamber Analogy 1: Initial Ion Arrangement

Image Created at BYU-Idaho by JH, 2013.
Above is an artificial container of water with a membrane in the center that is permeable only to
cations. The membrane has just been placed in this figure, and no ions have moved yet.
Since the membrane is only permeable to cations, K+ will begin to diffuse from chamber B to chamber
A, which is less concentrated (see figure below).
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Two Chamber Analogy 2: K+ moving down concentration gradient from Chamber B to A.

Image Created at BYU-I by JH, 2013.
K+ moves down its concentration gradient from high to low. When will the diffusion of K+ stop? You
might be tempted to say, “When the two concentrations are equal, that is, when K+ on side B reaches
the same concentration of K+ on side A.” In the previous section about simple diffusion, you would
have been correct! But in this section, we are dealing with charged solutes (ions), and they don’t
behave the same as non–charged substances. The rules change when things are charged. You see,
initially, no electrical difference will exist between the two chambers; however, since the membrane
is not permeable to Cl-, side B will begin to accumulate negative charges because the positive charges
are leaving. Stated another way, chamber A will begin to accumulate positive charges because the
K+ cations have moved into this chamber (see figure below).
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Two Chamber Analogy 3: Electrical gradient pulls K+ ion back to chamber B preventing it from reaching equilibrium.

Image Created at BYU-I by JH, 2013.
Above is an artificial container of water with a membrane in the center that is permeable only to
cations. Note that the cation K+ moves "down its concentration gradient" to Chamber A but does not
reach a concentration equilibrium because the electrical gradient is "pulling” K+ back to Chamber B.
The more K+ that flows from side B to side A, the larger the charge difference will be, and eventually,
this will result in an electrical force (electrical gradient) that becomes strong enough to oppose the
diffusion of K+ across the membrane. The net flow of K+ will stop when the force of the electrical
gradient, the attraction from the opposite Cl- charge, equals the force of the concentration gradient.
We call this a state of equilibrium, even though the numbers of K+ on side B will still be higher than
side A. Because of the opposite force applied by the lonely Cl- ions, the K+ ions will not be able to
move to equal concentrations. When the two forces, the electrical gradient and the chemical
gradient, equal each other (equilibrium) and the net movement is zero, we call the state resting and
can refer to the two combined gradients as the electrochemical gradient. We have now
successfully created a state of charge separation and an electrical potential because side B is now
negatively charged compared to side A, and although the ions are still crossing, in this case, the
K+ ion, the net movement across the membrane is actually zero.
It is zero because at steady-state equilibrium, for every K+ ion that crosses from B to A, driven by the
concentration gradient, another K+ ion will move from A to B, driven by the electrical gradient. The
electrical gradient can be determined mathematically using the Nernst potential.
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Ex = -(61.5 mV)/z Log10 [X]i / [X]o
The Nernst potential can predict the equilibrium potential of any ion as long as we know the
concentration gradient of the ion. However, like most math equations, there are some built-in
assumptions to make it all work, most of which do not actually apply in the “real world”. For instance,
the Nernst equation assumes that the ion is completely permeable. This means that in the example
above you could determine a Nernst potential for Cl-, but if you measured the charge in the system, it
would look nothing like the calculated value because Cl- is not permeable in this system. Still, the
equation is useful when applied to closed systems and when the assumptions are met.
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1.3.2
Membrane Potentials

In the cell, we use exactly the same principles as the two-chamber model, except that we initially use
energy or work to separate the ions from each other. This energy comes in the form of the NaK ATPase pump. This pump moves three Na+ ions out of the cell and two K+ ions into the cell (see
figure below), using ATP (energy) in the process.

Resting Membrane Potential
Image by BYUI JH, 2013

Above is a diagram of a cell establishing a resting membrane potential. Shown are representations of
a K+ channel that allows for the movement of K+ out of the cell, a closed Na+ channel that prevents
movement of Na+ into the cell, and a Na+/K+ ATPase pump that moves three Na+ ions out of the cell.
This pump is found in every cell in the body. The pump creates a concentration gradient for both
K+ and Na+. It causes a much higher concentration of K+ to exist inside the cell and a much higher
concentration of Na+ to exist outside the cell. This results in a very large chemical gradient for K+ to
leave the cell and a very large chemical gradient for Na+ to come into the cell. However, the cell
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membrane, under normal conditions, will not let Na+ come in (closed ion gated channels), but the
membrane will allow K+ to leave (open ion gated channels). In more physiological terms, the
membrane contains channel proteins for K+ and channel proteins for Na+. However, most channels
are closed for Na+ and open for K+, resulting in the membrane being 50–100 times more permeable to
K+ than Na+ under resting conditions.
Thus, due to the large chemical gradient for K+, it will start to leave the cell by diffusion. As K+ leaves
the cell, it will leave behind negative charges exactly as our model illustrated. In the cell, most of the
effect of the negative charge comes from negatively charged proteins. The result is the same as the
model: the inside of the cell membrane will start to become negative with respect to the outside of
the membrane. When the membrane reaches a state of equilibrium, we call this state
the resting membrane potential, and we can actually measure the negative charge on the inside of
the cell membrane. We express the membrane charge in millivolts.
Membrane Potentials and Excitable Tissues
So what? Who cares if the inside of cell membranes is negative? Note the word potential. In this
state, the cell now has potential, or the separation of charge. Not every cell has the same potential.
All cells have been shown to have a charge difference between the inside and outside of the two
membranes. The size of this charge differs from cell to cell. For example, the resting membrane
potential for a neuron is around -70mv. Although all tissues exhibit resting membrane potentials,
some respond in a unique and predictable way when they are stimulated. We call these cells
excitable. Excitable cells have resting potentials that range from -50mv to -85mv, while non–excitable
cells have potentials that range from -5mv to -10mv. Excitable cells include neurons and skeletal
muscle cells, while non–excitable cells include red blood cells. It doesn't take much imagination to
see how neurons and skeletal muscle cells could be much more excitable than red blood cells.
So, how exactly does a membrane potential result in excitability? Before we can fully understand this
concept, we need to revisit the concept of proteins, in particular, those proteins that reside in the cell
membrane. First, what are proteins doing in the membrane? Remember, membranes are made up of
phospholipids that have hydrophilic ends (love water) and hydrophobic ends (hate water). Because of
the nature of phospholipids, the cell membrane is virtually waterproof. In fact, it is mostly anythingproof; that is, most things cannot cross the barrier made by phospholipids. However, we have seen
that cells have proteins embedded in their membranes that can form gated channels for substances
to leave or enter the cells, for instance, the K+ channel.
Protein Channels
The K+ channel is an example of a protein that is arranged in the membrane, which acts as a passage
for K+. Most channel proteins are very specific and will only allow certain things to pass through. At
the simplest level, protein channels come in two basic types: those that are open most of the time
(leak channels) and those that are closed most of the time (gated channels). Gated channels can
be opened by several different types of stimuli. If they open in response to electrical changes, they
are called voltage-gated ion channels. Those that open in response to mechanical stimulation
are mechanical-gated ion channels, and those that open in response to a chemical stimulant are
called chemically-gated or ligand-gated, ion channels. K+ can move through the membrane
through leak channels or gated channels. Na+ can also move through both types of channels, but in
most cells, there are small numbers of leak channels for Na+ and large numbers of gated channels for
Na+. Under normal resting conditions, Na+ has a very large chemical gradient to enter the cell, but it
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cannot enter because the channel protein for sodium is closed. In fact, for most ions, their specific
protein channel is closed most of the time during resting conditions.
Activation of Voltage Gated Channels
So, what determines if a given channel will be closed or open in response to a given stimulus (i.e.
voltage, mechanical, or ligand)? Proteins have many possible shapes or conformations that are
dictated by which their amino acids are arranged. Consider, for example, the following hypothetical
channel.

Voltage Gated Sodium Channel
Image by JS at BYUI 2015

The image above is a depiction of a voltage-gated sodium channel. This depiction shows how charges
on amino acids can be attracted to or repelled by the "membrane potential" and contribute to the
open or closed conformation of the "gates." The light blue “lever” represents the Activation Gate and
the Ball represents the Inactivation Gate
Imagine that the protein conformation is such that it acts as a channel through the cell membrane,
but it has two doors: a “lever” and a “ball”.
Now, notice that the lever is connected to a helix or “spring” that has a net positive charge. Assume
that the energy in the spring would like to position it towards the top of our outer membrane.
However, under resting conditions, the positive charges on the spring would be repelled by the
positive charges collecting on the outer membrane and the spring would be attracted by the negative
charges collecting on the inner membrane. If, however, we were able to change the charges, even
slightly on the membrane, then we could affect the conformation of the protein.
If the charge was altered so that the inside suddenly became less negative (see number 2 in the
figure above) and the outside less positive, then the spring could go up and open the lever (or
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activation gate). This would expose the mouth of the channel that is oriented towards the cytoplasm
or inner membrane. The ball has charges on it as well that are attracted to complementary charges in
the mouth of the channel (not shown in the image). A few milliseconds after the lever (or activation
gate) opens, the ball (or inactivation gate) closes the channel (see number 3 in the image above).
If the channel were permeable to Na+, then Na+ could move in through the channel for a brief
moment. Believe it or not, that brief moment of Na+ passing through the membrane is the basis of
excitability. Our hypothetical model is an example of a voltage-gated channel. We call it voltage-gated
because the gates (doors) of the protein respond to voltage or charge changes on the membrane
surfaces.
Movement of Ions through Protein Channels
What happens when a channel that was normally closed is opened? When a channel is opened, even
though it is for a very brief period of time (less than 0.5 msec), it allows for the specific ion to move
through the membrane. What happens to the cell during this "open" time depends on the type of ion
and the direction of movement, a concept called the driving force. Driving force can be expressed
mathematically as:
DF = Vm – Ex
The Vm value refers to the voltage of the membrane. If the membrane is at rest, then Vm would be
about -70 mv for the examples we so a lot in class. But, as a graded potential occurs or an action
potential (next section) is initiated, Vm will change and we would see driving force change for the
different ions involved. Ex value refers to the equilibrium potential (Nernst value). The larger the
driving force value the larger the possible current generation. Current references the amount of ion
movement through a membrane. Driving force is an important value because it accounts for both the
chemical and electrical gradients and their effect on the ion.
Sometimes ions will move with their chemical gradient but against their electrical gradients and vice
versa. In addition, sometime ions will move in the direction of both chemical and electrical gradients.
In order to use the driving force equation to determine direction, you only need to know the valence
charge of the ion in question. For example, let’s assume a Vm of -80 and an equilibrium potential (Ex)
for the Ca2+ ion as 127mV. Using the driving force equation would yield a value of -207mV (ie.,
-80Vm - 127ECa2+ ). The driving force value should always be placed in the interior of the cell. Thus, for
the Ca2+ ion (a cation) there is a -207 mV driving force intracellularly, which would act to drive the
Ca2+ ion into the cell. See if you can determine the driving forces for the following ions for a cell
with a Vm of -80mV. ENa+ = 67mV, EK+ = -95mV, ECl- = -89mV. The answers are given in the table.
Driving Force

Ion Charge

Direction of movement

Na+ = -147mV

Positive

Towards the Inside

K+ = +15mV

Positive

Towards the Outside

Cl- = +9mV

Negative

Towards the inside

Once we determine the driving force, we can then predict the movement of the ion and the overall
voltage effect. Note, however, that driving force can be determined for any ion, but the voltage effect
of movement will only occur if the ion is permeable to the membrane.
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Taking a closer look at the driving force for the K ion, since K+ is a positively charged ion, and the
driving force is a positive value, making the membrane permeable to K+ will drive K+ out. Moving
more K+ out will result in a loss of positive charges; hence, the cell will become negative. Each ion, if
permeable, will move the Vm in the direction of the Nernst for that given ion. In the case of the K ion,
if the cell were 100% permeable to K+ and only K+ the Vm of this cell would be -95mV. Recognizing
that the cell is resting at -80mV suggests that the cell must be permeable to other ions and/or not
100% permeable to K+. This concept explains why a cell can become more negative by simply
opening more K+ channels. In other words, since the equilibrium of K+ at the resting membrane
potential was based on the membrane permeability (ie., number of open channels), opening more
channels will cause K+ to move until a new equilibrium is established, with respect to the
electrochemical gradient. Thus, the inside of the cell will become more negative because of the
increased electrochemical gradient, reaching a new electrochemical equilibrium or until the cell
reaches the Nernst for K+. Because other ions are always somewhat permeable, reaching the Nernst
for K+ in the physiological system under normal conditions is probably impossible.
The Cl- ion is notoriously tricky because depending on the driving force it can induce a negative move
in the Vm or a positive shift. Indeed, the nervous system uses Cl- both ways!
Recall that to determine the equilibrium potential for an ion we use the Nernst equation. In the cell
example, the concentrations of K+ would yield a Nernst potential (equilibrium potential) of -95mV.
Since the cell is primarily permeable to K+ a logical deduction would be that the cell must be resting
at -95mV. However, the cell example is actually resting at -70mV. Why such a difference? This is
because the Nernst potential assumes that only one ion is permeable and that it is completely
permeable. This is one of the reasons as to why the Nernst potential CANNOT be used to predict the
resting membrane potential of biological cells because the assumptions are rarely met. In reality, the
cell membrane is “mostly” permeable to K+ but also “somewhat” permeable to other major ions like
Na+ and Cl-. There is another equation that tries to reduce some of the assumptions by including
more variables (ie., ion permeability) in the equation. It is called the Goldman-Hodgkin-Kats equation
or GHK equation.
Ex = (-58.1mV)Log10(Pk[K+]i/Pk[K+]o + PNa[Na+]i/PNa[Na+]o + PCl[Cl-]o/PCl[Cl-]i )
The GHK equation is a better predictor of the actual membrane potential because it includes the ion
permeability, represented by P in the equation.
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1.3.3
Graded Potential

Because we are dealing with charge differences and electrical currents, we use some unique terms to
describe certain states of the membrane. At rest, the membrane is in a polarized state—polarized
because of charge separation caused by the permeabilities and gradients of different ions. At steady
state equilibrium, this polarized state is referred to as the resting membrane potential. As already
emphasized, the inside of the cell membrane will be negative in relation to the outside of the
membrane. We can show this graphically by using the units of mV on the y-axis and time on the x-axis
(see figure below). Thus, any change in the membrane toward zero will be termed a depolarization.
Note the prefix de-, meaning “away from.” Any change in the membrane that moves back toward the
resting potential would be a repolarization with the prefix re-, meaning “again.” A change resulting
in the movement away from the resting potential, but in a more negative direction, away from zero,
will be termed hyperpolarization with the prefix hyper, meaning “excessive.”

Graphical representation of graded potentials. On the left, it shows electrical movement away from rest or the "polarized state" and toward zero is called
"depolarization". The graded potential returns to rest or polarized state again but never gets high enough to reach threshold. The representation on the right shows
electrical movement away from rest. This movement is called hyperpolarization, and we see that hyperpolarization moves farther from the threshold rather than towards
it.
Image by BYU-I student, 2013

Now for some application. Opening channels for Na+ or Ca2+ would cause a depolarization, while
opening channels for K+ or Cl- (sometimes) would cause a repolarization or even a hyperpolarization.
These changes in the resting potential come in two forms, graded potentials or action
potentials. Graded potentials always precede action potentials, so we will address them first.
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With graded potentials, the magnitude of the response is proportional to the strength of the stimulus.
Hence, a strong stimulus might result in a 10 mV change in the membrane potentials, while a weaker
stimulus may produce only a 5 mV change. Graded potentials result from the opening of mechanical
or ligand-gated channels. Graded potentials can be summed (added) on top of one another to increase
the change. Stated another way, if a stimulus is repeated over and over, it can result in an even
larger deviation toward zero, from rest or away from rest to more negative values. This is the reason
why the changes are called graded. The amplitude (change in the membrane potential) is determined
by the number of channels activated, which, in turn, is determined by the number of stimuli, such as
the concentration of chemicals or the number of channels opened. However, if a change in the
depolarizing direction is really strong, the change may exceed the threshold for the cell and the
graded potential changes into an action potential. Another characteristic of graded potentials is that
they are conducted only short distances. As the signal spreads from the site of stimulation, it loses
strength and eventually dies out completely; think of the ripples that spread in a pond when you
throw a rock in.
For this reason, these signals are also sometimes referred to as local potentials, meaning that they
happen locally but do not travel long distances. As stated, graded potentials can be induced
intentionally by ligands or mechanical stimuli. In addition, graded potentials can occur because of
changes in extracellular ion concentrations independent of ligands or mechanical stimuli. This is
because protein voltage-gated channels are sensitive to the distribution of charge along the
membrane. For example, the voltage-gated Na+ channel gating mechanism is sensitive to the
extracellular concentration of Ca2+. If the extracellular Ca2+ ion concentration decreases below
normal values (hypocalcemia) the gating mechanism will become hypersensitive, even opening
spontaneously. In contrast, extracellular Ca2+ concentrations that increase above normal
(hypercalcemia) will desensitize the gating mechanism, making the channel more difficult to open
(effectively moving the threshold value further away from RMP). Thus, the Ca2+ ion has a direct
effect on the Na+ channel gating mechanism.
An indirect effect (not directly binding to the gating mechanism of the Na+ channel) is observed with
extracellular K+ ion concentrations. Since K+ is the main driver for membrane charge separation,
any change in the extracellular concentration of K+ will affect the K+ concentration gradient such
that the resting membrane potential will shift closer or further away from threshold. Hyperkalemia
(extracellular K+ above normal) will cause the RMP to be closer to threshold because of the
weakened gradient (less K+ leaves). Hypokalemia (extracellular K+ below normal) will cause the
RMP to move further away from threshold because of the increased gradient (more K+ leaves).
Changes in the membrane potential or the gating mechanisms of Na+ channels can make the graded
potential much more likely to cause or prevent an action potential. Thus, monitoring extracellular ion
concentrations is important clinically because if the concentrations move outside of normal it can
induce hyper excitability or hypo excitability in both muscle and neuronal cells.
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1.3.4
Action Potentials

An action potential is where things really become interesting and exciting—no pun intended.
The action potential represents a rapid change in the membrane potential, followed by a rapid
return to the resting membrane potential (see figure below). In other words, a rapid depolarization
followed by a rapid repolarization. The action potential is the basis for transmitting signals in nerve
cells, inducing muscle contraction, and perception of all our senses. The action potential is the result
of the activation of the voltage-gated ion channels, most often the Na+ voltage-gated ion channel.
Most commonly, we talk about action potentials as they relate to nerve cells. In nerve cells, at rest,
the movement of Na+ through the membrane is extremely low (very few Na+ leak channels). However,
if the surface (cell membrane) of the neuron receives a graded potential that is sufficient to exceed
the set threshold value, the voltage sensitive proteins will respond by changing conformation (note:
all voltage sensitive proteins respond to a threshold, but with varying levels of sensitivity. The Na+
channel is the most sensitive and opens very rapidly). Because the driving force for Na+ is extremely
high (≈-147mV), the opening of Na+ channels will cause a rapid influx of Na+, therefore disrupting
the negative membrane potential and resulting in depolarization. The membrane potential will
increase rapidly in response to the increased positive charge until the Na+ voltage-gate inactivates
and closes. It is important to note that depolarization occurs with minimal changes in the overall
concentration of Na+ or K+ (Only one out of every 100,000 Na+ ions need to enter the cell to produce
a 100mV change in potential).
Once activated, the protein channel is quick to reestablish a new conformation, but during the
interim (about 0.5 msec), the protein allows sodium to pass through the membrane. In the case of the
Na+ channel, there are two gates, an activation gate and an inactivation gate. The activation gate is
very sensitive to voltage changes and is the basis of threshold. The inactivation gate is slightly
delayed compared to the activation gate, which allows for the channel to be permeable for a brief
moment. After a slight delay, voltage-gated K+ channels open, resulting in an efflux of potassium out
of the cell. This efflux is in addition to the efflux resulting from K+ leak channels that are always open.
The additional efflux of potassium, in combination with the termination of Na+ (because the
inactivation gate closes) influx, reverses the initial depolarization, and the membrane potential moves
back towards the resting potential (repolarization) and even beyond (hyperpolarization, ie.
Moving towards the Nernst for K+). After which, the K+ voltage channels close, and the resting
membrane is re-established (the potassium channels have only one gate which is activated by
depolarization and inactivated by repolarization). Hyperpolarization occurs because of the additional
movement of K+ through the voltage-gated K+ channel. Once the voltage-gated K+ channel closes, the
membrane will return to the resting potential established initially by the K+ leak channels. The small
depletions that occur in K+ and Na+ concentrations following each action potential are then
reestablished by the Na-K ATPase pump, but this is not necessary for another action potential. In

BIO 461 Principles of Physiology

52

fact, it has been demonstrated that the ion gradients in a neuron are sufficient to be able to generate
10,000 action potentials without replenishment from the Na-K ATPase pump. It is important to note
that in order for activation of the Na+ channels to occur, there needs to be a sufficient stimulus of
current that exceeds the threshold value. For example, the threshold value for a typical neuron is
near -55 mV, while the resting membrane potential is near -70 mV. If a graded potential is not
sufficient to bring the membrane up to the threshold value (-55 mV), then an action potential cannot
be initiated. This kind of stimulus is referred to as a sub–threshold stimulus. If the threshold value is
exceeded by a given stimulus, the action potential will always occur. This phenomenon is referred to
as the all-or-nothing principle. In addition, unlike graded potentials, the action potential cannot be
summed or added upon, but once an action potential starts it becomes self-propagating.

Action Potential
Image by BYU-I Kaylynn Loyd 2013

When current stimulus is sufficient to reach the threshold value, an action potential is triggered.
Notice that the first stimulus came close but did not exceed threshold. This stimulus failed to initiate
an action potential. However, the second stimulus must have exceeded threshold because a relatively
large and rapid depolarization occurred, followed by a rapid repolarization.
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1.3.5
Refractory Periods

Refractory Peroids
Image by BYU-I student Fall, 2015

Another concept to be discussed is the refractory period. By definition, the refractory period is a
period of time during which a cell is incapable of repeating an action potential. In terms of action
potentials, it refers to the amount of time it takes for an excitable membrane to be ready to respond
to a second stimulus once it returns to a resting state. There are two types of refractory periods,
the absolute refractory period, which corresponds to depolarization and repolarization, and
the relative refractory period, which corresponds to hyperpolarization. Moreover, the
absolute refractory period is the interval of time during which a second action potential cannot be
initiated, no matter how large a stimulus is repeatedly applied. The relative refractory period is the
interval of time during which a second action potential can be initiated, but initiation will require a
greater stimulus than before. Refractory periods are caused by the inactivation gate of the
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Na+ channel. Once inactivated, the Na+ channel cannot respond to another stimulus until the gates
are re-set.

Propagation of Action Potential Along a Nerve
Title: File: Blausen 0011 ActionPotential Nerve.png; Author: BruceBlaus; Site: https://books.byui.edu/-Mcn; License: This file is licensed under the Creative Commons
Attribution 3.0 Unported license.

The image above shows how an action potential might have started near the cell soma, and as it
propagates down the axon towards the opposite end, the membrane potential behind the moving
action potential has repolarized and returned to resting membrane potential. The axon ahead of the
depolarization current has not yet depolarized, and it is also at resting membrane potential. Where
the action potential is occurring, we find the membrane potential depolarized, and the outside of the
membrane at that spot is negatively charged relative to the inside of the membrane at that spot. As
sodium rushes in, it will depolarize the next adjacent spot on the axon in the direction that the action
potential is propagating. The reason that the action potential does not depolarize the section of axon
behind the depolarization current (or in the direction that the action potential just came from) is that
the section of membrane is most likely in refractory periods and does not depolarize.
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1.3.6
Propagation of an Action Potential

The ultimate goal of the action potential is to spread along the membrane inducing changes in
voltage-gated proteins. This process allows ions to follow their gradients and generate electrical
current. In order to understand this spreading phenomenon (commonly referred to as propagation), it
is important to understand three concepts: membrane conductance, capacitance, and resistance.
In cell membranes, conductance is the unit of measurement used to describe the movement of ions
across the cell membrane through channel proteins. The movement is often described as
permeability. Different kinds of ions vary in their permeabilities, mainly due to the number of channel
proteins available to a given ion and the driving force for the ion. Capacitance is the unit of
measurement used to describe how much charge is separated (positives from negatives) and stored
on both the intracellular and extracellular membrane surfaces. A key word is separate. Charges are
difficult to separate because placing “like” charges together takes force or energy to break their
bond, since they repel each other. The force or energy (voltage) that is generated by electrochemical
gradients establishes the resting membrane potential. The resting membrane potential is measured
in volts and represents the potential energy available to return the separated charges to each other if
conductance (open channels) allows. Mathematically, capacitance represents the ratio of charge on
the surface of the membrane per volt in the membrane potential. It is expressed as:
Equation 1: C = Q/V
Q represents the amount of charge separated, and V represents the voltage difference between the
membrane surfaces. In cells' membranes at rest, the extracellular surface has a positive charge (+Q)
and the intracellular surface has a negative charge (-Q). One way to look at this is by observing the
resting membrane potential, if it is negative 70 mV then there is 70 mV of potential energy available
for use. This energy will help move positive charge back into the cell and join negative charge on the
inside of the cell. Capacitance exists in cells because the cell membrane is able to act as a capacitor.
A capacitor is essentially an electrically charged sandwich with each piece of bread storing charge at
its surface and in it;s center (distance between the two pieces of bread) which will act as an insulator
(ie., no polarity, no attraction to charge). In the case of cell membranes, the capacitor sandwich is the
result of the phospholipids' tail (center), the separated cations and anions associated with the
phosphate heads (pieces of bread). It is important to understand that the distance between the two
phospholipid bilayers in all cell membranes is essentially the same distance because the center of the
membrane is a highly conserved ratio of hydrocarbons and proteins.
As stated, “like” charges are difficult to arrange together because of repulsion forces. However, any
polar molecules in the center of a membrane (center of the sandwich) can alter these repulsion forces
by contributing an attractive force towards the center. This newly added attractive force can
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“absorb” some of the charges, making the repulsive force weaker. This results in the same 70mV of
RMP potential energy occurring as well as more charges on the surfaces of the membranes and
higher capacitance. This is explained by the equation:
Equation 2: C = Є x (A/d)
The Greek symbol epsilon (Є) represents what is called the permittivity of the center portion of the
capacitor. A technical definition of permittivity can be complex so we will take some liberties in the
definition and try to ignore our cringing physicist friends. Thus, for our purposes, it is best to think of
permittivity as the amount of polar molecules found within the center portion of the membrane. The
more polar a membrane, the higher the capacitance, and the more charge separation we find per
volt. The variable (d) represents the distance between charge separations (the distance between the
external and internal surface of the “slices of bread”). As stated above, in most cell membranes this
value never changes, however, in the case of an insulated axon (myelination), the distance of charge
separation (d) can increase substantially. Also, myelin layers have very little protein, so the overall
polarity of the “center” of our sandwich decreases (Є decreases). The variable (A) is a unit of area
available for charge separation. If (A) is bigger, the charges can spread out more and experience less
charge repulsion, resulting in more charge separation per volt (increased capacitance).
Resistance is the unit of measurement used to describe the ability of something to oppose electrical
current of electrical fields. In the case of cell membranes, resistance is used to describe the behavior
of ions in terms of their “leakiness” or conductance across the membrane (Rm) and once inside the
membrane, how far their charge can influence other “down-stream” voltage-gated proteins (sphere of
influence). If we were actual physicists we would probably start pontificating about electrical fields at
this point, but since we lack pocket protectors for our pens we will instead try to stay more simple
and use the term “sphere of influence”. The distance the sphere of influence can travel is determined
by how much intracellular resistance it encounters (Ri). For a membrane to depolarize and trigger an
action potential that propagates, the values of Rm and Ri are essential.
When channels are opened and ions start flowing, based on their driving force across the membrane,
a current is generated and can be referred to as the capacitative current. Capacitors can only gain
or lose charge because this movement of charge is what causes current. At the resting membrane
potential the cell membrane capacitor is maximally charged, and when additional ion channels are
opened (i.e Na+ voltage-gated channels), the capacitor discharges, and the current moves toward
zero (less charge separation). This loss of voltage is exponential, increasing more rapidly with each
passing millisecond. To describe this exponential loss in current across time, physicists use a unit
measurement called the time constant. The technical definition of the value of the time constant is
the time required for the voltage of the capacitor to fall to 37% of its initial value. Conceptually, we
might look at the time constant value as being dependent upon both resistance of the membrane (Rm)
and the membrane capacitance (Cm):
Equation 3: Time Constant = Rm x Cm
In other words, the time constant is directly proportional to the Rm and to the Cm. If membrane
resistance is increased, the time constant will also increase (by taking longer to depolarize the
membrane). Also, if capacitance of the membrane increases, the time constant will also increase.
Because there are more charges separated now, it will take longer to depolarize the membrane.
Stated another way: As the time constant increases the cell depolarizes slower and the longer it
takes to propagate an action potential.
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Once an action potential is generated, the next obstacle is propagating it down the membrane. Since
action potentials are the result of cations crossing the membrane and influencing protein
conformations, how the sphere of influence is distributed once it crosses the membrane will
determine the distance the action potential will propagate. There are three possible ways that a
cationic charge (sphere of influence) can be affected once it crosses the membrane:
1. The sphere of influence could be neutralized (causing it to have less effect) by anionic charges
on the inner surface of the membrane, as well as the anionic charges on polar molecules found
in the cytoplasm; this is referred to as internal resistance (Ri).
2. The cations may flow back through the membrane, essentially leaking back out and taking
their charge with them, thereby diminishing the positive charge; this is referred to as
membrane resistance (Rm).
3. Whatever is left of a positive charge sphere of influence after losing some to Ri and Rm is able
to influence down-stream proteins and to add to the propagation of the depolarizing effect.
As mentioned above, membrane voltage changes can occur as a function of time (the time constant).
However, voltage changes can also occur as a function of space. To describe the effect of the charge
and its distribution in space we use the unit of measurement called the length constant. For
example, a graded membrane potential (what we have been calling a positive charge “sphere of
influence”) will decay as it travels away from its site of origin. Importantly, the distance that this
influence can go and maintain strength depends on the ratio of the membrane resistance to the
internal resistance according to the following equation:
Equation 4: Length Constant = (Rm/Ri)1/2

When the ratio of Rm to Ri is high the effect of the charge is large and travels for a longer distance
which is equivalent to a larger length constant. The time constant and length constant are most
evident when talking about the axon of neurons, especially in reference to the effect of myelin.

Myelin decreases the effect of polarity (decreased Є) and increases d (equation 2), thereby
decreasing capacitance. Because capacitance is inversely correlated with the distance between the
charged membranes, myelin reduces the amount of stored charge thereby reducing the time constant
(equation 3). Less capacitance means fewer charges are required to move in order to depolarize or
decrease the membrane potential toward zero. Decreased capacitance also means there are fewer
charges separated. This means Ri decreases as there are fewer anions on the inner surface of the
membrane to diminish the cation “sphere of influence” that develops at the point of depolarization.
Myelin also increases membrane resistance, which reduces leakiness. This has the overall effect of
increasing the length constant. Thus, myelin allows the membrane to depolarize quicker and to
spread out further. It is important to recognize that myelin does not cover the whole axon; instead, it
covers it in sections, leaving gaps of unmyelinated membranes called nodes. In the node, since it is
bare membrane, capacitance stays the same, but Rm is low because conductance is high (having lots
of channels). The nodes act to regenerate the action potential and myelinated sections act to increase
the effect of the sphere of influence. This "jumping" of action potential depolarization events from
node to node is called saltatory conduction. The end result is increased speed of action potential
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propagation with a loss of action potential strength.

Propagation of Action Potential Along Myelinated Nerve Fiber
Author: Helixitta; Site: https://commons.wikimedia.org; /wiki/File:Propagation_of_action_potential_along_myelinated_nerve_fiber_en.png; License: This file is licensed
under the Creative Commons Attribution-Share Alike 4.0 International license.

The image above shows myelin on a peripheral nerve axon.
The myelin is made up of individual Schwann cells. The myelin covers the axon in a way that
"insulates" the axon from depolarization waves. In this way, depolarization will occur only at the
nodes of Ranvier (or areas of bare axon between individual myelin segments). When a nerve axon is
organized in this way with myelin, action potential propagation can travel much faster (nearly 10
times faster than unmyelinated axons). It might be helpful to think of action potential propagation in
terms of speed.
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1.4
The Synapse

Up to this point we have discussed how action potentials propagate down axons but not how they
move between neurons. The transition from one neuron to another neuron will be the major topic of
this section. This transition requires the introduction of three separate parts of the neuron, the
dendrite, the soma and the axon terminal. Typically, voltage changes in neurons flow from
dendrites, to the soma, and finally the axon. Dendrites are short, branched processes that extend
from the cell body. Dendrites function to receive information and do so through numerous receptors
located in their membranes that bind to chemicals called neurotransmitters. The cell body is the
portion of the cell that surrounds the nucleus and plays a major role in synthesizing proteins. Once an
axon reaches a target, it terminates into multiple endings, called axon terminals. The axon terminal is
designed to convert the electrical signal into a chemical signal in a process called synaptic
transmission. This transition occurs at a structure called the synapse.

Structurally, two types of synapses are found in neurons: chemical and electrical. Chemical
synapses occur when neural membranes are very close together but remain distinct, leaving a
space. Electrical synapses occur when membranes are linked together (gap junctions) via
specialized proteins (connexins) that allow the flow of ions quickly from one cell to another. Electrical
synapses are found in heart muscle. Because electrical synapses are rare in the nervous system, the
remaining discussion will address the chemical synapse.
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Public Domain by
NIH https://commons.wikimedia.org/wiki/File:Generic_Neurotransmitter_System.jpg
As stated chemical synapses use chemicals called neurotransmitters to communicate the messages
between cells. The part of the synapse that releases the neurotransmitter into the synapse is called
the presynaptic terminal, and the part of the synapse that receives the neurotransmitter is called the
postsynaptic terminal. The narrow space between the two regions is called the synaptic cleft. Both
the presynaptic and postsynaptic terminals contain the molecular machinery needed to carry out the
signaling process.
The presynaptic terminal contains large numbers of vesicles that are packed with neurotransmitter
molecules. When an action potential arrives at the presynaptic terminal, due to the actions of voltagegated Na+ channels, voltage-gated Ca2+ channels open, which allow for the influx of Ca2+ which
then activates an array of molecules in the neuronal membrane and the vesicular membranes called
SNARE proteins. These newly activated protein molecules then induce exocytosis of the vesicles,
which results in the release of the neurotransmitter from the cell and into the synaptic cleft. There
are a variety of different chemicals that have been shown or hypothesized to serve as
neurotransmitters (ie., gases, purines, lipids, amino acids), specific examples include:
norepinephrine, acetylcholine, serotonin, glutamate, gamma-aminobutyric acid (GABA), glycine and
numerous small peptides, even ATP.
The neurotransmitter then binds to receptors located in the postsynaptic membrane and induces a
conformational change. Depending on the receptor, the conformation change will induce a G-protein
coupling cascade (metabotropic) or open an ion channel (ionotropic). The type of channel will
ultimately determine the type of response that the cell experiences in response to the
neurotransmitter. For ionotropic receptors, the conformation change will cause the receptor to act as
a pore in the membrane for ions to move through. Metabotropic receptor activation will result in a GBIO 461 Principles of Physiology
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protein cascade that activates or inhibits other intracellular proteins. Depending on the type of ion,
the effect on the postsynaptic cell may be depolarizing (excitatory) or hyperpolarizing (inhibitory).
Depolarizing signals are called excitatory postsynaptic potentials (EPSP) while inhibitory signals
are called inhibitory postsynaptic potentials (IPSP).
To turn off the signal there are enzymes that reside in the synaptic cleft that breakdown and
inactivate the neurotransmitters. The components of the neurotransmitter are then taken back up by
the presynaptic terminal to be recycled to make more of the neurotransmitter. An example of one of
the enzymes is acetylcholinesterase that breaks down the neurotransmitter acetylcholine.

An IPSP drives the membrane potential to a more negative value and an EPSP drives the membrane potential to a more positive value possibly hitting threshold to
initiate an action potential.
Image by BYU-I student 2017
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IPSPs and EPSPs working at a cell soma
Image by BYU-I Becky T 2018

The net effect of all the EPSPs and IPSPs is experienced at a specialized structure called axon hillock.
If threshold is reached at the axon hillock, then an action potential will continue down the axon. The
ultimate goal of an EPSP is to cause enough change in the membrane to initiate an action potential.
The goal of the IPSP is to cause a change in the membrane to prevent an action potential. Each EPSP
or IPSP lasts a few milliseconds, and then, the membrane returns to the original resting membrane
potential. Since the dendrite is non-myelinated, is very small in diameter, and has few if any voltagegated Na+ channels, the Rm is low and the Ri is high, meaning that in many cases, a single EPSP is
not sufficient to cause an action potential. Because of this, dendrites vary widely in length and
diameter. In addition, dendrites can contain thousands of protrusions called dendritic spines. These
spines serve to increase the number of possible contacts between neurons. In dendrites that are long
and thin the sphere of influence from the Na+ ion experiences too much Ri to have a large effect.
Therefore, many EPSPs from multiple synapses combine on a dendrite which results in a much larger
voltage change that helps the sphere of influence reach the soma. This phenomenon is called spatial
summation. EPSPs from the same synapse can also combine if they arrive in rapid succession; this
phenomenon is called temporal summation. Requiring multiple EPSPs to fire an action potential is
a way that neurons increase sensitivity and accuracy.
Although the soma is also unmyelinated and does not contain many voltage-gated Na+ channels, the

BIO 461 Principles of Physiology

63

large diameter of the soma makes Ri very small and the resultant length constant very large (equation
4). Thus, if a depolarizing stimulus arrives at the soma above threshold, it will continue through the
soma without diminishing until it arrives at a special junction where the axon joins the soma called
the axon hillock. The axon hillock has a large concentration of voltage-gated Na+ channels, the
activation of which will start the action potential propagating down the axon. Some synapses are
made directly on the soma itself, ensuring a suprathreshold depolarization when they are activated.
In the brain, a synapse on the soma can result in very strong memories or emotions.
Excitatory Synapses
Most excitatory synapses in the brain use glutamate or aspartate as the neurotransmitter. These
neurotransmitters bind to non-selective cationic channels that allow for Na+ and K+ to pass. Since the
driving force for Na+ to move into the cell exceeds the driving force of K+ to leave the cell, these
non-selective cationic channels are depolarizing in nature. As mentioned earlier, it takes many EPSPs
from these kinds of synapses to depolarize a postsynaptic neuron enough to reach threshold and
trigger an action potential.
A very important subset of synapses in the brain includes a group capable of forming memories by
increasing the activity and the strength of the synapse. This process is called long-term
potentiation. Long-term potentiation operates at the synapse, using the neurotransmitter glutamate
and two different classes of receptors, the AMPA and NMDA receptors. The receptor names are
derived from their activation by pharmacological agonists. Most glutamate receptors have two
temporal components that can be divided into a fast phase and a slow phase. The fast phase is
mediated by the AMPA receptor and the slow phase by the NMDA receptor. Upon activation both
receptors are permeable to Na+ and K+, but differ in their permeabilities to Ca2+ . The AMPA
receptors are activated rapidly and allow very little Ca2+ into the cell. The NMDA receptor is
activated much slower but has an increased permeability to Ca2+ . The Ca2+ ion can increase a
plethora of cellular functions, thus controlling the intracellular concentration of Ca2+ is very
important. The NMDA receptor is unique in that it is both ligand and voltage regulated. When
activated by ligands (glutamate), it becomes permeable to Na+ and K+, but if the charge difference is
sufficient, the channel becomes permeable to Ca2+ as well. At resting conditions (-70 mV) the
channel pore is clogged by the ion Mg++ and this ion only “pops” out when voltage changes rise to
-60 mV. NMDA and AMPA receptors are co-localized together in many synapses. It is possible to
stimulate AMPA receptors without stimulating NMDA receptors. However, if enough glutamate is
released in the synapse the resultant larger depolarization allows the activation of the NMDA
receptor. With the addition of intracellular Ca2+ a second messenger cascade results that can
increase the number of glutamate receptors, thereby increasing the strength of the synapse. The
change in strength can last for weeks, months, or even years depending on whether or not the
synapse is continually used.
Inhibitory Synapses
It may seem somewhat of a paradox to have inhibitory synapses, but the excitability of neurons is
essentially governed by a balance between excitation and inhibition. The main inhibitory
neurotransmitters are GABA and glycine. Both neurotransmitters bind to receptors that result in an
increase conductance of Cl-. Because of the negative charge of Cl- and the fact that it usually moves
into the cell, the effect is to oppose depolarization and cause the membrane to move away from
threshold.
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Modulatory Synapses
Modulatory synapses are those that regulate the excitability of other neurons. Axons associated with
modulatory synapses are widespread and diverge throughout the regions of the brain. The function of
these modulatory networks is not well understood but it has been demonstrated that some synapses
can be "primed" by neuromodulators, so they are able to respond more powerfully to other inputs. An
example of a priming neuromodulator is norepinephrine. By itself, norepinephrine has little effect on
synaptic transmission, but when a cell is exposed to norepinephrine first, it will react more powerfully
to glutamate. In addition, neuromodulatory synapses all involve metabotropic receptors.
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1.5
The Autonomic Nervous System
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1.5.1
Organization of the Nervous System

The human body is composed of one nervous system that can be subdivided into a central nervous
system (CNS) and a peripheral nervous system (PNS) (see figure below). The brain and spinal
cord make up the CNS, while the PNS is made up of any nervous tissue outside the brain and spinal
cord, including 12 pairs of cranial nerves, 31 pairs of spinal nerves, and peripheral sensory receptors.
The PNS can be further subdivided into the autonomic nervous system (ANS) and the somatic
nervous system depending on which type of muscle it innervates and whether or not it is voluntarily
controlled.

Organization of the Nervous System
Image by BYU-I student, 2013

The ANS can be subdivided into sympathetic and parasympathetic nervous systems. The ANS
neurons innervate smooth muscle, cardiac muscle and glands. The ANS efferent neurons do not
innervate skeletal muscle. It is the sympathetic branch of the ANS that is responsible for the "fright,
flight, or fight" response. Consider what might happen if you were to run into a female bear with cubs
while hiking. You can imagine that your heart rate would increase, you might start to hyperventilate,
and you definitely would not be looking at the bear and thinking about lunch! A sympathetic response
can also occur during illness or physical trauma, from anxiety, or pretty much any stressful situation.
Such a response is characterized by increased heart rate and blood pressure, goosebumps, pupil
(pupil dilation=mydriasis), bronchiole dilation, and increased blood flow to cardiac and skeletal
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muscles.
The parasympathetic division, on the other hand, is responsible for energy conserving ("rest and
digest") activities, including decreased heart rate, blood pressure, and respiration; constriction of
the pupil (miosis); increased secretions and peristalsis of the digestive tract; and increased
urination. The acronym SLUD (Salivation, Lacrimation, Urination, and Defecation) may be useful to
remember some of the responses caused by the parasympathetic division in certain organs. Other
than some sweat and salivary glands, most secretions of the body increase when the parasympathetic
nervous system is activated.
The ANS innervates visceral organs - organs which are unconsciously controlled by the brain.
Visceral organs contain either smooth or cardiac muscle; respective examples include the intestines
and the heart. Interestingly, if a visceral organ is removed from the body and placed in an oxygenated
Ringer's solution, it will continue to undergo peristalsis (wave-like smooth muscle contractions of the
gastrointestinal tract) or beat without even being connected to the ANS. This is called auto
rhythmicity. Why then, do you ask, is the ANS even necessary for these organs to function? The
answer is, it is not. But, the ANS is necessary to regulate the activity of these organs, essentially
causing them to speed up or slowdown in order to maintain homeostatic conditions in the body.
Usually, each visceral organ is innervated by nerves from both sympathetic and parasympathetic
divisions, and effects of these divisions are most often in opposition to one another. This type of
"wiring" is called dual autonomic innervation. The heart is a good example of this. It is innervated
by fibers from both parasympathetic and sympathetic divisions that oppose one another. Increasing
parasympathetic stimulation to the heart will decrease heart rate while increasing sympathetic
activity will increase heart rate and force of contraction.
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1.5.2
Structural Organization of the ANS

The ANS uses a “two neuron system” to relay electrical signals from the CNS to effectors (organs,
glands, and vessels). This is different from the somatic motor division where just one neuron extends
from the CNS to skeletal muscle. Parasympathetic and sympathetic divisions are “wired” similarly in
that they both have a preganglionic neuron and postganglionic neuron. Ganglionic is derived
from the word ganglia, a collection of cell bodies located outside the CNS. These neurons get their
names from their anatomical location in relation to autonomic ganglia, or relay centers.

Comparison of Somatic and Autonomic Pathways
By OpenStax College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons
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Autonomic ganglia for the sympathetic division include – sympathetic chain ganglia which are
located near the spinal column (labeled at the bottom of the chain in the SNS anatomy image below)
and collateral ganglia. The collateral ganglia in the image below are located further away from the
spinal column and are labeled Celiac, Superior mesenteric and Inferior mesenteric. Autonomic
ganglia for the parasympathetic division are called terminal ganglia and these are located very near
the effector they innervate. They are not labeled as there are so many places that parasympathetic
neurons synapse with post ganglionic neurons in the very walls of the organs themselves.
The cell bodies for preganglionic neurons are located in either the brain stem or spinal cord, and
their axon terminals are located in autonomic ganglia. In the ganglia, a neuron-to-neuron synapse
relays information to the cell body of a postganglionic neuron. Postganglionic neurons, also located in
the autonomic ganglia, then transmit the signal to effectors. The synapse between the postganglionic
neuron and the effector is known as a neuroeffector synapse or neuroeffector junction.
In general, the sympathetic division uses shorter preganglionic neurons and longer postganglionic
neurons while the parasympathetic division uses long preganglionic neurons and short postganglionic
neurons. Postganglionic release neurotransmitter onto effector organs. However, the synapse is a
little unique. Rather than forming a nerve terminal at a synaptic junction, we see many swellings (or
varicosities) develop on the most distal segments of the postganglionic neuron and they secrete
neurotransmitter onto the effector tissue.

Image by JS W22
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1.5.3
The SNS and the PNS

The table below helps us compare and contrast some of the characteristics of the SNS and the PNS.

Characteristics of Sympathetic and Parasympathetic Nervous System.
Image by BYU-Idaho Student 2013

ACH is short for Acetylcholine and NE is short for Norepinephrine. Acetylcholine and Norepinephrine
are neurotransmitters.
Sympathetic Division (SNS)
As you read these next sections, it might be helpful to look at the picture “Organization of the
ANS” above as you read.
Cell bodies of the preganglionic axons of the sympathetic division are located in segments T1 through
about L2 to L3 of the lateral horn of the spinal cord. From here, these axons project away from the
spinal cord and enter a sympathetic chain ganglia, which are ganglia located along the spinal cord
bilaterally.
The following are descriptions of four different routes taken by sympathetic axons traveling from the
CNS, to their effectors (organs, glands, and vessels).
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1. Preganglionic axons synapse at the sympathetic chain ganglia with a postganglionic neuron.
The postganglionic neuron then leaves the sympathetic chain ganglia, enters a spinal
nerve and travels to the skin and blood vessels throughout the body.
2. Preganglionic axons synapse at the sympathetic chain ganglia with a postganglionic neuron.
The postganglionic neuron then leaves the sympathetic chain ganglia, enters a sympathetic
nerve and travels to organs of the thoracic cavity.
3. Preganglionic axons enters and leaves the sympathetic chain ganglion without synapsing and
forms a splanchnic nerve that travels to collateral ganglia. At these collateral ganglia, the
preganglionic neurons synapse with postganglionic neurons which then extend to organs,
glands, and vessels of the abdominopelvic cavity.
4. The last route for sympathetic axons is similar to those traveling through splanchnic nerves,
but instead of synapsing in collateral ganglia, they travel straight through collateral ganglia.
They then go to the medulla of the adrenal gland, where they synapse with cells that
produce mostly epinephrine (EPI or Adrenaline) and norepinephrine (NE). These medullary
cells function as modified postganglionic neurons and release secretory product directly into
the blood rather than into a synapse. About 80% of adrenal medullary cells produce EPI and
the other 20% produce NE. After release into the blood, these hormones travel to receptors
throughout the body to elicit a "fight, flight, or flee" response.
Parasympathetic Division (PNS)
The parasympathetic division does not follow 4 pathways like the sympathetic division. The
parasympathetic division sends preganglionic neurons from the cranial area and the sacral area. This
is why it is also known as the craniosacral division. The vagus nerve is the major nerve of the cranial
parasympathetic division. 75-80% of all parasympathetic fibers are found in the vagus nerve.
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1.5.4
The Enteric Nervous System

The Enteric Nervous System (ENS) Is Sometimes Referred to as the Third Division of the Nervous
System (Central, Peripheral, and Enteric). This System Is Composed of a Nerve Plexus or a Meshwork
of Fibers Innervating the Digestive Tract from the Esophagus to the Distal Colon.
Innervation from the ANS and sensory input from within the wall of the gut work together to control
smooth muscle motor activity and gut secretory actions. However, the ENS releases a variety of
neurotransmitters and is capable of controlling digestive functions independently of the CNS by way
of local reflexes. When food is introduced into the digestive tract, stretch receptors in the gut are
activated and send action potentials through afferent enteric sensory neurons. These neurons
synapse with enteric interneurons which are capable of activating efferent enteric motor
neurons. These neurons innervate glands and smooth muscle. Their increased activity enhances
digestive enzyme secretions and gut contraction to cause mixing and propulsion of food. The ENS is
particularly important in providing synchronous peristaltic movements ensuring propulsion of food in
one direction.
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1.5.5
Physiology of the ANS

As discussed previously, nerves of the ANS extend from the CNS to smooth, or cardiac muscle,
organs, and glands via a two-neuron system - namely a preganglionic neuron and a postganglionic
neuron. In this system, there are two synapses-; one separating preganglionic and postganglionic
neurons, and the other between the postganglionic neuron and effector (see figure below). The
preganglionic neuron releases neurotransmitters stored in synaptic vesicles of axon terminals. An
action potential reaching the axon terminal causes the release of these stored neurotransmitters into
the synaptic cleft. After crossing the synapse, neurotransmitters bind to receptors imbedded in
postganglionic cell membranes (see figure below). This binding depolarizes the postsynaptic cell
membrane (EPSP) and results in action potentials. Action potentials arriving at the axon terminal lead
to the release of neurotransmitters into the synaptic cleft, separating the postganglionic neuron and
effector (neuroeffector junction). Finally, binding of the neurotransmitter to the receptor expressed
on effector cells can result in excitation or inhibition of the effector. Sympathetic and
parasympathetic divisions differ in the types of neurotransmitters they release and the receptors and
second messenger systems they express.
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ANS preganglionic and postganglionic neurons and locations of ANS receptors.
Image by Nate Shoemaker Spring 2016

Nicotinic receptors are located on the postganglionic neurons of the sympathetic and
parasympathetic cell bodies. Nicotinic receptors respond to the binding of acetylcholine (ACH), which
causes an excitatory effect. Muscarinic receptors are located on all parasympathetic effector cells
and some (generalized sweat glands) sympathetic effector cells. Muscarinic receptors respond to the
binding of ACH, and may have an excitatory or inhibitory effect. Adrenergic receptors are located on
most sympathetic effector cells. Adrenergic receptors respond to the binding of norepinephrine (NE),
which may have an excitatory or inhibitory effect.
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1.5.6
Neurotransmitters of the ANS

Neurotransmitters are chemicals that travel across the synapse connecting two neurons, or between
a neuron and an effector. For example, acetylcholine (ACH) is an important neurotransmitter that
we will discuss in this section and again when we discover that it is the neurotransmitter between
neurons and skeletal muscle. Sometimes neurons can be classified by the type of neurotransmitter
they release. Cholinergic neurons produce ACH and store ACH in their synaptic terminals. The
preganglionic neuron for both the parasympathetic and sympathetic nervous systems is cholinergic.
The postganglionic neuron of the parasympathetic division is also cholinergic. The postganglionic
neuron for the sympathetic division is usually an adrenergic neuron which means that it produces
neurotransmitter molecules that are related to "adrenaline". As a group, the molecules that can
stimulate adernergic receptors are called catecholamines. Catecholamines are an organic chemistry
group that includes norepinephrine (NE), epinephrine (EPI) and dopamine. In the Sympathetic
nervous system, NE is the neurotransmitter found at the synapse between postganglionic neurons
and the organ. There is one exception to this rule that we should know and remember. Sympathetic
postganglionic neurons innervating general sweat glands and some reproductive system blood
vessels are cholinergic and release ACH.
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Image by JS S22

The image above shows how catecholamines are produced. The synthesis starts with the amino acid
called Tyrosine. Adding a hydroxyl group to the aromatic ring creates DOPA. A carboxyl group is then
removed from DOPA to yield dopamine. Once dopamine is created we have the first of the
"catecholamines" used by the body to bind adrenergic receptors (shown in yellow in the picture).
Dopamine is converted to Norepinephrine by the addition of a hydroxyl group to the side chain and
finally Epinephrine is generated when a methyl group is added. The catecholamines are similar to
each other and can all bind the several subtypes of adrenergic receptors. However, there are enough
small molecular difference among the catecholamines to cause subtle differences in half-life and
binding affinity. Dopamine is generally found as a neurotransmitter between neurons in the central
nervous system. Dopamine can attach to adrenergic receptors called "D" receptors such as D1 and
D2. Norepinephrine (NE) is a neurotransmitter that is produced between neurons of the central
nervous system as well. However, NE is also important as a neurotransmitter released from
sympathetic post ganglionic neurons and the adrenergic receptors of an effector (smooth muscle,
cardiac muscle and gland). Epinephrine is generally produced in the adrenal medulla and secreted
into the blood where it can travel through the body and affect a large breadth of adrenergic
receptors.
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Clinical Pearl (L-DOPA)
Patients with Parkinson's Disease have a deficiency of dopamine secreting neurons that arise from an
area of the brain called the substantia nigra. As the symptoms of this disease begin to manifest,
patients can often find relief from medication that increases dopamine levels in the brain. A molecule
called L-DOPA (the L references an isomer of dopa that is preferred by the human body) can be given
orally to patients. L-DOPA can cross the blood brain barrier where it can be converted to dopamine.
While this drug can certainly increase dopamine in the brain and relieve symptoms of early
Parkinson's disease, there is an unfortuante side effect. As L-DOPA travels through the blood on its
way to the brain, it can meet up with an enzyme called aromatic L-amino acid decarboxylase that is
expressed in many tissues of the body. This enzyme will remove a carboxyl group from the L-DOPA
molecule and produces dopamine. The dopamine then becomes free to float through the circulation
and bind to adrenergic receptors (similar to what epinephrine does). Therefore, you might imagine
that the side effects of taking L-DOPA would involve similar effects to having an overdose of
adrenaline. Among other things, blood pressure rises substantially and can be dangerous.
Clever scientists, in an effort to mitigate the side effects of taking L-DOPA for Parkinson's disease,
discovered a drug called Carbidopa that functions as an L-DOPA decarboxylase inhibitor. However,
this inhibitor cannot cross the blood brain barrier. Thus, if a patient takes L-DOPA simultaneously
with Carbidopa, then the L-DOPA will not be converted as readily to dopamine, and instead finds its
way to the brain.
Modern drug regiments involve a simultaneous consumption of both drugs.
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1.5.7
Receptors of the ANS

Usually, a particular receptor subtype for each division of the ANS will dominate in a certain gland or
organ. In general, activation of some receptor subtypes leads to stimulation of the effector and
activation of others to inhibition of the effector. Even numbered subtypes are usually inhibitory and
odd numbered subtypes are usually excitatory, but there are no hard and fast rules. Ultimately, the
relative amounts of each receptor subtype expressed in the tissue will determine the overall effect
(stimulation or inhibition) on the particular gland or organ. Similar to how neurons can be classified
by the neurotransmitter they release, receptors can be classified by the type of neurotransmitter they
receive. Cholinergic receptors receive acetylcholine and adrenergic receptors bind to
catecholamines. This can get confusing at times because it is possible that a adrenergic neuron (one
that releases norepinephrine) will have cholinergic receptors. This would be the case for most of the
post ganglionic neurons in the sympathetic nervous system.

Cholinergic Receptors
As mentioned, preganglionic neurons of both sympathetic and parasympathetic divisions produce and
release ACH. The receptors for ACH are known as cholinergic receptors. There are two main
subtypes of cholinergic receptors; nicotinic and muscarinic. They are named after alkaloids found in
tobacco and certain mushrooms respectively. The alkaloid nicotine specifically activates nicotinic
cholinergic receptors, while muscarin activates muscarinic cholinergic receptors, and ACH activates
both types. The cell bodies of postganglionic neurons for both sympathetic and parasympathetic
nervous systems express nicotinic receptors (see figure above). To distinguish nicotinic receptors in
neurons from nicotinic receptors found in the neuromuscular junction, we use the terms nicotinic
(N1 or N2) cholinergic receptors. N1 are located in the neuromuscular junction and N2 are used in
the ANS. Similar to the neuromuscular junction, stimulation of nicotinic type II (N2) channels results
in the entry of Na+ which depolarizes the post synaptic neuron.
Muscarinic receptors (M) are located on cells of all parasympathetic effectors and on cells of some
sweat glands innervated by the sympathetic nervous system. There are several subtypes of
muscarinic receptors (M1-M5) which may be stimulatory (depolarization) or inhibitory
(hyperpolarization)
Adrenergic Receptors
As mentioned, neurons that produce and release the neurotransmitter NE are known as adrenergic
neurons. NE is secreted by postganglionic neurons of the sympathetic nervous system and binds
to adrenergic receptors expressed on effector cells. Epinephrine (EPI) released by the adrenal
gland also binds to adrenergic receptors expressed on effectors (see figure above). There are two
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main types of adrenergic receptors, namely, alpha and beta which have several subtypes. For our
purposes, we will focus on the following five subtypes: alpha 1, 2, and beta 1, 2, and 3. Activation
of adrenergic receptors expressed on effectors by NE or EPI may result in stimulation or inhibition of
the effector depending on the tissue involved. Odd subtypes of adrenergic receptors (alpha 1, and
beta 1, and 3) generally have stimulatory effects and even subtypes (alpha 2 and beta 2) have
inhibitory effects. NE has a stronger affinity for alpha 1 receptors than EPI and EPI has a stronger
affinity for Beta-2 receptors than NE. Below is a table that summarizes the receptor types and the
second messenger system involved with stimulation of that receptor.
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1.5.8
Actions of the Autonomic Nervous System

Certain drugs exert their effects by binding to cholinergic and adrenergic receptors to increase or
decrease the activity of effectors normally controlled by the ANS. Drugs that are agonists, bind to a
specific receptor and activate it, while an antagonist binds to a receptor and prevents it from being
activated, or inhibits it. In the following section, some drugs will be presented. Having an
understanding of the ANS and its particular receptors located on effectors and the drugs that activate
or block these receptors will assist your understanding of the actions of this system.
Eyes
The eye has multiple autonomic functions controlled by several autonomic receptors. Among these
are the intrinsic muscles of the eye (those controlling the size of the pupil and the shape of the lens)
and the secretory epithelium (produces aqueous humor) of the ciliary body.

Image by JS S22

Circular and radial muscles of the iris, named sphincter pupillae and dilator pupillae respectively,
control how much light enters the eye. Outer iris smooth muscles - the dilator pupillae muscles
express alpha 1 receptors, cause mydriasis when they contract and are controlled by sympathetic
fibers. The inner, sphincter pupillae muscles are innervated by the parasympathetic division, express
M3 receptors, and cause miosis when they contract.
Ophthalmologists often need to enlarge the diameter of the pupil in order to more easily examine the
retina. Phenylephrine is an alpha 1 agonist and atropine is a muscarinic antagonist. Both are
mydriatics and are administered as eye drops to reduce systemic effects.
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Clincial Pearl - Glaucoma
The autonomic nervsous system also innervates the ciliary muscle of the eye which is behind the
retina and around the lens. This tissue has beta - 2 receptors and when stimulated by the sympathetic
nervous system, it causes relaxation which helps with far vision and when stimulated by the
parasympathetic nervous system on M3 receptors it causes contraction which helps with near vision.
Contraction of the ciliary muscle also puts tension on an area calle the trabecular network in the
anterior eye. This action helps to open up pores in the trabecular network so that aqueous humor can
drain into the canal of Schlemm and into the venous circulation.
For this reason, eye drops that are muscarinic agonists, such as pilocarpine, can be used to treat
elevated intraocular pressure (glaucoma), lowering intraocular pressure by increasing the outflow of
aqueous humor. Stimulation of beta 1 receptors on the ciliary body epithelium increases the
production of aqueous humor. Therefore, beta 1 antagonists such as betaxolol are also often used to
treat glaucoma, since they reduce the production of aqueous humor.
Blood Vessels
Arterioles of the body mostly express alpha 1 receptors on their smooth muscle cells. Activating these
receptors results in an increase in intracellular calcium causing smooth muscle contraction. This
contraction narrows the diameter of the arteriole lumen thus reducing blood flow. Since arterioles
express primarily alpha 1 receptors, you might imagine that an increase in sympathetic nerve firing
would result in vasoconstriction of most arterioles. Arterioles of certain organs including skeletal
muscle and cardiac muscle express beta 2 receptors in addition to alpha 1 receptors. Beta 2
receptors are activated primarily by circulating epinephrine and their stimulation causes relaxation of
smooth muscle and vasodilation. The degree of vasodilation is dependent on the density of alpha 1 vs.
beta 2 receptors expressed on arterioles in a particular tissue as well as on the concentration of
epinephrine in the blood. During a "fright, flight, or fight" response, vasodilation of certain arterioles
such as the ones supplying the heart is essential for optimal function. Therefore, blood vessels of the
heart will have a larger density of beta 2 receptors. But, the large majority of systemic blood vessels
will have a higher density of alpha 1. Ample oxygen and nutrients are critical when running away
from ferocious bears or scary dating situations.
Since alpha 1 receptors are so important in regulating the size of arterioles, activating or blocking
them can greatly influence blood pressure. Prazosin is an alpha 1 antagonist used to treat high blood
pressure. It can also be used to treat Raynaud's disease which results from excessive vasoconstriction
particularly in the fingers, cutting off the blood supply leading to cold fingers and in severe cases
gangrene.
While it is true that there are some blood vessels (very few) that have parasympathetic cholinergic
innervation that will cause vasodilation, the vast majority of blood vessels have no parasympathetic
innervation.
Sweat Glands
Sweat glands are exclusively innervated by the sympathetic division. Postganglionic neurons of the
sympathetic division that innervate glands responsible for generalized sweating secrete ACH. This is
the exception to the rule since postganglionic sympathetic neurons usually secrete norepinephrine.
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After its release from the postganglionic cell, ACH crosses the neuroeffector junction and binds to
muscarinic receptors expressed on sweat glands for generalized sweating. Localized sweat glands are
activated by stress and are those located in the palms, soles, genitalia, and armpits and express alpha
1 receptors. Terazosin is another alpha 1 antagonist that is sometimes used to treat excessive
sweating (hyperhidrosis).
Heart
Activation of the sympathetic division and release of catecholamines from the adrenal medulla leads
to increased heart rate and force of contraction. This stimulatory effect is due to a high concentration
of beta 1 receptors in the myocardium and cells in the SA node. Selective beta 1 antagonists
like atenolol are often used to treat high blood pressure by decreasing heart rate and force of
contraction.
Parasympathetic stimulation or administration of a muscarinic agonist has an opposing effect on the
heart, decreasing heart rate. Injectable atropine, a muscarinic antagonist, is often used with other
drugs in emergency medicine to start the heart back up after cardiac arrest. This action blocks
parasympathetic activity which normally slows the heart rate.
Lungs
Activation of muscarinic receptors located in the smooth muscle lining the bronchiole tree results in
constriction of air passageways, while activation of beta 2 receptors by circulating epinephrine
causes smooth muscle relaxation and dilation of the bronchioles (Note: beta 2 receptors are not
innervated by postganglionic fibers and therefore respond to circulating epinephrine secreted by the
adrenal medulla). Pharmacological treatment aimed at opening up the airways focuses on blocking
parasympathetic actions or augmenting actions of the sympathetic division.
A muscarinic antagonist such as ipratropium, or a beta 2 agonist like albuterol, can be
administered via an inhaler and cause bronchodilation. This relaxation of the smooth muscle in air
passageways is very important in the treatment of asthma and chronic obstructive pulmonary disease
(COPD) when ventilation of the lungs is compromised.
Stomach and Intestines
Activity of the enteric nervous system can be modified by activity of the ANS. The gastrointestinal
tract is dually innervated by both divisions, but regulation is not equal. Recall that the
parasympathetic division is most active under "rest and digest" conditions. Parasympathetic fibers
leading to the gastrointestinal tract are much more extensive and have a much greater influence on
digestion compared to the sympathetic division. The parasympathetic division increases the
secretions from glands, promotes mixing of food with digestive enzymes and bile, and propels
material down the digestive tract. Many muscarinic receptors and fewer adrenergic (alpha 1 and beta
2) receptors are located in the smooth muscle of the digestive tract wall. Activation of the muscarinic
receptors and blocking of adrenergic receptors leads to increased motility and relaxation of
sphincters which augments material propulsion.
Postoperative ileus is a condition which sometimes results after surgery in which there is a disruption
in the normal peristaltic activity of the GI tract. To re-establish normal gut motility, a muscarinic
agonist such as bethanechol may be given to offer a "jump start."
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For a summarized list of the effects of autonomic nervous activity, receptors in specific tissues, and
drugs used to modify ANS activity, please review the tables below.
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1.5.9
Table of Actions for the SNS and PNS and
Some Common Drugs

Effector Organ

Parasympathetic Effects
(receptor)

Sympathetic Effects (receptor)

Eye (iris)

Contraction of dilator pupillae
muscles - mydriasis(α1)

Contraction of sphincter pupillae
muscles – miosis(M)

Eye (ciliary
muscle)

Relaxation(β2) for distant vision

Contraction(M) for accommodation of
lens (near vision) and increase
aqueous humor outflow into canal of
Schlemm

Eye (ciliary body
epithelium)

Increased aqueous humor production(β1) ---

Heart

Increased heart rate, increased force of
contraction and increased conduction
rate (β1)

Decreased heart and conduction
rate(M), decreased atrial
contractility(M)

Arterioles(skin,
Strong vasoconstriction(α1)
abdominal viscera,
kidney)

---

Arterioles(skeletal Weak vasoconstriction(α1)
muscle)
Vasodilation (β2)

---

Vessels(heart)

Vasoconstriction(α1), Vasodilation(β2)

---

Lungs

Dilates Bronchioles(β2)

Constricts bronchioles(M)

Uterus, pregnant

Constriction(α1), relaxation(β2)

Contraction(M)

Gastrointestinal
tract wall

Decreased tone(α1,α2,β2)

Increased tone(M)

Gastrointestinal
tract sphincter

Contraction(α1)

Relaxation(M)

Gatrointestinal
tract secretion

---

Increased(M)

Kidney

Increased renin release(β1)

---

Bladder wall
(detrusor muscle)

Relaxation(β2)

Contraction(M)

Internal urinary
sphincter

Contraction(α1)

Relaxation(M)
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Effector Organ

Parasympathetic Effects
(receptor)

Sympathetic Effects (receptor)

Pancreas

Decreased insulin secretion(α2),
decreased exocrine secretion(α)

Increased insulin secretion(M),
increased exocrine secretion(M)

Fat cells

Lipolysis(β3)

---

Liver

Glycogenolysis (α1,β2),
Gluconeogenesis(α1,β2)

Glucose uptake (M3?)

Piloerector muscles Contraction(α1)
of skin

---

Salivary gland

Constriction of vessels & small
production of thick saliva(α1)

Dilation of vessels & large production
of thin saliva(M)

Sweat Gland

Generalized sweating (M); Localized
sweating (stress) palms & soles of feet
(α1)

---

Adrenal medullae

Increased secretion of EPI or NE

---

Drug Name

Receptor and antagonist/agonist

Indication(use)

Phenylephrine

α1 agonist

Mydriatic

Atropine

Muscarinic antagonist

Mydriatic/emergency medicine to
increase heart rate

Pilocarpine

Muscarinic agonist

Glaucoma

Betaxolol

Beta antagonist

Glaucoma

Prazosin

α1 antagonist

High blood pressure, Raynaud's disease

Terazosin

α1 antagonist

High blood pressure, hyperhidrosis

Atenolol

b1 antagonist

High blood pressure

Ipratropium (Atrovent) Muscarinic antagonist

Asthma/COPD

Albuterol

β2 agonist

Asthma/COPD

Bethanechol

Muscarinic agonist

Postoperative ileus
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Module 2.0
Skeletal Muscle and Special Senses
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2.1
Structural Organization of Skeletal Muscle

Skeletal muscle is also known as voluntary muscle because we can consciously, or voluntarily,
control it in response to input by nerve cells. However, and somewhat ironically, most of the daily
control of skeletal muscle is reflexive, or unconsciously controlled! More on that regulation later.
Skeletal muscle is also referred to as striated ("striped") because it has a microscopically streaked or
striped appearance. Skeletal muscle and its associated connective tissue comprise about 40% of our
body weight. Skeletal muscle also has a unique characteristic with regard to nuclei. There are many
nuclei in each skeletal muscle cell. These nuclei are generally pressed up against the cell membrane
as there is very little room inside the cells given all the contractile proteins that are there.

Skeletal Muscle Organization. Image drawn by BYU-Idaho student Nate Shoemaker Spring 2016
Image drawn by BYU-Idaho student Hannah Crowder Spring 2013
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Each skeletal muscle cell, also called a muscle fiber, develops from many
embryonic myocytes fused into one long, multi–nucleated skeletal muscle cell. These muscle fibers
are bound together into bundles, or fascicles, and are supplied with a rich network of blood vessels
and nerves. The fascicles are then bundled together to form the intact muscle. Muscle fibers are the
same diameter as hair follicles (100-120um). As you look down at your bicep, visualize small strands
of hair follicles extending from your shoulder to the radius bone in your forearm. Clearly, one hair
follicle would be too fragile to move your arm, but hundreds of millions are very adequate! Let's
dissect a skeletal muscle, beginning with the muscle as a whole externally and continuing internally
down to the submicroscopic level of a single muscle cell. In an intact skeletal muscle, a rich network
of nerves and blood vessels nourish and control each muscle cell. These muscle fibers are individually
wrapped and then bound together by several different layers of fibrous connective tissue.
The epimysium (epi means “outside,” and mysium means “muscle”) is a layer of dense fibrous
connective tissue that surrounds the entire muscle. This layer is also often referred to as the fascia.
Each skeletal muscle is formed from several bundled fascicles of skeletal muscle fibers, and each
fascicle is surrounded by perimysium (peri means “around”). Each single muscle cell is wrapped
individually with a fine layer of loose (areolar) connective tissue called endomysium (endo means
“inside”). These connective tissue layers are continuous with each other, and they all extend beyond
the ends of the muscle fibers themselves, forming the tendons that anchor muscles to bone, moving
the bones when the muscles contract.
Deep to the endomysium, each skeletal muscle cell is surrounded by a cell membrane known as
the sarcolemma (you will see the prefixes sarc- and myo- quite a bit in this discussion, so you should
understand that these are prefixes that refer to "muscle"). The cytoplasm, or sarcoplasm, contains a
large amount of glycogen (the storage form of glucose) for energy, and myoglobin (a red pigment
similar to hemoglobin that can store oxygen). Most of the intracellular space, however, is taken up by
cylindrical (rod-like) myofibril protein structures. Each muscle fiber contains hundreds or even
thousands of myofibrils that extend from one end of each muscle fiber to the other. These myofibrils
take up about 80% of the intracellular space and are so densely packed inside these cells that
mitochondria and other organelles get sandwiched between them while the nuclei get pushed to the
outside and are located on the periphery, right under the sarcolemma.
Each myofibril is comprised of several varieties of protein molecules that form the myofilaments,
and each myofilament contains the contractile segments that allow contraction. These contractile
segments are known as sarcomeres (sarc- means “muscle,” and mere means “part”). The striations
seen microscopically within skeletal muscle fibers are formed by the regular, organized arrangement
of myofilaments—much like what we would see if we painted stripes on chopsticks and bundled them
together with plastic wrap, with the plastic wrap representing the sarcolemma.
The striations microscopically visible in skeletal muscle are formed by the regular arrangement of
proteins inside the cells. Notice that there are light and dark striations in each cell. The dark areas
are called A bands, which is fairly easy to remember because "A" is the second letter in "dark." The
light areas are called I bands and are also easy to remember because "i" is the second letter in
"light." ("A" actually stands for anisotropic, and "I" stands for isotropic. Both of these terms refer to
the light absorbing character of each band. However, we'll stick to A and I bands.) The image below
shows a micrograph of a sarcomere, along with a drawing representing the different parts of the
sarcomere.

BIO 461 Principles of Physiology

89

Sarcomere filaments and their striated appearance
Skeletal Muscle Sarcomere: Thick and Thin Filaments, Z Line, H Zone, I & A Bands. File:Sarcomere.gif; Author: Sameerb; Site:
https://commons.wikimedia.org/wiki/File:Sarcomere.gif; License: Public Domain, No restrictions

Notice that in the middle of each I band is a darker line called the Z line or Z disc. The Z lines are
the divisions between the adjacent sarcomeres. Sarcomeres are connected, end to end, along the
entire length of the myofibril. Also, in the middle of each A band is a lighter H zone (H for helle,
which means "bright"), and each H zone has a darker M line (M for "middle") running right down the
middle of the A band.
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Sarcomere filaments
Sarcomere: Detailed Illustration of Thick and Thin Filaments: Title: 1003_Thick_and_Thin_Filaments.jpg; Author: OpenStax College;
Site: http://cnx.org/contents/6df8aab3-1741-4016-b5a9-ac51b52fade0@3/Skeletal-Muscle;License: licensed under a Creative Commons Attribution 4.0 License.

Each myofibril, in turn, contains several varieties of protein molecules,
called myofilaments. Myofilaments can be divided into three categories: scaffolding proteins (Z-disc,
nebulin, titin, tropomodulin, alpha-actinin and CapZ proteins), contractile proteins (actin and
myosin), and regulatory proteins (troponin and tropomyosin).
Let's discuss each myofilament category in turn. Scaffolding proteins serve to demarcate the
sarcomere.
Z-disc proteins make up the Z-line that create perpendicular borders that form the repeating
sarcomeres. CapZ and alpha-actinin anchor the protein nebulin to the Z line and extend out to the
center where the length is capped off by the protein tropomodulin. Alternating between molecules
of nebulin is the elastic protein called titin. Titin is thought to play a major role in resetting the
sarcomere after each contraction. Thus, each sarcomere consists of alternating nebulin and titin
proteins that set the stage for the organization of the contractile and regulatory proteins.
Each actin is composed of two strands of fibrous actin (F-actin) and a series of troponin and
tropomyosin molecules. Each F-actin (also known as the thin filament) is formed by two strings
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of globular actin (G-actin) wound together in a double helical structure, much like twisting two
strands of pearls with each other. Each G-actin monomer starts with a binding site for ATP that it
uses to polymerize to another G-actin monomer and nebulin. Following polymerization of G-acting
monomers to form F-actin strands, the original ATP binding site is altered and becomes a binding site
for the molecule myosin, called an active site. Dimers of the protein tropomyosin extend over the
entire F-actin filament and cover the newly created myosin binding sites. Each tropomyosin molecule
is long enough to cover the active binding sites on seven G-actin molecules. These proteins run, end
to end, along the entire length of the F-actin. Associated with each tropomyosin molecule is a third
polypeptide complex known as troponin. Troponin complexes contain three globular polypeptides
(Troponin I, Troponin T, and Troponin C) that have distinct functions. Troponin I binds to actin,
troponin T binds to tropomyosin and helps position it on the F-actin strands, and troponin C binds
calcium ions. Troponin C has four binding sites for calcium, two high-affinity binding sites and two
low-affinity-binding sites. At low intracellular Ca2+ concentrations the high-affinity binding sites are
occupied and help maintain the stability of the troponin complex. When intracellular calcium
concentrations rise, then the low-affinity binding sites are occupied which causes a conformational
change in the entire complex. This conformation change will result in troponin “pulling” the
tropomyosin molecule away from the myosin binding sites of actin.
The final contractile myofilament (also called the thick filaments) is composed of about 300 myosin
type II molecules bound together and surrounding the molecule titin. Each myosin type II protein is
made up of six protein subunits, two heavy chains and four light chains. The heavy chains have a
shape similar to a golf club, having a long shaft-like structure, to which is connected the globular
myosin head. The shafts, or tails, wrap around each other and interact with the tails of other myosin
molecules, forming the shaft of the thick filament. The globular heads project out at right angles to
the shaft. Half of the myosin molecules have their heads oriented toward one end of the thick
filament, and the other half are oriented in the opposite direction. It is the myosin heads that bind to
the active sites on the actin. The connection between the head and the shaft of the myosin molecules
function as a hinge and as such is referred to as the hinge region. The hinge region can bend and,
as we shall see later, creates the power stroke when the muscle contracts. The center of the thick
filament is composed only of the shaft portions of the heavy chains.
Additionally, each myosin head has an ATPase that binds to and hydrolyzes ATP during muscle
contraction. It is the ATP that provides the energy for muscle contraction. Each of the myosin heads
is associated with two myosin light chains, an alkali light chain and a regulatory light chain, that play
a role in regulating the actions of the myosin heads. The three-dimensional arrangement of the
myosin heads is very important. Imagine that you were looking at a thick filament from the end, and
there is a myosin head sticking straight up. As you moved around the circumference of the thick
filament, you would see myosin heads every 30 degrees. This allows each thick filament to interact
with six thin filaments. Likewise, each thin filament can interact with three thick filaments. This
arrangement requires that there be two thin filaments for every thick filament in the myofibril (see
image below).
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Muscle Fiber Organization
Muscle Fiber Detailed Diagram. Adapted from the following image: Title: 1022_Muscle_Fibers_(small).jpg; Author: OpenStax College;
Site: http://cnx.org/contents/6df8aab3-1741-4016-b5a9-ac51b52fade0@3/Skeletal-Muscle License: licensed under a Creative Commons Attribution 4.0 License;

During muscle contraction, the myosin heads link the thick and thin myofilaments together,
forming cross bridges that cause the thick and thin myofilaments to slide over each other, resulting
in a shortening of each sarcomere, each skeletal muscle fiber, and the muscle as a whole—much like
the two parts of an extension ladder that slide over each other. To summarize, in order for the
shortening of the muscle to occur, the myosin heads have three important properties: 1.) The heads
can bind to active sites on G-actin molecules, forming cross bridges. 2.) The heads are attached to the
rod-like portions of the heavy myosin molecules by a hinge region as already discussed. 3.) The heads
have ATPase enzymes that can break down ATP, using the resulting energy to bend the hinge region
and allow detachment of the myosin heads from actin.
There are several other important structural proteins, but we will only discuss one more: dystrophin.
Dystrophin is a protein located between the sarcolemma and the outermost myofilaments. It links
actin to an integral membrane protein, which, in turn, links the muscle cell to the endomysium of the
entire muscle fiber. Genetic mutation of the gene coding for dystrophin is one of the root causes of a
class of muscle diseases known collectively as muscular dystrophy (MD). The most common form of
MD is Duchene muscular dystrophy (DMD), which is inherited in a "sex-linked" fashion and affects
boys. Most DMD patients become wheelchair bound early in life, usually by age 12 or so. Difficulty
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breathing usually becomes problematic by age 20 and sadly is often the cause of their premature
death.
Sarcoplasmic Reticulum and T Tubules

T-tubules and sarcoplasmic reticulum
T-Tubule. Title: 1023_T-tubule.jpg; Author: OpenStax College; Site: http://cnx.org/contents/6df8aab3-1741-4016-b5a9-ac51b52fade0@3/Skeletal-Muscle; License:
licensed under a Creative Commons Attribution 4.0 License

There are two sets of tubules within skeletal muscles fibers that carry out critical functions during
muscle contractions: the sarcoplasmic reticulum and the T-tubules.
T-tubules (transverse tubules) are invaginations, or indentations, of the sarcolemma. They are
formed much like a young picky-eater poking holes in his mashed potatoes. T-tubules communicate
with the extracellular space and are filled with extracellular fluid. They are located on the sarcomere
at the point where the A band and I band overlap. The T-tubules are flanked on either side by dilated
regions of the cell's endoplasmic reticulum—the sarcoplasmic reticulum.
Sarcoplasmic reticulum (SR) is an elaborate network of smooth endoplasmic reticulum that
surrounds and encases each myofibril, much like a loosely knitted sweater that covers your arms. It
stores calcium which can then be released into the sarcoplasm when an action potential is conducted
along the sarcolemma of the T-tubule. Most of the sarcoplasmic reticulum runs parallel to the
myofibrils, but there are right-angle enlargements of the SR at the A band/I band junctions that flank
the T-tubules. These enlargements are known as terminal cisternae ("end sacs") (see the image
above). One T-tubule along the two terminal cisternae that parallel it form the triad. The triad is
critical in skeletal muscle function. At each triad, the T-tubule membrane contains large numbers of
voltage-dependent proteins called dihydropyridine (DHP) channels or L-type calcium channels.
Although these are called channels, they do not allow calcium to move through them; rather, they are
physically linked to calcium release channels on the terminal cisternae known as ryanodine receptor
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channels (RyR). When the membrane is depolarized by an action potential, the DHP channel detects
a depolarization and causes the RyR channels to open, resulting in the release of calcium from the
terminal cisternae of the SR. To ensure a large concentration gradient for calcium is present at the
terminal citsterna, each ryanodine channel as an addition protein linked to it called calsequestrin.
This protein binds up calcium ions so that they don’t diffuse throughout the long network of tubes of
the sarcoplasmic reticulum. The binding is very low affinity, but enough to keep calcium ions near the
channel. This arrangement ensures that once the ryanodine channel is triggered to open, there will
be a substantial calcium gradient to exit through the channel and into the sarcoplasm.
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2.2.1
Neuromuscular Junction, ExcitationContraction Coupling

An important part of understanding the full story of muscle contraction is understanding how a nerve
communicates an electrical signal to a muscle fiber.

Neuromuscular Junction
Image by BYU-I Hannah Crowder S13
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You may click the link below to go to a tutorial that will walk you through the image above so that you
can orient yourself to all the structures in it.
https://books.byui.edu/-UXPy
In order for skeletal muscle fibers to contract, there needs to be an electrical event (an action
potential) that is followed by a mechanical event (the contraction of the muscle fiber).
Recall that we have already mentioned the fact that the thick and thin myofilaments slide over each
other, like the parts of an extension ladder. The proteins themselves don't shorten. The muscle
contraction and shortening occur as the myofilaments grip each other, slide past each other, and
shorten the sarcomeres. Thus, this is known as the sliding filament model of muscle contraction.
Let's also remember that in order for action potentials to both start and propagate (travel), it is
necessary for various ion channels to open and close at just the right time. Some of these ion
channels open in response to the binding of a ligand. These types of ion channels are known
as ligand-gated ion channels (Nicotinic 1). Other ion channels open in response to a change in voltage
(electricity) and are known as voltage-gated ion channels. Now, we'll discuss the sequence of events
that occur when an action potential reaches the end of the motor neuron.
1. An action potential arrives at the axon terminal of a somatic motor neuron. Remember that in
skeletal muscle, stimulation by a motor neuron is required for contraction. (This is not
necessarily true for smooth and cardiac muscle, but we'll get to that later.) The axon terminal
of the motor neuron connects to the muscle fiber via the neuromuscular junction (a synapse).
2. The arrival of the action potential stimulates voltage-gatedCa2+ channels in the axon's
membrane to open, and Ca2+ enters the axon terminal from the extracellular space.
3. Theaxon terminal contains synaptic vesicles filled with the neurotransmitter acetylcholine
(ACh). The increased Ca2+ levels is the signal that stimulates exocytosis (SNARE proteins) of
these synaptic vesicles and the release of ACh into the synaptic cleft.
4. The ACh diffuses across the synaptic cleft, binding to acetylcholine receptors on the ligandgated ion channels (nicotinic type I) in the sarcolemma of the post synaptic tissue (the muscle
fiber). This specialized region of the sarcolemma is known as the motor end plate, and this is
the location of the ACh receptors.
5. ACh binding causesligand-gated Na+/K+ channels to open. These ion channels are permeable to
both Na+ and K+. However, more Na+ diffuses into the cell than K+ diffuses out of the cell due
to driving forces. The Na+ entering the cell depolarizes the sarcolemma, which then will cause
adjacent voltage-gated Na+ channels to open, initiating an action potential that spreads out
from the neuromuscular junction. The action potential not only travels across the sarcolemma
but also down the T-tubules. Remember, T-tubules are just invaginations (inward protrusions)
of the sarcolemma and are filled with extracellular fluid that is high in sodium (Na+) and low in
potassium (K+). Also, please notice that the ACh receptors are ligand-gated, but movement of
Na+ through them (sphere of influence) causes the closely associated voltagegated Na+ channels to open, resulting in generation and propagation of an action potential.
6. While the action potential spreads, let's take a break and describe how the stimulation of the
ACh receptors is terminated. Without termination of the signal the signal would continue to
induce action potentials. This is done when ACh is cleaved (split) by an enzyme that resides in
the cleft called acetylcholinesterase. This enzyme splits ACh into its two components, acetate
(acetyl) and choline, rendering it nonfunctional. The acetate portion of acetylcholine diffuses
out of the synaptic cleft. The choline, which is an essential nutrient in the Vitamin B group (B4),
is taken up by the axon terminal, where it is recycled to make more acetylcholine. Although our
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bodies can make choline, we cannot produce enough for our needs and must get it in our diet
and recycle what we have.
7. As the action potential spreads along the sarcolemma and the T-tubules, the resultant change
in potential causes other voltage-gated channels in the T-tubule to respond. These channels are
called dihydropyridine channels (DHP) or L-type Ca2+ Interestingly, although these channels
are Ca2+ channels, they are not used as Ca2+ channels, instead muscles use them simply as
voltage sensors. Like all muscles, skeletal muscles depend on intracellular Ca2+ but the source
of Ca2+ comes from the sarcoplasmic reticulum not from extracellular sources. The signal to
release Ca2+ from intracellular sources comes from the DHP and its mechanically linked
interaction with ryanodine receptor channels (RyR), which are calcium channels located in the
sarcoplasmic reticulum membrane. These two protein channels span the distance between the
T-tubule and the terminal cisternae of the sarcoplasmic reticulum. In response to the change in
membrane potential, the DHP channel causes the RyR to open and allows Ca2+ ions to leave the
sarcoplasmic reticulum and diffuse into the sarcoplasm. These calcium ions bind to the low
affinity binding sites of troponin C, causing it to move the tropomyosin molecules off of the
active sites on each G-actin molecule.
8. Uncovering the active sites allows the myosin heads to bind to the actin binding sites,
forming cross bridges. In the resting state, the myosin head is "cocked" which means it is in a
high-energy complex. It also has ADP and phosphate (Pi) attached to it. When the myosin head
binds to the actin binding site it causes a bond formation which releases energy. Some of this
energy is recaptured in the phosphate bond which causes the bond to break. The rest of the
energy escapes as heat. Removing the phosphate will cause the myosin hinge region to return
(bend) to its resting state. This bending, called the power stroke, forcefully pulls the actin
past the myosin. During the power stroke, the ADP is also released from the myosin. Recall
that in the arrangement of the thick filaments, half of the myosin molecules are pointing one
way, and half are pointing the other. Since the myosin heads on the opposite ends of the thick
filaments all pull towards the middle, the overall effect is to cause the sarcomere to shorten. As
all of the sarcomeres in the muscle fiber shorten, the entire muscle shortens or contracts.
9. In order for significant shortening of a skeletal muscle fiber to occur, the myosin heads must
detach from the G-actin active sites and then re-attach to a different active site further along
the neighboring actin molecule. This is rather similar to the fact that in order to climb a ladder,
we must pull ourselves up a rung and then let go and move our hands and feet to higher rungs.
In order for this release to occur, each myosin head must bind an ATP molecule. The binding of
ATP to the myosin head forms another bond, releasing more energy, but in this case some of
the energy is captured in the myosin-actin bond and breaks it, releasing myosin from the actin.
The ATPase then hydrolyzes the ATP into ADP and a phosphate group, which causes the head
to "re–cock" (the recovery stroke), preparing it for the next power stroke. Hence, binding of
ATP allows the head to release, and hydrolysis of ATP re–energizes the head for the next power
stroke. During a single muscle cell contraction, each myosin molecule undergoes the entire
cross-bridge cycle many times—a process known as cross-bridge cycling. As long as Ca2+ is
present and the active sites are exposed, the process will continue.
One other important concept: Using the analogy above, when we climb a ladder, we don't take both
hands off of the rungs at the same time. Likewise, when muscles contract, the myosin heads are
cycling asynchronously, meaning that they don't all bind actin at the same time, and they don't all
release at the same time. At any given time, the 300 or so myosin heads in one thick filament will be
at different stages of the cross-bridge cycle.

BIO 461 Principles of Physiology

98

The movement of myosin heads occurs in two phases:
1. Thepower stroke occurs when the myosin heads bend and ratchet the actin molecules past the
myosin.
2. Therecovery stroke involves the myosin heads detaching from actin and being cocked back into
the high energy position to prepare for the next power stroke.

Crossbridge cycling
Skeletal Muscle Contraction. Downloaded from Wikimedia Commons Dec 2013; Author: OpenStax College;
Source: https://cnx.org/contents/FPtK1zmh@8.108:EtWWcJM-@5/Muscle-Fiber-Contraction-and-R License: Creative Commons Attribution 3.0 Unported license

(a) Calcium binds to Troponin and active site on actin exposed. (b) Myosin binds to Actin
forming cross-bridge. (c) Phosphate released in a power stroke causing the myosin head to
pivot and releasing ADP/Phosphate group released. (d) ATP attached to myosin head
detaching cross bridge. (e) Myosin head hydrolyzed ATP to ADP and phosphate turning
myosin back to ready position.
Relaxation can only occur when Ca2+ is removed from the sarcoplasm. Removal of Ca2+ occurs from
the actions of SERCA pumps. SERCA stands for "Sarco / Endoplasmic Reticulum Calcium ATPase".
These pumps are primary active tranporters that use ATP to pump Ca2+ against a gradients as it
moves back into the sarcoplasmic reticulum. They are concentrated at the terminal cisternae. As
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quickly as calcium escapes through the RYR channel, it is actively put back into the SR. This active
pumping is not as quick as diffusion causing the relaxation phase to be longer than the contraction
phase. In addition, that activity of the SERCA pumps is the largest consumer of ATP consumption in
contracting muscle.
To quickly review, the sliding filament model of muscle contraction explains the fact that when
skeletal muscle fibers contract, the individual proteins (actin and myosin) don't shorten. Rather, they
slide over each other. ATP is necessary for the detachment of myosin heads from actin. Notice also
that when a sarcomere contracts, both the H zone and the light I band shrink in width, while the dark
A band doesn't appear to narrow.

Sarcomere Anatomy. Author: courses.candelalearning.com; Site: https://courses.candelalearning.com/olianp/chapter/muscular-levels-of-organization License: Creative
Commons Attribution 4.0 License. Attributions. http://lumenlearning.com/courseware-candela/
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2.2.2
Muscle Contractures and Cramps

Muscle contracture is a term that generally refers to a muscle that has shortened and resists relaxing
to its normal resting length. There are many possible causes of a contracture. Some of the reasons
that tend to cause long term or even permanent contractures include prolonged immobilization,
spasticity (spasm), and muscle weakness. Although rare, temporary contractures can occur with
severe muscle fatigue, resulting in a condition called physiologic contracture.

Rigor Mortis
Though not considered a "contracture" in the normal sense of the word, rigor mortis is muscle
rigidity caused by a depletion of ATP. Rigor mortis is associated with death. It may take hours to fully
develop, but cellular death results in the breakdown of the intracellular sarcoplasmic reticulum and
the leakage of Ca2+. The Ca2+ then initiates the events that allow cross bridge formation. However,
cell death also results in the cessation of ATP production, and without ATP to cause the dissociation
of myosin heads from actin, the muscle stays in a contracted position and cannot relax or be
stretched.
Students often ask us what causes muscle cramps. It appears that there are many things that
contribute, and physiologists are still puzzling this out. Most people have experienced or will
experience a sudden, involuntary, and painful contraction at some point. It is very common during or
after intense exercise. A characteristic that distinguishes cramps from contractures is that
contractures are "electrically silent." This means that we do not see repeated action potentials
coming down the motor neurons to the muscle cell. Contractures originate because of a physiological
change of the muscle fiber itself and not the motor neuron that innervates it. Cramps, on the other
hand, are associated with the repeated firing of action potentials in the motor neurons. Cramps are
found most commonly in muscles of the leg, especially the lower leg and foot. The pathophysiology of
cramps is poorly understood.

BIO 461 Principles of Physiology

101

2.3
Whole Muscle Contraction, Fiber Type,
Fatigue and Muscle Pharmacology
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2.3.1
Motor Units

Motor Neurons
Image drawn by BYU-Idaho student Nate Shoemaker Spring 2017

2.3.1 - Motor Units
The motor neurons that innervate skeletal muscle fibers are called alpha motor neurons. As the alpha
motor neuron enters a muscle, it divides into several branches, each innervating a muscle fiber (note
this in the image above). One alpha motor neuron, along with all of the muscle fibers it innervates, is
a motor unit. The size of the motor unit correlates with the function of the muscle. In muscles
involved with fine, coordinated control, the motor units are very small with 3–5 muscle fibers per
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motor neuron. Muscles that control eye movement and muscles in our hands have relatively small
motor units. On the other hand, in muscles involved with more powerful but less coordinated actions,
like the muscles of the legs and back, the motor units are large with thousands of muscle fibers per
motor neuron.
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2.3.2
Factors that Inﬂuence the Force of
Contraction

Obviously, our muscles are capable of generating differing levels of force during whole muscle
contraction. Some actions require much more force generation than others; think of picking up a
pencil compared to picking up a bucket of water. The question becomes, how can different levels of
force be generated?

Multiple-Motor Unit Summation or Recruitment
One way to increase the amount of force generated is to increase the number of motor units that are
firing at a given time, a phenomenon called recruitment. The greater the load we are trying to move
the more motor units that are activated. However, even when generating the maximum force
possible, we are only able to use about 1/3 of our total motor units at one time. Normally they will fire
asynchronously in an effort to generate maximum force and prevent the muscles from becoming
fatigued. As fibers begin to fatigue they are replaced by others in order to maintain the force. There
are times, however, when under extreme circumstances we are able to recruit even more motor
units. You have heard stories of mothers lifting cars off of their children, this may not be total fiction.
Watch the following clip to see how amazing the human body can be. Muscle recruitment.
Length-Tension Relationship
Movement of the body is the result of force (measured as tension) that is generated as muscles
contract. When a muscle contracts, it shortens. As the muscle shortens, it builds up tension in the
tendons. If the tension is powerful enough, the tendon will pull on the bones, and the bones can act as
levers to move things (like a weight in the hand). Sometimes, the muscle will contract but rather than
lift the bones against a resistance, the muscle will slowly lower the bones that are already in a high
energy stressed position (think about lowering yourself slowly to the ground from a full chin-up with
your arms). Anytime a muscle contracts and bones are moving at all (either moving the resistance or
slowly returning the resistance to a resting state), we call it an isotonic contraction. The two types
of isotonic contraction are concentric (moving the resistance), and eccentric (slowly returning the
resistance to a resting state). If a muscle contracts but the bones do not move at all (think about
holding your fist in a clench or holding a position in a half squat), we call it an isometric
contraction.
To put all this together, imagine the following scenario:
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Isotonic Contraction
Concentric contraction: pull your body weight up to get your head over the top of the chinup bar.
Eccentric contraction: slowly lower your weight to return your body to the floor

Isometric Contraction
Isometric contraction: stop and hold your body in a mid position halfway up or hold it again
coming back down during a chin up bar. Anytime your body weight is being held but bones are
not moving, that is isometric.

Interestingly, in each of these contractions, the muscle force can increase or decrease depending on
where the bones are in their overall possible range of motion. For example, if you clench your fist and
also flex your wrist, your ability to pinch is reduced because muscles in the shortened position
generate less force. On the other hand if you extend your wrist and fingers, your ability to pinch is
decreased as well because muscles in a lengthened position generate less force. Your greatest
strength occurs when your fingers and wrist are closer to the mid position. This change in force
depending on the starting position of the sarcomeres is called the active length-tension relationship.

Active tension is the tension of movement and is also dependent upon length. However, the
relationship is not directly proportional. Instead, tension seems to peak at a given length, before or
after this length muscle tension is reduced. This ideal length is called the optimal length. When
muscles are stretched or shortened outside of this range the active tension decreases (see figure
above).
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These observations lend support to the proposed sliding filament theory of muscle contraction, where
sarcomeres are proposed to slide over each other (yes, we are still not 100% sure about this…). The
graph of active tension demonstrates that at a length of 20 cm (2.0 µm), the sarcomeres are
“optimally” overlapped. Said another way, if the sarcomeres overlap too much (below 2.0 µm) there is
not enough room to shorten before running into the z-disc, while above 2.0 µm the sarcomeres
become stretched too far so there is not enough overlap for the myosin heads to grab all possible
actin active sites.

Tension can also be generated in muscles even without crossbridge interactions. We call this tension
passive tension, and it is the result of the connective tissue around the muscle fibers and the
structural proteins in the muscle fibers. An example of passive tension is the pull you feel in your
hamstrings when trying to touch your toes. Passive tension increases as you stretch the muscle. In
passive tension, length and tension are directly proportional, with increased stretch (length)
correlating with increased tension (see figure below). The further a muscle is stretched the more
tension is generated to oppose the stretch.

The total tension in any muscle or tendon at any point of contraction will be the total of both active
and passive tension.

Force-Velocity Relationship
It has also been observed that the velocity (speed) at which a muscle can contract is highly
dependent on the amount of force required to shorten it. In other words, try bending your arm fast to
slap yourself in the face. Next, hang on to a milk jug, then bend your arm fast and try and hit yourself
in the face again, but with the milk jug. Even your rudimentary stopwatch on your iPhone could
detect that difference. Thus, in the absence of a load, your muscle can contract the fastest.
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This speed is proportional to how quickly the myosin heads can go through the cross bridge cycle. It
takes time to go through the cross bridge cycle. Force is dependent on how many cross bridges are
formed. If the sarcomere is shortenting very fast, there will not be time to form maximal cross
bridges and force will decrease (see graph below). If the sarcomeres are shortenting very slowly,
there will be time to form maximal cross bridges and maximum force will be generated (point B on
graph below), but not much work or (total distance of movement) will occur.
The maximum rate of contraction will be faster for fast twitch muscles when compared to slow twitch.
If we increase the load to the point where shortening is not possible, then we can see the slowest
velocity of crossbridge cycling (end of point C). As stated earlier, we could also lengthen the muscle
beyond optimal and see force (region A), although increases in force are pretty much maxed out.

Hypertrophy and Hyperplasia
As a muscle is exercised, it will change in size. This enlargement of muscle tissue is generally
attributed to the increase of sarcomeres by adding more actin and myosing filaments in the
sarcoplasmof the existing cells. This type of growth is called hypertrophy. This is different than
hyperplasia which would be the increase in number of muscle cells.
There is some research and evidence that suggests that cellular proliferation via hyperplasia is
possible, but the majority of this research is in animal models where experiements can measure cell
fiber number more easily. How much hyperplasia is possible in humans is a question that remains a
mystery, though, scientists agree that even if it is possible to elicit a training effect that causes
muscle cell proliferation it is a very minor explanation for muscle growth via exercise and training.
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2.3.3
Energy Source for Muscle Contraction

The ultimate source of energy for muscle contraction is ATP. Recall that each cycle of a myosin head
requires an ATP molecule. Multiply that by all of the myosin heads in a muscle and the number of
cycles each head completes each twitch and you can start to see how much ATP is needed for muscle
function. That estimate doesn’t even consider the greatest consumer of ATP, the SERCA pump or the
other major consumer, the Na/K ATPase pump. It is estimated that we burn approximately our entire
body weight in ATP each day (150 moles or 75kg; each equivalent ATP is recycled 1550 times a day)
so it becomes apparent that we need to constantly replenish this important energy source. For
muscle contraction, there are four ways that our muscles get the ATP required for contraction.
1. Cytosolic ATP: This ATP represents the "floating" pool of ATP, or that which is present and
available in the cytoplasm. This ATP requires no oxygen (anaerobic) to make it (because it is
already there) and is immediately available but it is short lived. It provides enough energy for a
few seconds (1-5 seconds) of maximal activity in the muscle-not the best source for long-term
contraction. Nevertheless, for the muscles of the eyes that are constantly contracting quickly,
but for short periods of time, this is a great source.
2. Creatine Phosphate: Once the cytosolic stores of ATP are depleted, the cell calls upon
another rapid energy source, Creatine Phosphate. Creatine phosphate is a high energy
compound that can rapidly transfer its phosphate to a molecule of ADP to quickly replenish
ATP without the use of oxygen. This transfer requires the enzyme creatine kinase, an enzyme
that is located on the M-line of the sarcomere. Creatine phosphate can replenish the ATP pool
several times, enough to extend muscle contraction up to about 10 seconds. Creatine
Phosphate is the most widely used supplement by weight lifters. Although some benefits have
been demonstrated, most are very small and limited to highly selective activities.
3. Glycolysis: Glycolysis, as the name implies, is the breakdown of glucose. The primary source
of glucose for this process is from glycogen that is stored in the muscle. Glycolysis can function
in the absence of oxygen and as such, is the major source of ATP production during anaerobic
activity. This series of chemical reactions will be a major focus in the next unit. Although
glycolysis is very quick and can supply energy for intense muscular activity, it can only be
sustained for about a minute before the muscles begin to fatigue.
4. Aerobic or Oxidative Respiration: The mechanisms listed above can supply ATP for maybe a
little over a minute before fatigue sets in. Obviously, we engage in muscle activity that lasts
much longer than a minute (things like walking or jogging or riding a bicycle). These activities
require a constant supply of ATP. When continuous supplies of ATP are required, the cells
employ metabolic mechanisms housed in the mitochondria that utilize oxygen. We normally
refer to these processes as aerobic metabolism or oxidative metabolism. Using these aerobic
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processes, the mitochondria can supply sufficient ATP to power the muscle cells for hours. The
down side of aerobic metabolism is that it is slower than anaerobic mechanisms and is not fast
enough for intense activity. However, for moderate levels of activity, it works great. Although
glucose can also be utilized in aerobic metabolism, the nutrient of choice is fatty acids. As
described below, slow-twitch and fast-twitch oxidative fibers are capable of utilizing aerobic
metabolism.
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2.3.4
Skeletal Muscle Fiber Types

Classically, skeletal muscle fibers can be categorized according to their speed of contraction (myosin
ATPase rate) and their resistance to fatigue. These classifications are in the process of being revised,
but the basic types include:
1. Slow twitch oxidative (type I)muscle fibers,
2. Fast-twitch oxidative-glycolytic (Type IIA)muscle fibers, and
3. Fast-twitch glycolytic (Type IIB or IIX)
In humans, within the above classifications, there are seven identifiable subtypes. From slowest to
fastest they are types: I, IC, IIC, IIAC, IIA, IIAB and IIB. It has been shown that humans do not
contain the “B” isoform like animals and instead should be renamed type X but altering nomenclature
can take years and is rarely successful. Therefore, we will refer to type X as B so that as you read
other articles you can follow the nomenclature.
Fast-twitch (type II) fibers develop tension two to three times faster than slow-twitch (type I) fibers.
How fast a fiber can contract is related to how long it takes for completion of the cross-bridge cycle.
This variability is due to different varieties of myosin molecules and how quickly they can hydrolyze
ATP. Recall that it is the myosin head that splits ATP. Fast-twitch fibers have a more rapid ATPase
(splitting of ATP into ADP + Pi) ability. Fast-twitch fibers also pump Ca2+ ions back into the
sarcoplasmic reticulum very quickly, so these cells have much faster twitches than the slower variety.
Thus, fast-twitch fibers can complete multiple contractions much more rapidly than slow-twitch
fibers. For a complete list of how muscle fibers differ in their ability to resist fatigue see the table
below:
Slow Twitch Oxidative
(Type I, IC)

Fast-twitch
Oxidative (Type
IIC, IIAC, IIA)

Fast-Twitch Glycolytic
(Type IIAB, IIB)

Myosin ATPase
activity

Slow

fast

fast

Size (diameter)

Small

medium

large

Duration of
contraction

Long

short

short

SERCA pump activity

Slow

fast

fast

Fatigue

Resistant

resistant

easily fatigued

Energy utilization

aerobic/oxidative

both

anaerobic/glycolytic

capillary density

High

medium

low
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Slow Twitch Oxidative
(Type I, IC)

Fast-twitch
Oxidative (Type
IIC, IIAC, IIA)

Fast-Twitch Glycolytic
(Type IIAB, IIB)

mitochondria

high numbers

medium numbers

low numbers

Color

red (contain myoglobin)

red (contain
myoglobin)

white (no myoglobin)

In human skeletal muscles, the ratio of the various fiber types differs from muscle to muscle. For
example, the gastrocnemius muscle of the calf contains about half slow and half fast type fibers, while
the deeper calf muscle, the soleus, is predominantly slow twitch. On the other hand, the eye muscles
are predominantly fast twitch. As a result, the gastrocnemius muscle is used in sprinting while the
soleus muscle is important for standing. In addition, women seem to have a higher ratio of slow
twitch to fast twitch compared to men. The "preferred" fiber type for sprinting athletes is the fasttwitch glycolytic, which is very fast, however, most humans have a very low percentage of these
fibers, < 1%. Muscle biopsies of one world class sprinter revealed 72% fast twitch fibers and
amazingly 20% were type IIB. The Holy Grail of muscle research is to determine how to change
skeletal muscle fibers from one type to another. It appears that muscle fiber types are determined
embryologically by the type of neuron that innervates the muscle fiber. The default muscle appears to
be slow, type I fibers. If a muscle is innervated by a small neuron that muscle fiber will remain slow,
whereas large myelinated fibers induce the fast isoforms. In addition, the frequency of firing rates of
the neuron also alters the muscle fiber type. Research suggests that humans have subtypes of fibers,
making up about <5% of the muscle, that are dually innervated and allow for switching between slow
and fast to occur. Generally, it would appear that genetics determine the type of innervation that
occurs and subsequent muscle fiber types and that training may be able to slightly alter the ratios
due to the dually innervated muscles. However, since <5% have dual innervation, genetics is going to
play a much greater role in your fiber types than your training.
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2.3.5
Fatigue

When we think of skeletal muscles getting tired, we often use the word fatigue, however, the
physiological causes of fatigue vary considerably. At the simplest level, fatigue is used to describe a
condition in which the muscle is no longer able to contract optimally. To make the discussion easier,
we will divide fatigue into two broad categories: Central fatigue and peripheral fatigue. Central
fatigue describes the uncomfortable feelings that come from being tired, it is often called
"psychological fatigue." It has been suggested that central fatigue arises from factors released by the
muscle during exercise that signal the brain to "feel" tired. Psychological fatigue precedes peripheral
fatigue and occurs well before the muscle fiber can no longer contract. One of the outcomes of
training is to learn how to overcome psychological fatigue. As we train, we learn that those feelings
are not so bad and that we can continue to perform even when it feels uncomfortable. For this
reason, elite athletes hire trainers that push them and force them to move past the psychological
fatigue.
Peripheral fatigue can occur anywhere between the neuromuscular junction and the contractile
elements of the muscle. It can be divided into two subcategories, low frequency (marathon running)
and high frequency (circuit training) fatigue. High-frequency fatigue results from impaired
membrane excitability as a result of imbalances of ions. The list of potential causes include;
inadequate functioning of the Na+/K+ pump, subsequent inactivation of Na+ channels and impairment
of Ca2+ channels. Muscles can recover quickly, usually within 30 minutes to as little as 30 seconds,
following high-frequency fatigue. Low-frequency fatigue is correlated with impaired Ca2+ release,
probably due to excitation coupling contraction problems. It is much more difficult to recover from
low-frequency fatigue, taking from 24 hours to 72 hours.
In addition, there are many other potential fatigue contributors, these include: accumulation of
inorganic phosphates, hydrogen ion accumulation and subsequent pH change, glycogen depletion,
and imbalances in K+. Please note that a factor not on the list is lactic acid as it does not contribute to
fatigue or muscle soreness. The reality is we still don't know exactly what causes fatigue and much
research is currently devoted to this topic.
You should also recognize that a factor not on the list causing fatigue is ATP. This is because
experiments performed with muscles show that even in the most severe fatigued conditions of
skeletal muscle, 70% of available ATP is still found within the cell! It would appear that ATP is so
important for muscle function that other factors will induce fatigue before ATP becomes too low for
physiological function. To ensure that ATP is conserved while still maintaining force under constant
demand is our next discussion topic.
The current research seems to be supporting the following hypothesis. To conserved ATP without
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compromising force, the muscle cell must modify the actions of two of the highest consumers of ATP:
the SERCA pump and the myosin ATPase enzyme. The SERCA pump can be slowed by reducing the
amount of calcium in the sarcoplasm, but reducing the amount of calcium effects myosin’s ability to
bind to actin. Thus, the conundrum is the paradox encountered when trying to slow down the SERCA
pump with less calcium but without the letting the reduced calcium compromise contraction strength.
This is solved by altering the affinity of myosin for actin, but first lets explain how to reduce calcium.
It has been hypothesized that an increase in intracellular Mg2 decreases the responsiveness of the
RYR channel. Since Mg2+ is a stabilizing agent for ATP and subsequently released after each
hydrolytic reaction, the more intense the contraction, the more Mg2+ will be released. The increase
in concentration of Mg2+ will then act to alter RYR, thereby reducing intracellular calcium.
Although not yet well understood, this alteration in calcium triggers the activation of an enzyme
complex made up of calmodulin and myosin light chain kinase (MLCK). Once activated, MLCK acts to
phosphorylate one of the light chains on the myosin molecule, altering the myosin/actin binding
affinity. In short, this modification results in an increase rate of engagement (higher binding affinity
for myosin to actin) so that less calcium is required to move troponin. Stated another way, the
additional phosphorylation gives the myosin molecule the ability to simply push tropomyosin out of
the way. Collectively, these modifications result in the muscle being able to generate force while
conserving ATP under conditions of lower intracellular Ca2+.
A second problem with fatigue is the ion imbalance that results from constant depolarization and
repolarization. When a muscle membrane is constantly depolarizing and repolarizing the thin
diameter of the T-tubule can experience a build-up in extracellular K+. Normal extracellular K+
concentrations range from 3.5 to 5 mM, but under conditions of constant
depolarization/repolarization the concentrations can rise to over 11mM in the T-tubules. This high
extracellular concentration in K+ results in a membrane potential that repolarizes to a value well
above threshold. This high membrane potential inactivates voltage gated channels making it more
difficult to propagate action potentials, leaving the muscle cells with even less calcium. To
compensate, the T-tubules have additional proteins channels for the Cl- ion. T-tubules contain both
leak and voltage-gated Cl- channels as well as ATP sensitive Cl- channels. At concentrations around
11mM K+, the voltage gated Cl- channels can open and help the membrane repolarize. In fact, the
importance of Cl- cannot be overstated as studies show that even under resting conditions, the
negative 85mV resting potentials of skeletal muscle cells is the result of Cl- channels (80%) rather
than K+ channels (20%). The importance of Cl- channels was discovered from observations and
studies of the fainting goat. A species that “faints” when overexcited. We now know that the fainting
goat lacks Cl- channels in their T-tubules. Even though muscles will still fatigue, without these
compensatory mechanisms they would fatigue even faster.
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2.3.6
Muscle Pharmacology

At this point, you may be thinking, “how on earth did anyone figure out this stuff?” To answer this
question you need to understand that scientists who study physiological processes often employ
drugs. Yep, drugs! A drug that has the same effect as acetylcholine will result in all kinds of
information about how something works. We use the terms agonist and antagonist when referring to
drugs. A drug that has the same effect as the neurotransmitter (acetylcholine) would be considered
an agonist. A drug that blocks the effect of the neurotransmitter is called an antagonist.

Agonists and Antagonists
Agonist & Antagonist. Author: Dolleyj Site: https://commons.wikimedia.org/wiki/File:Agonist_%26_Antagonist.jpgLicense: CC BY-SA 3.0
(http://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons.
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Look at the table below of different drugs used in the study of muscle physiology and see if you can
predict the effect the drug would have on a muscle.
Class of Drug

Example

Method of Action

Result on
muscle?

Neuromuscular
blocker

tubocurarine (chemical
obtained from the bark of a
South American plant, used
as arrow poison); alpha
bungarotoxin (snake
poison), pancuronium
(lethal injection drug)

Acetylcholine receptor
antagonist

Flaccid
paralysis

Neuromuscular
blocker

Succinylcholine (a
synthesized chemical, known as
the “perfect poison” for
murder)

Acetylcholine receptor
antagonist (initial
depolarization but then
blocks the receptor)

Flaccid
paralysis

Neuromuscular
junction

Neostigmine
(a
synthesized chemical)

Inhibits Acetylcholinesterase Spastic
activity
paralysis

Contractility

Salbutamol
(a
synthesized chemical also
known as albuterol)

Enhances SERCA pump
activity

Reduced
contractility

Contractility

Caffeine (chemical found in
seeds, nuts or leaves, used as
an insecticide by the plants)

Enhances Ca2+ release at
the sarcoplasmic reticulum

Increased
contractility

Neuromuscular
junction

Botulism

Blocks SNARE proteins

Flaccid
Paralysis

Neuromuscular
junction

Latrotoxin (Black widow spider SNARE protein agonist
poison)

Spastic
paralysis
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2.4
Smooth Muscle

Smooth muscle is found lining the hollow organs of the digestive system, airways of the lungs, tubes
of the urinary system and blood vessels to name just a few examples. Although smooth muscle
contraction is much slower than skeletal muscle, smooth muscle can generate more force per unit
area and can shorten up to 80% of its length (skeletal muscles can only shorten 30%), and smooth
muscle is also very fatigue resistant, contracting for many hours when needed. Consider the issues
that would arise if a sphincter muscle fatigued! Fortunately, most sphincter muscles are composed of
smooth muscles. The ability to not fatigue will be discussed later on in this section. The ability to
shorten at a much greater distance is due to the difference in structure of the myofilaments. Smooth
muscle myofilaments are about 10,000 times longer than their diameter, and although not uniformly
aligned (no striations), are still found in sarcomeric arrangements.
Smooth muscle can be broadly categorized into two groups: single unit and multiunit. Single unit
smooth muscles are linked together via gap junctions that allow them to contract as a ”single” unit.
Contractions of this sort often spread as waves, starting at one end and spreading to the other end.
This type of contraction in the digestive system is called peristalsis. Organs that contain single unit
smooth muscle can use “pacemaker potentials” or cells that automatically depolarize to start the
contraction. As a result, single unit smooth muscles can work independent of the nervous system or it
can be modified by it.
Multiunit smooth muscles are not electrically coupled together so that stimulation of one muscle does
not result in stimulation of others. Multiunit smooth muscle depend solely on nervous or endocrine
input. Examples that you may be familiar with include the iris of the eye and arrector pili muscles in
the skin
Now that we have given a broad categorization to smooth muscle, please realize that single unit and
multiunit are only book ends and that most smooth muscles are comprised of various combinations of
single and multiunit components.
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2.4.1
Smooth Muscle Contraction

Perhaps what makes smooth muscle so unique (both multiunit and single unit) is its activity patterns
during contraction. Smooth muscle cells can exhibit rhythmic activity similar to skeletal muscle
where separate contractions are easily delineated or they can exhibit a single long duration
contraction (ie. Sphincters). Smooth muscle can remain in the tetanic state indefinitely without
fatiguing. Rhythmic contractions are termed phasic while sustained contractions are termed tonic.
Whether phasic or tonic, smooth muscle contraction begins with phosphorylation of the myosin light
chain. For this reason, smooth muscle is sometimes called “heavy chain regulated”. In skeletal
muscle, it is troponin and tropomyosin that regulates when the myosin head can bind to actin.
Therefore, in skeletal muscle we call it “thin chain regulated”. Smooth muscle lacks troponin, so
calcium activation for contraction is not a matter of moving tropomyosin. However, smooth muscle
still requires a rise in intracellular Ca2+ to initiate contraction. Smooth muscle also lacks T-tubules
which makes the rise in intracellular Ca2+ also unique.
We will outline the common steps of smooth muscle contraction. Please use the full page sized
picture below while reading the following mechanisms. The numbers in the text match numbers on
the picture as an attempt to help you visualize these steps.

BIO 461 Principles of Physiology

119

Images by BYU-I JS F17

BIO 461 Principles of Physiology

120

1

The smooth muscle cell experiences an increase in intracellular Ca2+ . This can come from the

sarcoplasmic reticulum or from extracellular stores in response to an action potential, or a chemical
signal (like a hormone) that does not require an action potential. If the signal is an action potential,
we see voltage gated calcium channels open to let extra cellular calcium in. If the signal is a chemical
ligand, it is common to see an IP3 second messenger system that can release intracellular calcium
from the SR. There are also examples of chemical ligands stimulating membrane bound messenger
systems that result in the opening of extra cellular ligand gated calcium channels. Thus, in smooth
muscle the calcium used to initiate contraction can come from intracellular or extracellular stores. In
contrast, skeletal muscle only uses intracellular stores of calcium for contraction. The regulation that
will be discussed below has similarities to skeletal muscle but only when skeletal muscle is fighting
off fatigue and trying to conserved ATP.

2

The newly introduced Ca2+ ions bind to an intracellular protein called calmodulin which has

four Ca2+ binding sites

3

The newly formed Ca2+ /calmodulin complex activates another enzyme called myosin light chain

kinase by exposing a previously hidden active site. MLCK acts to phosphorylate the regulatory light
chain on the myosin molecule (represented as the “blue” phosphate in the figure). This
phosphorylation increases the binding affinity of myosin to actin. In addition, this step requires
another molecule of ATP that is different than the molecule of ATP required to “cock” the myosin
head (which is represented as red in the figure).

4

Once phosphorylated by Myosin Light Chain Kinase (MLCK), the myosin head can attach to

actin. The release of the phosphate (red) and ADP (also red) allow the myosin head to bind actin
tightly and complete a conformational change towards a lower energy state for the myosin protein.
Notice in the picture how the myosin head flexes forward. You can imagine how this would pull on
the actin filament and it often referred to as the “power stroke”. We have to be careful though. The
myosin head is not using “power” or energy to complete the powerstroke, rather it is returning to a
lower energy state once the ADP and P have dissociated from the protein. It will require another ATP
to come and attach so that the high energy state of the myosin can be obtained again (“re-cocked”).

5

An ATP comes in and attaches to the myosin head. This attachment causes a change in the

myosin protein that results in the dissociation of the myosin from the actin active site. However, the
higher energy state (“cocking”) of the myosin head is not acquired at this time. This will happen
after ATP is hydrolyzed to ADP and P. In step 5 we have only used ATP to dissociate the myosin from
the actin active site.

6

The intrinsic ATPase activity of the myosin head will cleave ATP. This enzyme activity is able to

engage only after the myosin head dissociates from actin. The hydrolyzing of ATP to ADP and P will
“cock” or move the myosin head to a high energy conformation. As long as the light chain remains
phosphorylated (blue) then the myosin head is ready to attach to another actin active site and
perform another cycle starting at step 4.

7

If Myosin Light Chain Phosphatase (MLCP) is available, then the MLCK phosphate (blue) is
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removed and the myosin head is unable to attach to another actin active site. The myosin head will
remain in the high energy “cocked” position and the muscle fiber would be in a relaxed state (myosin
unattached to actin and not pulling on actin). If steps 1-3 are initiated again, then the cross bridge
cycling will start again.
* Notice in step 7 that MLCP (the “pac-man” icon) is inactivated by an intracellular enzyme called
Rho kinase. If Rho kinase is available and active, it will put a phosphate (gray) on the MLCP to
inactivate it. However, if Rho Kinase is not available or it is inactivated, then MLCP will be active to
do its job of removing the MLCK phosphate (blue). The current hypothesis is that Rho kinase is
inactivated by sustained levels of intracellular calcium. This inactivation is most likely the result of
other, yet, unidentified enzymes.

8

The ratio of MLCP to MLCK is important. If MLCP is high and MLCK is relatively low or

inactive, then fewer phosphorylated myosin heads will be reaching step 7 and the extra MLCPs will
find opportunity to remove MLCK phosphate (“blue”) not just in step 7 but also in step 4 or rather
step 8 for this explanation. If we see MLCP removing the MLCK phosphate (blue) from the myosin
light chain while myosin is bound to actin, then ATP will attach but not be able to cause an easy
dissociation of myosin from actin. The myosin molecule will enter a state called the latch state. The
latch state is the result of a slowing of the rate of dissociation of myosin from actin. This means that
force can still be maintained, but without additional expenditure of energy. Removing the phosphate
while myosin is still attached causes a slowing of the cross bridge cycle. In the latch state it has been
observed that only 20 to 30% of myosin heads are phosphorylated, thus, most of the heads are
unphosphorylated but bound.

9

Normally, when ATP binds the myosin head, a protein change occurs that allows immediate

dissociation from the actin active site. Also, once dissociated, the intrinsic ATPase activity of the
myosin head is engaged to hydrolyze the ATP into ADP and P. Once again, this all results in the
restoration of the high energy state for the myosin head. In the “Latch State”, the absence of the
MLCK phosphate from the myosin head interferes with ATPs ability to trigger the myosin head
dissociation from actin active sites. The dissociation will eventually occur, but it takes a much longer
time (this extra time is represented by the wavy line in the figure) and this is called the “Latch State”
Summarizing Phasic vs Tonic Contraction and Ca2+
Smooth muscle draws on two sources of Ca2+ , one from extracellular stores and another from the
intracellular stores found in the sarcoplasmic reticulum (SR). Similar to skeletal muscle, Ca2+ release
from the SR is controlled by the ryanodine receptor but it is not voltage dependent nor is it linked to
the DHP channel. Instead, the release of Ca2+ from the SR occurs through the ryanodine channel or
is mediated by a G-protein second messenger cascade involving IP3. Various hormones and
neurotransmitters (ie., norepinephrine, angiotensin II, vasopressin) can bind to receptors that utilize
the IP3 signaling cascade. Once generated, IP3 will bind to the SR in a way that calcium is released.
Calcium in the myoplasm can bind to RyR receptors on the SR and activate them to release more
calcium. This is called calcium induced calcium release. The rapid increase in intracellular Ca2+
results in the activation of MLCK (calmodulin MLCK complex).
Rho-kinase (ROK), which phosphorylates MLCP and inactivates it, is activated or inactivated by other
second messenger systems started at the membrane surface by various chemical ligands. It has been
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shown that in situations where intracellular calcium is maintained for long periods, Rho-kinase
activity decreases. The combination of chemical signals, depolarization events and duration of
intracellular calcium increase results in changes to the MLCK / MLCP ratios. If MLCP is relatively low
we tend to see a ratcheting up of tension (because step 6 will dominate and the cross bridge cycling
will continue). If the duration of calcium in the myoplasm is short, then activated MLCK will diminish
and MLCP will be relatively higher. Step 7 will dominate and the muscle will relax (Phasic
contraction).
Lets try another scenario. In response to a rise in myoplasmic calcium concentrations, MLCK activity
will increase and is relatively high compared to MLCP. This will cause a spike in muscle tension as
the cross bridge cycling increases. However, instead of the Ca2+ concentrations decreasing rapidly
there is a sustained intracellular calcium influx (extracellular source). This sustained calcium influx
tends to diminish MLCK sensitivity (poorly understood mechanisms). In addition there are a series of
chemical ligands that attach membrane bound receptors an initiate signals to inhibit intracellular Rho
Kinase. The decrease activity of Rho Kinase results in an increase activity of MLCP. These events will
result in a relatively high level of MLCP compared to MLCK in response to the sustained calcium
influx. This will result in more dominance for step 8 and the latch state will occur (Tonic
contraction).
Hopefully you can see how smooth muscle is regulated by a complicated combination of action
potentials, chemical ligand stimulation and calcium influx duration. Just how each smooth muscle
tissue uses these variables to regulate functional contraction is an area of active research and there
is much we still don’t know.
[Click Here] to watch a video that goes through the concepts your read about above.
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2.5
Control of Body Movement
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2.5.1
Voluntary Control of Muscle

In order to understand reflexes and unconscious movement, we must first examine how voluntary
movements are controlled. Voluntary movements, such as walking upright, are rather complex
involving multiple areas of the central nervous system (CNS) and peripheral nervous system (PNS). It
is no wonder that it takes time to learn to walk or ride a bike. Once learned, these movements are
consciously initiated and then carried out almost automatically. Why are we taught that practice
makes perfect? It is because the more we practice a skill the more automatic it becomes. We
commonly refer to this phenomenon as "muscle memory."
Voluntary control of movement depends on upper motor neurons (UMN) and lower motor
neurons (LMN). The cell bodies of upper motor neurons are found in the cerebral cortex, where
planning, initiation, and coordination of movement occur. Upper motor neurons then synapse with
lower motor neurons in the spinal cord. The lower motor neurons then leave the spinal cord and
synapse with skeletal muscles at the neuromuscular junction. It is this single neuron system from the
spinal cord to the muscle that we refer to as the somatic nervous system. To summarize, upper motor
neurons initiate movement by sending impulses to lower motor neurons which then relay that
information to the skeletal muscle.

In contrast to voluntary control, involuntary or reflexive control of skeletal muscle starts within the
muscle, rather than the brain, and sends signals back to the spinal cord to modify movement of the
muscles. Thus you can say that voluntary movement comes from the top down and reflexes come
from the bottom up. The synapse between the upper motor neuron and the lower motor neuron in the
spinal cord is where modulation of both voluntary and reflexive movement takes place.
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Withdrawl Reflex: An example of Involuntary Movement that uses sensory and motor neurons of the central and peripheral nervous system. Image by BYU-I student
Becky T. 2018
Image by BYU-I student Becky T. 2018
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2.5.2
Reﬂexes

Reflexes take place automatically and unconsciously for good reason. Can you imagine what your life
would be like if you had to think about the temperature of the room you just entered and then make
conscious adjustments in order to maintain your internal temperature within the normal range? In
order to understand how reflexes work, we will examine the basic components of a reflex arc and how
they interact to generate the desired effect.
Reflexes can be classified in many different ways, but we will examine them as either somatic:
involving control of skeletal muscle, or autonomic: involving control of smooth muscle, cardiac
muscle, glands etc. Regardless of their classification, all reflexes have 5 basic components:
1) A receptor that detects change. Here are the different types of receptors we see in the body:
A mechanoreceptor is a sensory receptor that responds to mechanical pressure or distortion.
Touch, pressure, stretching, sound waves, and motion can all activate mechanoreceptors.
A chemoreceptor detects certain chemical stimuli in the environment. For example,
chemoreceptors in the carotid artery are sensitive to the partial pressure of carbon dioxide in
the blood; they signal the respiratory center in the brain to increase or decrease the rate of
breathing. The sensations of smell and taste happen because of chemoreceptors located in the
sensory organs of your body.
Thermoreceptorsare specialized nerve cells that are able to detect differences in
temperature.
Photoreceptorsare the cells in the retina that respond to light. These receptors convert light
into signals that give us our vision.
Nociceptorsare sensory receptors that detect signals from damaged tissue or the threat of
damage and indirectly also respond to chemicals released from the damaged tissue by sending
signals to the spinal cord and brain. Nociceptors conduct signals that are generally perceived
as pain.

2) An afferent or sensory neuron that relays information.
3) A control center that evaluates the incoming information and determines an appropriate
response.
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4) an efferent or motor neuron that carries information away from the control center.
5) An effector where the action is carried out.
These components form a basic circuit that is called a reflex arc. The control center portion of the
reflex arc can be quite simple (as in the synapse of an afferent neuron onto an efferent neuron in a
stretch reflex), but it is often more complex involving one or more interneurons. Simple reflexes
involving a single synapse between two neurons are termed monosynaptic, whereas reflexes
involving two or more synapses are termed polysynaptic. We will examine several types of somatic
and autonomic reflexes because of their clinical significance. However, please keep in mind that this
is not an exhaustive list, and there are many other significant reflexes.

Components of a reflex arc
Image created by JS at BYU Idaho Fall 2013

Somatic Reflexes
In our discussion, we will examine four major reflexes that are integrated within the spinal cord: the
stretch reflex, the Golgi tendon reflex, the withdrawal reflex and the crossed extensor reflex.
Although each of these reflexes is integrated within the spinal cord, they can be influenced or
modified by higher brain centers to either exaggerate or suppress the response. Somatic reflexes
involve specialized sensory receptors called proprioceptors that monitor the position of our limbs in
space, body movement, and the amount of strain on our musculoskeletal system. The effectors
involved in these reflexes are located within skeletal muscle.
Stretch Reflex
Think back to the last time you had a sports physical or a routine physical examination. Why did the
doctor tap your leg just below the knee? What information can he possibly gather from this simple
procedure? The magic of examining reflexes comes from the phenomenon that, under normal
circumstances, a specific stimulus will elicit a predictable response. In the case of the knee-jerk
reflex, the expected response is an extension of the leg at the knee. If the reflex is greater than
expected (hyperactive), less than expected (hypoactive) or totally absent, that suggests potential
pathology. Now let's look at how the stretch reflex works.
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Image by JS F21
Muscle Spindle and Golgi Tendon Organ

Muscle spindles are specialized proprioceptors that monitor muscle length. They are bundles of
modified skeletal muscle fibers with extensive sensory and motor innervation. These fibers,
called intrafusal fibers, run parallel to the contractile skeletal muscle fibers called extrafusal
fibers that make up the bulk of skeletal muscle. Muscle spindles are scattered throughout skeletal
muscle, but they occur in the highest density near tendinous insertions and in muscles involved in
fine motor control (i.e. the small muscles of the hand etc).
Muscle spindles can be broadly categorized into two types, nuclear bag fibers or nuclear chain fibers.
The names are derived from the arrangement of nuclei within the fibers. Bag fibers are larger than
chain fibers and have their nuclei clumped together in the center causing the fiber to bulge. Chain
fibers have nuclei arranged in a row on the outer edges, similar to regular (extrafusal) skeletal
muscle fibers. Because a clear understanding of the anatomy of the neural innervation is essential to
understanding function of the spindles, we will discuss that next.
Spindles are innervated by both sensory and motor neurons. The sensory innervation includes the
groups Ia and II. Group Ia or II is the naming convention adopted for separating and identifying
sensory fibers. The group Ia signifies that these fibers belong to a group of neurons with the largest
diameter and myelinated, allowing them to conduct impulse very rapidly (up to 120m/sec). Group II
are smaller but still myelinated and conduct impulses slower (up to 75m/sec). Bag fibers are
innervated by group Ia fibers that wrap around the bulging nucleated center. This arrangement
makes the neurons very sensitive to any movement the bag fiber undergoes. Chain fibers are
innervated by type II fibers. If a muscle spindle is stretched, the sensory fiber associated with the
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muscle spindle will be activated and result in stimulation of an alpha motor neuron (a type of lower
motor neuron) in the anterior horn of the spinal cord (more detailed explanation below).
In addition to sensory innervation, each spindle is also associated with a motor neuron innervation.
The motor neuron is much smaller than the alpha motor neuron innervation of regular muscles,
belonging to the gamma motor neuron group. Since spindles are only capable of contraction at their
tapered ends, innervation by gamma motor neurons occurs there. The resultant contraction of a
spindle in response to gamma stimulation is too weak to contribute to gross muscle movement but is
important in maintaining the sensitivity of the muscle spindle while the muscle is either shortened or
lengthened. Because the sensitivity of spindles to stretch or contraction differ, the gamma motor
neurons are further divided into dynamic gamma (bag fiber innervation) and static gamma (chain
fiber innervation).
Muscle spindles are designed to respond when the muscle changes length. Because of their different
anatomy and innervation, the two types of spindles respond to stretch differently. Bag fibers
(associated type Ia sensory neuron) are most sensitive responding to the rate of stretch. Chain fibers
respond more slowly and are sensitive to the amount or length of time the stretch is occurring. What
happens when the sensory fibers are activated? Remember, these fibers are part of a reflex arc so
their activation results in modification of movement.
Imagine stepping out of the driver's seat of your car onto a patch of ice in the parking lot. As your
weight transfers to your left foot and starts to slide out from under you, what happens? The muscle
spindles in your left inner thigh (adductors) are quickly stretched and send a message to your alpha
motor neurons in the spinal cord begging for help. The alpha motor neurons then cause contraction
of the same inner thigh muscles (adductors) that were stretched, and you narrowly avoid the pain of a
groin injury. All of this happens so fast (signals are sent at speeds around 350 miles per hour) that
you have already recovered by the time you are aware that you were in trouble. When a muscle is
stretched, the muscle spindles are stimulated and thus increase the frequency of action potentials
sent to the lower motor neurons in the CNS. The increased action potential frequency causes alpha
motor neurons to rapidly fire, resulting in muscle shortening. This reflexive contraction, in the
direction directly opposite to the initial stretch, protects skeletal muscle from damage due to
overstretching.
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Muscle spindle reflex arc
Image by BYU-I Jared Cardinet W15

The same process that we described above also relates to other very common situations. For
example, as you are reading this you may be experiencing some drowsiness. We will assume that is
because you have stayed up way too late! As you get tired you may have experienced the feeling of
nodding off, where your head starts to fall forward followed by an almost violent jerking motion as
you bring your head upright again. Your muscle spindles are key in maintaining posture, whether we
are talking about nodding off in class or whether we are talking about staying upright as you walk
down the street.
So far it would appear that muscle spindles respond to a stretching muscle, which is true, but what
about the spindles in the contracting or shortening muscle? When a muscle shortens the overall
length of the muscle also decreases thus “unloading” tension on the spindle. To illustrate, imagine
rubber bands strung between your two pointer fingers on opposite hands and another band on each
thumb. The band over the index fingers represents the muscle and the band over the thumbs
represents the spindle. If you move your hands apart both bands becomes taunt, but if you move your
hands closer together the bands lose tension, even sagging at the point when your fingers almost
touch. Since there is no tension at this point, to make the rubber bands taunt again you have to start
moving your hands apart, but before the tautness occurs there will be a delay until tension is reestablished, even though your hands are visibly moving. Because delays in signals are unacceptable
in the human body, something must occur to keep the spindle (thumb) from “sagging” as a muscle
shortens. The prevention in sagging is the function of the gamma motor neuron which innervates

BIO 461 Principles of Physiology

131

each spindle at the contractile end. At the same time that alpha motor neurons activate extrafusal
fibers, causing shortening of the muscle, gamma motor neurons activate the muscle spindle, at the
contractile end and cause it to contract. However, since only the ends have contractile filaments, this
activation acts to lengthen the spindle, or pull on the middle, thus maintaining tension within the
spindle, even though the muscle shortening would act to lower spindle tension. We refer to this as
alpha-gamma co-activation. This causes the tapered ends to contract, thus maintaining a baseline
tension on the central region of the muscle spindle that is sensitive to stretch. It is in this manner
that the muscle spindle is able to maintain its sensitivity through a wide range of muscle length. In
fact, even when a muscle is at rest the muscle and spindles receive a steady stream of alpha-gamma
activation which helps to maintain a low level of muscle activity. Back to our rubber band example,
this would be like having your thumbs move against your index fingers and slide the rubber band to
keep it tight as your hands move closer together, ensuring that tension is still maintained in the
spindle. In fact, even when a muscle is at rest the muscle and spindles receive a steady stream of
alpha-gamma activation which helps to maintain a low level of muscle activity. This constant tension
of the muscle is what we refer to as muscle tone.

Image by BYU-I Becky T. W18

Up to this point, we have only addressed activation of the muscle group that is being stretched. This
is important, but body movement is also controlled by opposing muscle groups, often categorized as

BIO 461 Principles of Physiology

132

the agonist or the antagonist muscle. The agonist muscle is the muscle that contracts to cause a
certain movement to happen and the antagonist is the muscle group that would do the opposite
action. In the example of the knee jerk reflex, the quadriceps would be the agonist and the hamstring
would be the antagonist. In order to extend the leg at the knee, we must contract the quadriceps,
which we do via activation of the alpha motor neurons, but we must also relax, or inhibit, the
hamstring. We accomplish this through a phenomenon called reciprocal inhibition. The sensory
neuron that synapses with and excites alpha motor neurons supplying the quadriceps also synapses
with an inhibitory interneuron. The inhibitory interneuron effectively shuts down the alpha motor
neurons to the hamstring. This allows the leg to extend at the knee (see stretch reflex figure).
Golgi Tendon Organ
Whereas muscle spindles respond to stretch another type of sensory system responds to tension. You
might think that stretch and tension are pretty much the same thing but they are not. Have you ever
tried tying your shoes really tight and as you are pulling on the laces, which increases tension, one of
the laces snaps? It is pretty inconvenient when you have to replace a shoelace but think if that was
your muscle! At times our muscles are capable of generating sufficient power to damage tendons or
even break bones. They can cause avulsion, where the tendon tears off a piece of the bone at its
attachment site. In order to prevent this, we have a safety mechanism in place called the Golgi
tendon organ. Where we could consider the stretch reflex to be excitatory and cause contraction of
the stretched muscle group the Golgi tendon reflex would be considered inhibitory and causes
relaxation of the affected muscle. Therefore the result of activation of a Golgi tendon organ would be
the opposite of the activation of a muscle spindle. The main purpose of Golgi tendon organ is to
prevent excessive tension on tendons and thus prevent injury.
Golgi tendon organs are composed of encapsulated nerve endings that are found interwoven with
collagen fibers near the transition from muscle to tendon. These nerve endings monitor tension on
the tendon rather than muscle length as muscle spindles do. As muscle contracts it develops tension
on the tendon which is detected by the Golgi tendon organ. The Golgi tendon organ then sends action
potentials, via afferent neurons, to the dorsal horn of the spinal cord where they synapse with
inhibitory interneurons. The interneuron then synapses with and inhibits the alpha motor neurons in
the anterior horn of the spinal cord. Inhibition of alpha motor neurons will effectively shut off the
"power" to the muscle causing it to relax. You can think of this phenomenon almost like a circuit
breaker. If there is a spike in power coming into your home that could potentially damage electrical
devices the circuit breaker is tripped, temporarily shutting off electricity to those electrical devices.
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Golgi Tendon reflex arc
Image drawn by BYU-I student Jared Cardinet Winter 2015

You might ask yourself, "If this prevents excessive tension on muscles, what about those stories I
have heard about mothers lifting cars off of babies and such?" Well, remember that this is a reflex
and is generally managed from the bottom up without too much oversight from the upper motor
neurons. In some circumstances, such as the super human feats of strength you have heard about,
the CNS has the ability to override the reflex of the Golgi tendon organ. This happens as upper motor
neurons modify the reflex at the level of the spinal cord. This allows extreme amounts of force and
tension to be achieved, but the downside is that it usually causes pretty severe damage to the
musculoskeletal system.
Withdrawal Reflex and Reciprocal Inhibition

BIO 461 Principles of Physiology

134

Image drawn by BYU-I student Nate Shoemaker Spring 2016

The withdrawal reflex is yet another way that we are hard-wired to avoid pain and tissue damage. We
have free nerve endings, called nociceptors, scattered throughout our body that are sensitive to
pain. When stimulated these sensory neurons activate lower motor neurons in the spinal cord. The
lower motor neurons then stimulate contraction of skeletal muscle to remove or withdraw ourselves
from the pain generator. In general, this will take place as flexor muscles are stimulated to contract,
such as the hamstrings and hip flexors if you step on a tack or the biceps when you touch a hot stove.
For this reason, the withdrawal reflex is sometimes called the flexor reflex.
In order for this to happen efficiently, we need to stimulate the flexor muscles and at the same time
inhibit the extensor muscles. This phenomenon, called reciprocal inhibition, that was discussed in
terms of the knee-jerk reflex is also at play here. The pain neuron, as it enters the dorsal horn of the
spinal cord, will branch to stimulate an excitatory interneuron and an inhibitory interneuron. The
excitatory interneuron then stimulates muscle contraction of the flexor muscle while the inhibitory
interneuron causes the antagonist muscle, or the extensors, to relax.
Crossed Extensor Reflex
Without the crossed extensor reflex, instead of standing on one leg after stepping on a tack you
would probably wind up on your backside. Again, when you step on a tack and stimulate the pain
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fibers in your foot they send signals to the spinal cord through the dorsal horn. In addition to sending
branches to excitatory and inhibitory interneurons on the same side of the body, the pain neuron also
sends a branch to an excitatory interneuron that crosses over to the opposite side of the spinal cord
and stimulates a lower motor neuron. This lower motor neuron stimulates the extensor muscles on
the opposite side of the body in preparation for the increased load as you shift your weight to that
side. You can observe the crossed extensor reflex as you walk to and from class during Fall, Winter
and most of Spring semester because of the presence of ice and snow. As individuals hit a patch of ice
and lose balance, the crossed extensor reflex is the reason for the flailing antics that you see as the
person desperately tries to stay on their feet. There are varying levels of success for individuals
staying upright, but you can easily pick out the seniors or locals as their reflexes have been honed in
to better keep them upright.
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2.6
Taste and Smell
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2.6.1
Taste

Have you ever sat down and eaten something that was just bliss? Perhaps a moist chocolate cake
topped with chocolate cream cheese frosting and a fudge filled center, or a marinated chicken breast
grilled with roasted red peppers, onions, Portobello mushrooms and Dijon sauce. Some foods have
the ability to flood our system with all kinds of different tastes and textures, yet we can sometimes
still distinguish the individual contributions of the specific ingredients. This myriad of sensation
should not be fully credited to taste because the sense of olfaction and the ability to detect texture
are also intimately linked to this perception. In fact, you may have noticed that your mouth is starting
to water as you contemplate a plan to obtain the previously mentioned food. The senses of our bodyvision, taste, smell, hearing, touch, and equilibrium-are conduits through which we "feel" our world.
Each sensory system is uniquely designed with receptors that detect various environmental stimuli
and then convert those stimuli to action potentials. That's right; all stimuli that the body detects are
ultimately converted to action potentials. In response to the action potential, the brain can
interpret and allow us to feel the stimulus. The special senses are those in which their receptors are
localized in a specific, fairly small area of the body. In contrast to the special senses, the general
senses have receptors that are widespread. The general senses include the sensations of touch,
pressure, temperature, pain, and proprioception (movement and position of the body).
Like olfaction, taste (gustation) is a chemical sense responding to different compounds in the foods
we eat. It is estimated that humans can distinguish 4000 to 10,000 different chemicals with only five
different taste modalities: salt, sweet, bitter, sour, and umami (Japanese for delicious). The receptors
responsible for transmitting these taste qualities are located mainly on the dorsal surface of the
tongue within structures called taste buds which are housed in epithelial projections called lingual
papillae.
Four types of lingual papillae are observed on the human tongue: (1) circumvallate papillae (large
groove surrounding the papilla), (2) fungiform papillae (mushroom shaped), (3) foliate
papillae (leaf shaped), and (4) filiform papillae (string shaped) so named based on the shapes of
each (see image below). Only the circumvallate, fungiform, and foliate papillae contain taste buds;
the filiform provide a rough surface for moving food around in the mouth. On average, people have
2000 to 5000 taste buds, but in some exceptional cases, 20,000 have been observed. This has
prompted some to propose taste classifications for people that include "non-tasters," "tasters," and
"super tasters." Taste, however, is not an all or none phenomenon and the classifications of "nontaster" and "super tasters" simply represent populations of people on opposite ends of the spectrum.
Interestingly, some "supertasters" taste and review food for a living and have insured their tasting
abilities (job security) for astronomical amounts, like 1 million dollars.
Each taste bud contains 50-150 receptor cells (taste or gustatory cells) sandwiched in between
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supporting cells and basal cells. Receptor cells are specialized epithelial cells that synapse with
neurons. They have the ability to excite their associated neuron when they interact with a taste
stimulus, generating action potentials in the neurons. The receptor cells have a relatively short life
span and must be replaced about every 10 days. The role of the basal cells in the taste buds is to
replace the worn out receptor cells. The taste stimulants (tastants) that react with receptor cells
most efficiently are sodium chloride (salty), sucrose (sweet), hydrochloric acid (sour), quinine (bitter)
and monosodium glutamate (umami). There is a unique receptor for each of these taste modalities.
However, other molecules can also interact with these receptors. For example, artificial sweeteners
(e.g., saccharin and aspartame) are known to be 10,000 to 100,000 times more effective than sucrose
at stimulating the sweet receptors. Each receptor cell is oriented in the taste bud such that the tip of
the cell protrudes into the oral cavity through an opening called a taste pore. This orientation allows
the apical end to respond to the tastant and the basal end to transmit the signal to the brain.
As with all sensory systems, taste receptor cells must somehow convert an external or environmental
stimulus into an internal or cellular response. In the body, these cellular responses are often
associated with changes in membrane potentials. When the receptor is a non-neural cell, as is the
case with taste, the depolarization’s are called receptor potentials. The receptor potential is not an
action potential but a graded potential that can modulate the activity of ion channels and trigger an
action potential in a neuron. Typically the neurons that are associated with taste cells have a resting
membrane potential of around -70mV. In order for a response (an action potential) to be generated
something has to cause the membrane potential of the neuron to reach threshold. In the case of taste,
a neurotransmitter is released from the basal membrane of the taste receptor cell. Release of the
neurotransmitter is triggered when a tastant interacts with the apical surface of the receptor cell.
This interaction generates a depolarizing receptor potential that causes voltage-gated calcium
channels on the basal surface of the cell to open. Calcium diffuses into the cell and acts as a signal to
trigger exocytosis, releasing the neurotransmitter onto the neural cells. The neurotransmitter then
elicits an action potential in the neuron. Even though different taste receptor cells respond to
different tastants, the release of a neurotransmitter from the receptor cells is always caused by an
increase in intracellular Ca2+. Thus, to understand how a chemical tastant (external stimulus) results
in a neuronal signal (internal response) we need to understand how the tastant can cause a
depolarization of the receptor cell and thus an increase in intracellular Ca2+.
For a substance to be tasted, it must first dissolve in the saliva of the mouth. Once dissolved, the
substance can interact with the apical membrane of a specific receptor cell. Receptor cells that
respond to salt or sour substance contain membrane protein channels that allow the salty ion (Na+)
or the sour ion (H+) to pass directly through the channel.
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Signal transduction in a cell in response to a given taste stimulus.
Image by Jared Cardinet BYU-Idaho Fall 2015

This increased movement of positively charged ions across the membrane causes depolarization
which in turn causes voltage sensitive Ca2+ channels to open. Sensations of bitter, sweet and umami
all use G-protein coupled receptors, thus, these substances don't cross the membrane, but the effect
is still the same (Ca2+ increases in the cell which facilitates the release of neurotransmitter).
Molecules that we perceive as bitter, sweet or “savory” (umami) bind as a ligand to G-protein coupled
receptors (GPCR). This triggers a second messenger system that results in the opening of Ca2+
channels on the surface of the taste receptor cell or on the smooth endoplasmic reticulum inside the
cell (or both). Ca2+ enters the cytosol and helps trigger the exocytosis of vesicles full of
neurotransmitter.
At least three different properties of the taste sensation pathway allow the brain to distinguish
between different taste sensations: (1) the proportion of action potentials received from the different
receptor types, (2) additional input from the smell, and (3) additional input from other types of
sensory receptors in the mouth. More specifically, foods that contain a higher proportion of salty to
sweet chemicals will taste more salty. The sense of smell is very important to our perception of taste.
Think of how food tastes when you have a cold and your nasal passageways are congested. Without
the input of smell, many foods taste bland, for example, an onion tastes more like an apple. Other
input from receptors that detect temperature, texture, and pain enhance the perception of the food.
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An example of this enhancement is the chemical capsaicin. This chemical is found in varying
quantities in different kinds of peppers (measured as scoville units), endowing them with spiciness.
However, our perception of spiciness is not the result of activation of a specific taste receptor but is
due to the activation of pain receptors. Still, this enhanced taste sensation from capsaicin is a must
for many people.
The perception of taste is produced by neural processing within the primary sensory cortex of the
brain as it receives action potentials from different nerve bundles. The three major nerves that
contribute to gustation are the facial nerve, which receives input from taste receptors located on the
anterior two-thirds of the tongue, the glossopharyngeal nerve, associated with the posterior onethird of the tongue, and the vagus nerve, associated with the surface of the epiglottis. All of the
nerves converge on the solitary nucleus of the medulla oblongata and eventually arrive at the lateral
regions of the primary somatosensory cortex.
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2.6.2
The Sense of Smell

Our other chemical sense is the sense of smell or olfaction. In contrast to taste cells, which
are epithelial derived, olfactory receptor cells are neurons. (See the image above in 12.1).
Similar to taste cells, olfactory receptor neurons have a relatively short life span, about 2 months, and
must be replaced. The ability to grow in cycles (4 to 8 weeks) places olfactory neurons in a unique
class within the nervous system as the only neurons that routinely die and are replaced. Olfactory
receptor neurons are located within the olfactory epithelium, a 10 cm2 area located high in the roof of
the nasal cavity. Animals with a more highly developed sense of smell have many more olfactory
receptors than humans. For example, some dogs have an olfactory epithelium with 100 times as many
olfactory receptor neurons covering an area of 170 cm2. Some breeds of dogs can detect the scents of
people hours after the person has left the area. The title for all-time best smeller goes to the bear.
Black bears have been known to travel 18 miles in a straight line to a food source. African Elephants
also have an excellent sense of smell and can detect water up to 12 miles away.

Olfactory Anatomy
Title: File: Olfactory System.svg; Author: Chabacano; Site: https://commons.wikimedia.org/wiki/File:Olfactory_system.svg; License: This file is licensed under the
Creative Commons Attribution-Share Alike 2.5 Generic license

The image above Shows (1) Olfactory bulb; (2) Mitral Cells; (3) Bone; (4) Olfactory
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Epithelium; (5) Glomerulus; (6) Olfactory neurons
The olfactory epithelia contain millions of olfactory sensory neurons that can detect more than
400,000 different substances, by some estimates, and more than 1.7 trillion, yes 1.7 trillion different
smells (Bushdid et al., 2014; Science). As we breathe, chemical odorants are mixed with the air as
they pass through the many folds in the nasal passages. In order for us to smell, the odorant must
first be dissolved in a thin water-based mucous layer that lines the olfactory epithelium. Dissolved
odorants then bind to receptors located within membranes of the receptor cilia of the olfactory
neuron (see image above). Olfactory receptors are G protein coupled receptors that activate the
enzyme adenylyl cyclase. The activated adenylyl cyclase, in turn, produces cAMP which opens a
cation channel, allowing Na+ and Ca2+ to enter the cell. The influx of the positively charged ions
depolarizes the membrane triggering an action potential. This in turn can activate voltage gated
chloride channels. The concentration gradients and subsequent driving force for chloride is such that
it will leave the cell, causing further depolarization.
The olfactory sensory neurons synapse with neurons in the olfactory bulb that extend to the olfactory
cortex. Neurons from the olfactory tract pass either to the temporal lobe where the odor is perceived
or to areas in the frontal lobe where emotions associated with the odor are generated. These areas
are associated with the limbic system and can generate emotional and visceral responses to the
smell. Recall that the sense of smell is the only major sense that does not pass through the thalamus.
It is considered to be a very primitive sense and is important in emotion and memory. You may have
observed an increase in emotional responses to smells during pregnancy. It is thought that the
hormones of pregnancy enhance the cortical regions of smell so that the woman becomes more
sensitive to certain odors.
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2.7
Vision

BIO 461 Principles of Physiology

144

2.7.1
Structure of the Eye

The eye is a hollow, fluid filled organ that is surrounded by three layers of tissue (see image below).
The outermost layer is composed of connective tissue and there are no blood vessels penetrating this
layer. It can be divided into two parts, the sclera, the white part of the eye comprising the posterior
5/6 of the eyeball, and the cornea, the clear window on the anterior surface of the eye. The sclera
helps protect the eye and also provides a site of attachment for the six muscles responsible for the
movement of the eye. The cornea is transparent and functions as the major refractor of the light as it
enters the eye. Its transparency is due to the nature of the collagen and proteoglycan fibers that form
it. Following are a couple of pictures that help orient us to the anatomy of the eye.

Anatomy of the eye
Structure of the Eye. Title: File:1413 Structure of the Eye.jpg; Author: OpenStax College; Site: https://commons.wikimedia.org/wiki/File:1413_Structure_of_the_Eye.jpg;
License: This file is licensed under the Creative Commons Attribution 3.0 Unported license.
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Diagram of Human Eye. Title: File: Simple diagram of human eye multilingual.svg; Author:
Jmarchn; Site: https://commons.wikimedia.org/wiki/File:Simple_diagram_of_human_eye_multilingual.svg; License: This file is licensed under the Creative Commons
Attribution-Share Alike 3.0 Unported license

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Conjunctiva
Sclera
Cornea
Aqueous humour (in anterior and posterior chambers. See purple dotted line)
Lens
Pupil
Uvea with
Iris
Ciliary body and
Choroid
Vitreous humor
Retina with
Macula or macula lutea
Optic disc → blind spot
Optic nerve

The middle layer of the eye is the vascular tunic. Most of the blood vessels of the eye can be found

BIO 461 Principles of Physiology

146

in this layer. The picture above shows blood vessels of the retina. The blood vessels of the vascular
tunic are not shown. If they were shown, you would see them associated with the choroid in the
image. The posterior portion of this layer is the choroid. Anteriorly the choroid is continuous with
the ciliary body. The ciliary body is composed of a ring of smooth muscle, the ciliary muscle, and
the ciliary processes. The ciliary muscle is a sphincter-like muscle that is attached to the lens
capsule via the suspensory ligaments. It is responsible for adjusting the thickness of the lens. The
ciliary processes are secretory structures that produce the aqueous humor that fills the
compartment in front of the lens.

Anatomy of the Eye. Title: Blausen 0390 EyeAnatomy Sectional.png; Author:
BruceBlaus; Site: https://commons.wikimedia.org/wiki/File:Blausen_0390_EyeAnatomy_Sectional.png; License: This file is licensed under the Creative Commons
Attribution 3.0 Unported license

The most anterior part of the vascular tunic is the iris. The iris is composed primarily of smooth
muscle containing varying amounts of the pigment melanin. The amount of melanin determines eye
color, large amounts produce brown eyes, while smaller amounts result in blue or green eyes. The iris
is actually two layers of muscle with a circular hole in the center, the pupil. The sphincter
pupillae is a circular layer that causes the pupil to constrict (miosis) when it contracts and
the dilator pupillae is a radial layer that causes the pupil to dilate (mydriasis) when it contracts.
These layers are innervated by the autonomic nervous system, the dilator is under sympathetic
control and the sphincter is under parasympathetic control.
The innermost layer is the neural tunic or retina. There are actually two distinct layers of the
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retina. The pigment epithelium is a layer of simple cuboidal epithelium that sits on the choroid.
This layer has large amounts of melanin giving it a dark black color. One important function of the
pigmented retinal is to absorb light that doesn’t strike the photoreceptors and prevent it from being
reflected inside the eye. The neural layer is the innermost layer of the wall of the eye and contains
the photoreceptors that are stimulated by the entering light. Two distinct anatomical structures on
the retina are the optic disk and the fovea centralis. The optic disk, also called the blind spot, is the
point where the optic nerve and blood vessels enter the eye. There are no photoreceptors in this area
and hence light striking the optic disk cannot be detected. The fovea centralis (fovea = pit) is a small
indention located in the center of a special area of the retina called the macula lutea (macula =
body, lutea = yellow). The macula is roughly 5 mm in diameter, about the diameter of a pencil eraser,
and the fovea is about the size of the head of a pin. When you look at an object the light coming
directly from that object focuses on the fovea, it is the portion of the retina with the greatest visual
acuity (clarity).
The lens is not technically part of any of these three layers but it is obviously extremely important in
focusing light. It is a biconvex structure composed of transparent cells (epithelial cells). These cells
have lost their nuclei and other organelles and are filled with transparent proteins
called crystallines. It is surrounded by the very elastic lens capsule which, in turn, is attached to the
ciliary muscles by the suspensory ligaments. When there is no tension on the suspensory ligaments
(ciliary muscles are contracted) the lens assumes its natural shape, this is when it is at its thickest.
When the ciliary muscles relax the tension on the suspensory ligaments increases and the lens
flattens. Remember the ciliary muscle is a sphincter muscle so when it contracts its diameter
decreases, reducing tension on the ligaments attached to the lens capsule.
The lens divides the eye into two fluid filled compartments. The anterior cavity is the space between
the lens and the cornea. As was mentioned above, this cavity is filled with the aqueous
humor produced by the ciliary processes. Aqueous humor is a watery fluid produced continually and
circulates through the cavity before being reabsorbed into the blood. It is important in maintaining
proper intraocular pressure as well as circulating nutrients and removing wastes to the cells of the
lens and cornea. If the normal circulation is blocked it can result in an inappropriate increase in
pressure, a condition known as glaucoma. If not treated, glaucoma can result in vision loss and
blindness. You may see some anatomy texts divide the anterior cavity into two “chambers.” The
anterior chamber of the anterior cavity would be between the cornea and the iris. The posterior
chamber of the anterior cavity would be a very small space between the iris and the lens.
The posterior cavity is the space behind the lens. This compartment is filled with vitreous humor.
Vitreous humor is more of a gel, similar to egg white. It also is important in maintaining intraocular
pressure, but unlike aqueous humor, turns over very slowly.
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2.7.2
Focusing Light on the Retina

In order to clearly see any object, the first thing that has to happen is that the light reflected off of
the object must be focused on the retina. Think of the light being reflected off of a face that you are
looking at. Light coming from the subject’s nose is spreading out (diverging) as it hits your eye. In
order to see the nose clearly, all of the light reflecting from it must be focused on a single spot on the
retina. To accomplish this, the light needs to be bent or refracted. You know that light can be focused
using something like a magnifying glass. The physics behind this phenomenon has to do with the fact
that as light passes through objects of different densities its speed changes. If it strikes the object at
a 90-degree angle, even though its speed changes it maintains a straight path. However, if it strikes
the object at any other angle (not 90 degrees) it is refracted (see image below). This is why a convex
magnifying lens can focus light. We have two convex structures in the eye to bend the light, the
cornea and the lens. Also, their densities are different than the air and they are different than the
aqueous and vitreous humors. We, therefore, have the ideal conditions for bending the light.
However, depending on how close the object is to our eyes the light will be diverging at different
angles. The closer it is, the more the light diverges and the more it must be refracted to focus
properly. This requires that we be able to adjust the curvature of our refracting surfaces in order to
focus properly. The cornea is an excellent refractor, in fact it is responsible for most of the required
bending of the light. Its limitation, however, is that it cannot be adjusted. The lens, on the other hand,
is adjustable due to its elasticity and the actions of the ciliary muscle. We define a surfaces refracting
ability based on its focal point. The focal point is the precise point at which the light rays all
converge. As the lens becomes thicker its focal point shortens and it is able to bend light more
sharply. On the other hand, as the lens flattens, its focal point becomes longer and it bends the light
to a lesser degree. Let's see if we can put this all together and explain how we focus objects at
different distances from the eye.
We will start with objects that are 20 feet or more from the eye. At this distance the normal eye is
designed to focus the object properly without any thickening of the lens. The ciliary muscles would be
relaxed and the lens would be at its thinnest. The closest distance at which the lens does not have to
thicken for proper focusing is called the far point of vision. For the normal, average eye, the far
point of vision is 20 feet. For anything less than this distance from the eye, three things must happen
to properly focus the object on the retina. The first we have already discussed; the lens must thicken.
This phenomenon is known as accommodation. As objects continue to move closer the lens will
thicken more and more until it is at its maximum thickness. If the object is brought even closer it will
begin to blur. The closest point at which we can keep the object in focus is called the near point of
vision. The near point of vision changes as we get older. It is only 2-3 inches in infants but may be as
far as 5 feet when we get into our late 40’s. The change is due to the fact that the lens becomes less
elastic as we age and cannot thicken as much, a condition known as presbyopia.
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Focus on the back wall of your room and while maintaining your focus bring your finger in front of
your nose a few inches from your face. What do you see? The reason you see two images is because
the light is focusing on different parts of the retinas in your two eyes. Now focus on your finger so
that you only see one. In order to do that your eyes had to turn in or converge. The closer the object
is to the eyes, the more they have to converge. This is the second thing that must happen in order to
properly focus on objects less than 20 feet away.
The third thing that happens is that the pupils constrict. The purpose for this constriction is to
increase the depth of focus. The depth of focus is how much of the visual field we can keep in sharp
focus. Again, place your finger between your face and the computer screen. If you focus on your
finger the print on the computer screen will blur and if you focus on the print your finger will blur, we
cannot keep both in focus at the same time. Constriction of the pupil increases the depth of focus and
helps us keep close objects totally in focus. This is also why we sometimes require additional light to
see clearly when doing really close work. Since the pupil is constricted, less light can enter the eye
requiring more light to see well.
Focusing Errors
Even though our eyes are designed to focus automatically, like a self-focusing camera, problems do
arise. Think of how many people you know who have to wear glasses or contact lenses in order to see
clearly. The most common focusing error is near sightedness, or myopia. People who are near
sighted can see fine up close but have a difficult time focusing things in the distance. This is usually
due to an eyeball that has grown too long (bottom figure below). Recall that the eye is designed to
properly focus objects greater than 20 feet away without any accommodation of the lens. If the
eyeball is too long the image focuses in front of the retina (the focal point is too short) causing
objects to appear blurred in our vision. To correct this condition, lenses that spread the light are used
to lengthen the focal point and achieve proper focusing. Concave lenses spread light. If you are near
sighted and wear glasses, note that the lens of your glasses is thinner in the center than on the
edges, creating the concave lens to spread the light. A simple eye test is used to determine if you are
nearsighted. This test involves a chart with lines of letters that get progressively smaller as they go
down the chart. The subject stands 20 feet from the chart and reads the smallest print that he can.
He is then assigned a number based on which line he can read. Normal vision is 20/20 vision. These
numbers represent distances. The first number is where the subject is standing, i.e. 20 feet from the
chart. The second number is where someone with normal vision would stand to read the same line as
the subject. For example, if you have 20/20 vision you can see at 20 feet what a “normal” subject
would see at 20 feet. If your vision is 20/80 it means that what you see at 20 feet, a “normal” subject
would be able to see at 80 feet.
Another vision problem, far sightedness, or hyperopia, is less common and is essentially the
opposite of myopia (middle figure below). The subject can see distant objects well but close objects
are blurred. The usual cause of this disorder is an eyeball that is too short so the lens cannot thicken
enough. Consequently, the object focuses behind the retina. To correct for farsightedness, a convex
lens is used to shorten the focal length. Children with hyperopia will sometimes grow out of the
problem when their eyeball lengthens as they age.
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Normal (top), hyperopia (middle), Myopia (bottom). Focusing errors.

Created by BYU-Idaho Faculty member J.S. 2020

Two other common conditions are astigmatism and presbyopia. Astigmatism is due to an
irregularity in the lens or the cornea such that one or both is not symmetrical. This results in part of
the object focusing normally while part of it is out of focus. To correct this condition lenses are
prepared that are also asymmetrical to counteract the irregularities in the lens or cornea. Presbyopia
was alluded to earlier. This is the condition that develops as we age and the lens becomes less elastic.
Often, older individuals who have always had normal vision will find that they need reading glasses to
help focus the light. The corrective lenses for presbyopia are the same as for far sightedness. They
are convex to shorten the focal point of the light.
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2.7.3
Converting Light to Action Potentials

The function of the eye is to convert light waves to action potentials. In order to understand how this
happens, we need to know a little about the nature of light. Visible light is a very small portion of the
spectrum of electromagnetic radiation. The entire spectrum of electromagnetic radiation is shown
in the image below.
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Light Spectrum Wavelength and Peak Absorption from Cone and Rod
Cells. Title: Spectrum.jpeg; Author: http://webvision.med.utah.edu/;
Site: https://books.byui.edu/-Yjww; License: Copyright © 2015
Webvision: Attribution, Noncommercial, No Derivative Works Creative
Commons license.
The image above shows the peak absorption of each of the cone cells as well as the rod
cells.

The nature of electromagnetic radiation, and hence visible light, cannot be described using a single
model. Some of light’s properties can be explained by describing it as a wave. For example, the color
of light that we perceive is based on the wavelength of the light waves. However, other properties
suggest that light exists as discrete packets of energy called photons. The image above shows the
relationship between wavelength and the energy in a photon of light. The shorter the wavelength, the
greater the energy. Hence, gamma waves have very short wavelengths and contain large amounts of
energy while radio waves have very long wavelengths but relatively small amounts of energy. The
portion of the spectrum of electromagnetic radiation that we can perceive is referred to as
the visible spectrum and includes light with wavelengths between 380 (violet) and 700 nm (red).
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When light strikes an object, one of three things will happen. If the object is transparent the light
is transmitted, meaning it will pass through the object. However, if the object is not transparent the
light will either be absorbed or it will be reflected. The color that we perceive as we look at an
object is due to the light that is being reflected off of it. Hence, if we see yellow, the yellow
wavelength light is being reflected and the other wavelengths are being absorbed. Objects that
appear black to our eyes absorb all of the light that is striking them while objects that appear white
reflect all of the light that is striking them.
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2.7.4
The Retina

The structure of the eye responsible for converting light waves into action potentials is the retina.
The neural layer of the retina is composed of three main types of cells: the photoreceptors,
the bipolar neurons and the ganglion cells. The photoreceptors, as the name implies, have the
responsibility of capturing the light and converting it to an electrical signal. There are two types of
photoreceptors in the retina, the rods and the cones. The rods see only in black and white and are
mainly responsible for our night vision. The cones, on the other hand, can see in color and are
responsible for color vision as well as sharp vision. Each eye contains about 120,000,000 rods and
6,000,000 cones. Although they detect light of different wavelengths, structurally, rods and cones are
similar. They are composed of an outer segment that touches the pigment epithelium and is
composed of numerous flattened discs stacked on each other (think of a stack of dinner plates). The
only difference is that in the rods, all of the discs are the same size while in the cones they gradually
decrease in diameter as they move to the end of the cell. This results in the shape for which the cones
were named. The outer segment connects to the inner segment which houses the nucleus and other
organelles of the cell. The inner segment, in turn connects to the synaptic terminal which forms the
connection between the photoreceptor and the bipolar neuron (see the images below).
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Image by BYU-I Becky T. W18

The bipolar neurons, so named because they have one dendrite and one axon, are the connections
between the photoreceptors and the ganglion cells. The axons of the ganglion cells form the optic
nerve which exits the eye via the optic nerve. Two other cell types are shown in the image above.
The horizontal cells can be seen in the layer where the photoreceptors synapse with the bipolar
neurons and the Amacrine cells can be seen in the layer where the bipolar cells synapse with the
ganglion cells. These two cells are involved in modulating the visual signals.
The distribution of the photoreceptors in the retina is not uniform. In the fovea centralis we find only
cones. Moving more out from the fovea we start to see rods intermixed with the cones. The further
out from the fovea we move the greater the number of rods and the fewer the number of cones.
In the image above note that the photoreceptors are located at the back of the retina. Light entering
the eye must pass through the ganglion cells and the bipolar neurons before it gets to the
photoreceptors. This doesn’t seem to be the best arrangement. However, at the fovea, the ganglion
cells and the bipolar neurons radiate away from the cones in the fovea. Think of the crown of your
head. All of the hairs radiate out from this point exposing the scalp. Because of this arrangement light
striking the fovea has direct access to the photoreceptors, enhancing vision in this region of the
retina.
Now let’s examine the unique characteristics of the different photoreceptors, starting with the rods.
The rods are very sensitive to light and will respond to a single photon of light. In addition, they are
part of convergent circuits in which several rods will converge on a single bipolar neuron and several
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bipolar neurons will converge on one ganglion cell. This allows for the summation of signals from
several rods resulting in an action potential being sent to the brain. These properties make the rods
ideal for seeing in very dim light, therefore rods are responsible for our night vision. During the day
when there is plenty of light, the rods are essentially inactivated due to a process called bleaching
(more on this later). You are aware of how hard it is to see in a darkened theater when you first enter
from bright light. After you have been there for a while and the rods become active we can see quite
well in the room. Indeed, after about 40 minutes in the dark room our eyes are about 25,000 times
more sensitive than they were when we first entered the room. There are two downsides to the use of
rods, however. First, they do not see in color, rods see only in black and white. Second, due to the
convergence their visual fields are quite large. Light striking any of the rods that converge on one
ganglion cell will produce the same “pixel.” Therefore, vision with rods is very sensitive but not very
acute (sharp). Cones, on the other hand, have essentially the opposite characteristics. First, there is
very little convergence in their circuitry. Light striking two cones located next to each other would
produce two different pixels in the brain. This allows for very sharp (acute) vision for images striking
the fovea since there are only cones in the fovea. Second, the cones are much less sensitive than
rods. At night, the intensity of light usually is not sufficient to stimulate the cones. Third, the cones
are responsible for our color vision. We have three types of cones that respond to light in the red,
green or blue wavelengths. By mixing the input from these three cones, humans can perceive about
1,000,000 different hues of color. You may know someone who is “color blind.” Color blindness is
most often due to a genetic condition where the subject does not produce one or more of the cones.
The most common condition is red-green colorblindness, where the person lacks either the red or
green cone. Individuals with this condition can see colors, but they have a difficult time
distinguishing between shades of green and red. The genes for the green and red cones are found on
the X chromosome, therefore males have a much higher incidence of color blindness since males only
have one X chromosome. Women have two X chromosomes so even if they inherit a defective gene
there is a good chance the gene on the other X chromosome will be normal. For a women to be redgreen colorblind, both her father and her mother would have to have the condition. Another type of
color blindness called Blue-yellow color blindness involves genes for the blue cones, but these genes
are not on the X chromosome so it occurs at the same rate in both males and females.
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2.7.5
Phototransduction

Now for the underlying question, how do the proteins that absorb photons of light produce the action
potentials that travel to the brain to produce what we perceive as vision? This process is
called phototransduction (see figure below). Since the process is essentially the same in both the
rods and the cones we will look at the rods and then explain the subtle differences that occur in the
cones. It all starts with the visual pigments that are embedded in the membranes of the disks found in
the outer segment of the rods. This visual pigment is called rhodopsin and is composed of protein
called opsin and a derivative of vitamin A called retinal. In the unexcited state, retinal has a bend in
its hydrocarbon chain (11-cis retinal) and fits nicely in a binding site on the opsin. When light of the
proper wavelength is absorbed by the visual pigment the energy of the light causes retinal to change
shape and the hydrocarbon chain loses its bend (all-trans retinal) and no longer fits in the binding
site. It should be noted that even though rods provide only non-color vision, light of the green
wavelength is the most efficient in activating rhodopsin. When the retinal detaches from the opsin,
the retinal essentially becomes inactive being unable to associate with opsin until it regains its
original cis conformation. This process is known as bleaching. Although retinal becomes inactive,
the left over Opsin protein becomes activated, stimulating the alpha subunit of its G-Protein coupled
receptor (GPCR). Thus, by definition, since the GPCR opsin is activated by light we call it a
photoreceptor. Once activated the GPCR activates the G-protein, separating the alpha subunit from
the beta/gamma subunit. In the photoreceptors of the eye, the G-protein is called transducin. The
alpha subunit then brings about a change in the cell. More on this later.
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Phototransduction
Created by BYU-Idaho student Hannah Crowder, 2013

Phototransduction. The top image of the cycle represents the photoreceptor in the dark.
The green channel is the cGMP gated cation channel which is open and allowing cations
(Na+ and Ca2+ ) to depolarize the cell. When light strikes and changes the retinal from 11cis to all-trans retinal, it activates the G-protein transducin which results in the activation
of PDE –“phosphodiesterase” ( which causes breakdown of cGMP) and the closing of the
cation channel. The cell will then hyperpolarize. Finally, All-trans retinal is converted back
to 11-cis retinal by the pigmented epithelium and it re-attaches to opsin (PDE no longer
activated) allowing cGMP to open the cation channel and once again depolarize the cell.
Photoreceptors are different than any receptors we have discussed to date in that they release
neurotransmitter when they are not being stimulated. Here is how this works.
There are three important ion channels in the membranes of the photoreceptor cells, K+ leak
channels, voltage-gated Ca2+ channels and cyclic GMP (cGMP) gated cation
channels (Na+ and some Ca2+ move through this channel). When the photoreceptor is not being
stimulated (in the dark), cGMP is bound to the cation channel and Na+ and Ca2+ diffuse into the cell
maintaining it in a depolarized state. This depolarization causes the voltage gated Ca2+ channels to
open, allowing more Ca2+ to diffuse into the cell. This Ca2+triggers the release of the neurotransmitter
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glutamate by the process of exocytosis. The binding of glutamate to receptors on the bipolar neurons
may be excitatory or inhibitory; it depends on what receptors are expressed on the bipolar neuron.
For now we will focus on just the bipolar neurons that express receptors that cause inhibition when
glutamate is attached.
When light is absorbed by rhodopsin and the G-protein (called transducin) is activated, the alpha
subunit of the G-protein activates the enzyme phosphodiesterase. This enzyme breaks down cGMP
to GMP. Once the cGMP is removed the cGMP-gated cation channels close and the membrane
hyperpolarizes. This results in the closing of the voltage-gated Ca2+ channels and glutamate release
ceases. Removal of the inhibitory signal to the bipolar neurons allows them to fire and an action
potential is sent to the brain. Eventually, the G-protein is inactivated and phosphodiesterase is turned
off. However, the rhodopsin cannot respond to light again until the retinal is returned to its bent, 11cis, state. To do this, it diffuses into the pigment epithelium where enzymes act to restore the 11-cis
state. It can then diffuse back into the rod cell and bind to opsin. The rod cell is ready to be activated
again. The original bleaching process is very fast, fractions of seconds, but restoring the rhodopsin to
its intact state can take several minutes. During the day, when we are exposed to sufficient light, the
rhodopsin remains in the bleached state and the rods are essentially unresponsive to light. The
mechanism is similar in the cones. The main difference is in the proteins of the visual pigment. The
visual pigments in cones are similar to rhodopsin but they respond to different wavelengths of light
allowing us to perceive different colors. Another difference, as stated above, is that the cones are
much less sensitive to light. This is why the cones do well in full daylight when everything is brightly
illuminated. Finally, cones do not stay deactivated (bleached) as long as rods. Cones appear to be
fairly resistant to large scale “bleaching” as they are able to recover 11-cis-retinal much more quickly
so that at any given time there are at least some visual pigments ready for stimulation.
It is interesting that what we perceive isn’t always what our eyes see. For example, as you gaze
around the room everything seems like it is in sharp focus. The reality is that our eye is only capable
of producing sharp vision on a very small portion of our visual field. If you hold your thumb at arm’s
length in front of you, the area covered by your thumbnail is about all the eye can focus sharply. Why
then does everything seem clear? It is because our brain makes us think it is clear. Try focusing on
something and then pay attention to the things on either side. They will not be in sharp focus but you
didn’t notice that until you thought about it. In reality, much of what we see is a product of our brains
and not necessarily what the eye is seeing.
For proof of this statement watch or listen to the TED talk below about, but beware they may blow
your mind.
https://books.byui.edu/-Rxv
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2.7.6
Receptive Fields

The ability to produce sharp vision that distinguished between various contrasts and edges is a
property of receptive fields. The three major cell types of the retina (rods/cones, bipolar, ganglion)
work together to form receptive fields. Receptive fields of photoreceptors are circular, with some
photoreceptors located directly in the center and others making up the peripheral edges of the circle.
Light can hit any part of the circular receptive field and induce hyperpolarization and that
results in reduced glutamate release.
The circular nature of the photoreceptor field causes the bipolar cell to behave as if it were also
circular but with an added level of complexity. This complexity is due to the fact that a bipolar cell
can have one of two types of post synaptic potentials created by different glutamate receptors.
Some bipolar cells contain non-specific (cation) ionotropic glutamate receptor channels called
AMPA channels. These channels open in response to the glutamate ligand. Bipolar cells that contain
these channels are excited by glutamate release or dark conditions (see bold statement above).
However, keep in mind that bipolar cells will be named by what light does to them. In this case, since
dark conditions (more glutamate) cause excitement (or EPSPs) on the bipolar cells, light must do the
opposite. Therefore, since these bipolar cells are excited by lack of light and inhibited by the
presence of light, we call them off center bipolar cells.
In contrast, other bipolar cells contain metabotropic glutamate receptors called mGLUR6 receptors.
These receptors also respond to glutamate ligand but work through a second messenger signaling
system that causes inhibition of otherwise constitutively (always open) calcium channels called
TRPM1. These bipolar cells would then “turn on” when glutamate release is reduced (light) and
“turn off” when glutamate release is increased (dark) therefore we call them on center bipolar cells.
For this next section you may find it helpful to refer to the following picture. Numbers on the picture
will be referenced in the text. Also, as you interpret the picture, please remember that the plus and
minus signs represent what the neurotransmitter coming from the presynaptic cell would do to the
post synaptic cell.
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Receptor field
Image by JS, 2013

In addition to synapsing directly on bipolar cells, each photoreceptor also synapses with horizontal
cells.
Horizontal cells are always depolarized by glutamate.
This is represented by the green plus sign (This means that glutamate from the surround
photoreceptor will cause depolarization of the horizontal cell).
Therefore you could say that horizontal cells are active in dark (more glutamate release) and inactive
in light (less glutamate release). When a horizontal cell depolarizes (dark), the opposite end of this
cell releases a neurotransmitter called GABA onto the terminal ends of the center photoreceptor.
GABA then acts to inhibit the release of glutamate from the photoreceptor which results in less
glutamate going from photoreceptor to bipolar cell.
With this complicated arrangement you will see an explanation below that explains how light focused
only on the center of the receptive field associated with an “on center” bipolar cell but not the
surround cells, will almost double the effect of the EPSP on the bipolar cell.
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You may have to think about this a couple of times.
What we are saying is:
Light hitting the center but not the surround will result in excitation of the horizontal cells with
glutamate (because its dark on the surround cells) → Causes increase GABA release from the
horizontal cell → The terminal ends of the center photoreceptor receive the GABA and experience an
IPSP which further lowers the amount of glutamate released from the central photoreceptor → With
less Glutamate in the synapse between the central photoreceptor and the bipolar cell the on center
bipolar cell will experience less inhibition → This means that the constitutively open cation channels
will be uninhibited and depolarization of the bipolar cell will commence.
Even though the center photoreceptor cell is releasing less glutamate (due to light), the effect of the
surround photoreceptors (due to no light and through the horizontal cell) is to slow down the release
further.
Yeah, you might want to stare at the picture a few times and realize that you can have different
effects with light and dark on center and surround. In fact, these different effects are what we will
try to “Own” now…
To illustrate how receptive fields work we will need to make some assumptions about how the bipolar
and horizontal cells work together. To do this will use the figure below. Let’s assume that a
photoreceptor in the center of the receptive field has a 60% effect on what the bipolar and then
ganglion cell sends to the brain and that the surround located photoreceptors have a 40% effect. We
can take one step further and divide the circle into three equal portions with each surrounding edge
contributing 20% and the center still at 60%. In addition, let’s simplify further by also assuming that
there are just three photoreceptors, one in the center and one on each side (see figure). Taking this
approach will “hopefully” allow us to explain the frequency of action potentials that are ultimately
sent to the brain via the ganglion cell.
1 For on center off surround receptive fields, light hitting the entire receptive field will inhibit
glutamate release from all three photoreceptors. This means that the bipolar cell will be activated as
a result of the center photoreceptor (reduced glutamate) but since the horizontal cells will not be
active (reduced glutamate) they won’t help further reduce glutamate release from the center.
Remember that activation of horizontal cells results in GABA release which further reduces
glutamate. Therefore, of the 100% effect from the receptive field, 60% of the bipolar cells influence
will come from the center photoreceptor and 40% from the surround (which in this case are not
active). Thus, only 60% of the 100% possible influence will make it to the ganglia cell and then
brain. This is represented by 6 tick marks representing an imaginary frequency of 6 action
potentials.
2 If light strikes just the center and one of the surround edges, we see a different frequency. In this
case, the bipolar cell will be stimulated as a result of the center photoreceptor (less glutamate) and
activation of one of the horizontal cells (dark and to the left…also less glutamate). However, the
surround edge to the right gets light and ends up not stimulating the bipolar cell. This results in more
glutamate release from the center photoreceptor. Long story short, of the 100% effect, 60% from the
center and 20% from the edge (dark) will contribute while 20% from the other edge (still in the light)
will not contribute. The result is 80% of the available signal being transmitted to the brain. This is
represented by 8 tick marks on the imaginary action potential frequency chart.
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3 This image shows light striking only one edge. In this case, the center (dark) and one edge (light)
will not contribute. Only one activated horizontal cell (dark) will contribute to the inhibition of
glutamate release to the bipolar cell. Therefore, the other 80% are causing more glutamate release
to the bipolar cell. This results in 20% of the available signal being transmitted to the brain. This is
represented by 2 tick marks (one at beginning and one at end) on the imaginary action potential
frequency chart.
4 This image shows that the entire receptive field is in the dark. In this case 40% (both activated
horizontal cells) will result in the observed action potential frequency. The center photoreceptor is in
the dark and will not contribute its 60% inhibition of glutamate release to the photoreceptor. This is
represented by 4 tick marks on the imaginary action potential frequency chart.
The opposite effect occurs for off center on surround receptive fields. Remember that in these cells
glutamate is stimulatory to the bipolar cell (notice the green plus sign on the bipolar cell representing
the different EPSP creating inotropic glutamate receptor). Having an EPSP on the Bipolar cell
instead of an IPSP receptor basically makes all the action potential frequency charts have the
opposite effect. Try to work your way through the off center on surround receptive fields and prove
to yourself that the action potential frequency graphs are correct.

Image by BYU-I JS F15
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2.8
Hearing and Equilibrium
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2.8.1
The Nature of Sound

The ear is a sensory organ designed to capture, transmit and translate sound waves into action
potentials. Before we can understand how this is done we need to have a working knowledge of what
sound waves are. Sound waves are pressure waves with alternating regions of compressed air and
non-compressed (rarefied) atoms. Typically these waves occur in air, but they can also occur in other
media such as fluids, and even solids. We will focus on the sound waves in the air since this is the
usual means by which they enter our ears. We often depict sounds waves visually as an undulating
line with the peak of the wave representing the compressed air and the valley the rarefied air. What
we perceive as sound is a translation of the frequency and amplitude of the sound waves entering
the ear. The frequency of sound is expressed as the number of peaks of the sound wave that pass a
stationary point each second. Audible frequencies range from 20 Hertz (Hz) to 20,000 Hz (Hertz =
cycles or peaks per second). Humans are most sensitive to sounds in the 1000-3000 Hz range. Our
sense of hearing perceives different frequencies as different pitches. For example, low-frequency
sound waves are perceived as low-pitched sounds and high-frequency sound waves are perceived as
high-pitched sounds. The amplitude of the sound wave is the degree of compression and rarefaction.
Visually we would depict sounds of higher amplitude as greater undulations in our line. Perceptually,
amplitude determines the loudness of the sound. The loudness of a sound is measured
in decibels (dB). A whisper measures about 30 dB while normal conversation measures about 60 dB.
The decibel scale is a log scale which means that for every 10 dB increase there is a 10-fold increase
in intensity, hence normal conversation is about 1000 times louder than a whisper. Sounds that are
too loud can damage the hearing apparatus and cause severe hearing loss. The pain threshold for
sound is about 120 dB. The table below illustrates types of sounds associated with the decibel level
and how long the unprotected ear can withstand the sound without being damaged.
Decibel Level

Type

Maximum time until damage without protection

0

Quietest sound you can hear n/a

30

Whisper

n/a

60

Normal conversations

n/a

90

Lawnmower, shop tools

8 hours per day

100

Chainsaw, snowmobile

2 hours per day

115

Sandblasting, rock concert

15 minutes per day

140

Gun blast, jet engine

0 minutes per day
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Ear and hearing anatomy
BYU-Idaho image created by Isaak Fall 2015
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2.8.2
The Hearing Apparatus

Anatomically the ear can be divided into three regions: the external ear, the middle ear, and
the inner ear. As the structure of the ear is described try to follow along on the image below. The
external ear consists of the auricle, or pinna and the external auditory canal. The auricle is
designed to capture the sound waves and channel them into the auditory canal, which then conducts
the sound waves to the tympanic membrane (ear drum). Within the auditory canal are ceruminous
glands that secrete cerumen (ear wax). Cerumen acts as a lubricant, preventing the auditory canal
from drying out, and it has some antibacterial properties to help prevent microorganism from
growing in the ear. Additionally, along with the hairs that grow in the auditory canals, the cerumen
helps prevent foreign objects from entering the ear.
The tympanic membrane is the boundary between the external ear and the middle ear. Its primary
function is to vibrate in response to the sound waves entering the ear. It is composed of a sheet of
connective tissue covered on the outside by simple squamous epithelium and on the inside by simple
cuboidal epithelium. The tympanic membrane is very sensitive and merely touching it with the end of
a Q-tip can elicit sharp pain.
The middle ear is an air filled cavity between the outer ear and the inner ear. The most conspicuous
components of the middle ear are the three auditory ossicles that form a bridge between the
tympanic membrane and the oval window of the inner ear. These three bones are
the malleus (hammer), the incus (anvil), and the stapes (stirrup). The malleus sits on the tympanic
membrane and the stapes connects to the oval window while the incus sits between the two. The
middle ear is connected to the back of the pharynx (back of the throat) by the Eustachian tube. The
Eustachian tube allows the middle ear to equilibrate with the atmospheric pressure. If the pressure in
the middle ear is different from atmospheric pressure it will either push or pull on the tympanic
membrane resulting in discomfort or pain. The Eustachian tube is typically closed but can open
briefly in response to yawning, swallowing or chewing. This is why chewing gum can help alleviate
the pressure changes you feel in the ear when you drive over a mountain pass.
The inner ear is imbedded in the petrous portion of the temporal bone and consists of three
structures, the vestibular apparatus, the semicircular canals, and the cochlea. It is composed of
a network of tunnels in the bone collectively referred to as the bony labyrinth. Within the bony
labyrinth are membranes that essentially line the tunnels. These membranes form the membranous
labyrinth and contain the structures for generating action potentials. The vestibular apparatus and
semicircular canals are involved with equilibrium and balance while the cochlea is involved with
hearing.
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The Cochlea
Before we discuss how sound waves are converted to action potentials, we need to understand the
structure of the cochlea. This structure gets its name from its shape, cochlea means spiral, or snail
shell. The cochlea is a spiral-shaped structure about 3.5 cm long (1.5 inches) that makes 2 ½ turns
from top to bottom. It is composed of three parallel chambers that are filled with fluid. The oval
window (recall this is a membrane attached to the stapes) communicates with the first chamber,
the scala vestibuli, which runs the entire length of the cochlea. When the stapes vibrates it causes
the fluids in the scala vestibuli to vibrate. At the very tip of the cochlea, the helicotrema, the scala
vestibuli makes a U-turn and becomes the scala tympani. Although they have different names, they
are actually one long chamber that folds back on itself. The scala tympani runs parallel to the scala
vestibuli and ends at the round window. The round window is a thin membrane between the scala
tympani and the middle ear. Thus, when the oval window is pushed in by the stapes, the round
window bulges out and when the oval window is pulled out, the round window moves in. It is,
therefore, acting as a pressure release valve, allowing the fluids in these chambers to vibrate (recall
that fluids do not compress). The scala vestibuli and scala tympani are filled with perilymph, a fluid
that is similar to extracellular fluids. Between these two chambers and also running the length of the
cochlea is the cochlear duct. This chamber is filled with endolymph, which unlike the perilymph,
resembles intracellular fluid in composition, and thus has a high K+ concentration. Within the
cochlear duct is the organ that converts mechanical vibrations to electrical action potentials. This
structure is the Organ of Corti or Spiral Organ (see the images below for a cross section of the
cochlea and a close up of the spiral organ). The spiral organ sits on the membrane that separates the
cochlear duct from the scala tympani, the basilar membrane. As we will explain later, this
membrane is responsible for detecting sound waves of different frequencies. Structurally, it is narrow
and stiff near the oval window and as it moves toward the helicotrema it becomes wider and more
limber. This allows each segment to vibrate at a different frequency. Think of the xylophone you had
as a child. The keys on one end were very short and when you struck them they emitted a high
pitched sound while the keys at the opposite end were long and emitted a low pitched sound when
struck, this is basically the structure of the basilar membrane. Separating the cochlear duct from the
scala vestibuli is the vestibular or Reisner's membrane. This is a very flexible membrane that
allows the fluid in the cochlear duct to vibrate with the fluid in the scala vestibuli. Located on top of
the basilar membrane are four rows of hair cells. There are three outer rows of hair cells and
one inner row. These rows run parallel to each other and stretch from the oval window to the
helicotrema. As explained later, these are the receptor cells that will generate action potentials.
These cells get their name from the rows of stereocilia on their apical surface. Stereocilia are actually
not cilia but instead are more like microvilli. Recall that cilia contain parallel rows of microtubules
and are capable of movement whereas microtubules are finger-like projections of the plasma
membrane that are supported by microfilaments. In reality, hair cells do have one true cilium called
the kinocilium which is adjacent to the longest microtubule. Interestingly, in mammalian cochlea, the
kinocilium disappear shortly after birth and no one knows what their function is. Each hair cell has
50-150 stereocilia of different lengths. They are arranged much like the reception bars on your cell
phone, gradually increasing in length from one side of the cell to the other. At the point where the
stereocilium attaches to the rest of the cell, its diameter is much smaller, creating a hinge-like
structure that allows it to bend back and forth. Located on these stereocilia are the mechanicallygated ion channels that will respond to the vibrations of the basilar membrane. Just above the hair
cells is another structure called the tectorial membrane. It extends like a shelf over the hair cells
and the longest stereocilia in the outer three rows of hair cells are embedded in this membrane.
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Organ of Corti
Produced by BYU-Idaho student Jared Cardinet Fall 2014
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2.8.3
Sound Vibrations to Action Potentials

Transfer of Vibrations in Air to Vibrations in Fluids: The first challenge that our ears face is
transferring the vibrations in the air, to vibrations in a fluid. Because the density of the fluid in the
inner ear is much greater than the density of air it requires more energy to generate sound waves in
the fluid than in the air. Think of being underwater at a swimming pool and listening to people talk, it
is very hard to hear and understand. It is the middle ear's responsibility to amplify the sound waves
so that their energy is not lost. This is accomplished in two ways. First, the arrangement of the ear
ossicles amplifies the sound. Second, and probably more importantly, the tympanic membrane has
about 20 times more surface area than the oval window. This size difference results in concentrating
the energy on the oval window. Think of how you might move a large rock with a pry bar. You would
place the fulcrum close to the stone to gain the maximal mechanical advantage of the bar. The long
end of the bar would be analogous to the tympanic membrane and the short end would be analogous
to the oval window. These mechanisms are so effective that very little, if any, energy is lost as it is
transferred from air waves in the external ear to fluid waves in the internal ear.
Detection of Sound Waves of Different Frequencies: As explained earlier, sound waves of
different frequencies are perceived as different pitches. Therefore, the inner ear needs a way of
detecting the different frequencies. The structure in the inner ear tasked with this responsibility is
the basilar membrane. Recall the design of the basilar membrane; it is narrow (thick) and stiff near
the oval window and gradually gets wider and more limber as it progresses toward the helicotrema.
Think of the example of the xylophone mentioned earlier. When you strike a key on a xylophone it
always sounds the same because it always vibrates at the same frequency. Another analogy might be
a guitar string. As you tighten a guitar string making it stiffer, it vibrates at a faster rate and
produces a sound of a higher pitch. Also on the guitar as you shorten the string by pressing on a fret
with your finger the pitch gets higher. At a given tension and length the guitar string always vibrates
at the same rate so we always perceive it as the same pitch. The basilar membrane functions in much
the same way. Each segment of the membrane has an innate frequency. If it were a guitar string and
you plucked it at a certain point along its length it would always vibrate at the same rate at that
point. A different point on the basilar membrane would vibrate at a different rate. When a vibration in
the fluid reaches the segment of the basilar membrane that has the same innate frequency, it will
cause the basilar membrane to vibrate. This phenomenon is known as resonance. Based on this
principle of resonance the basilar membrane is able to respond to all of the different frequencies in
the sounds we hear, within the range of human hearing.
Conversion of a Sound Wave to an Action Potential: The function of any sensory organ is to
convert a sensory stimulus to an action potential that can then be transmitted to the brain. In this
case, the sensory signal is the sound wave. The responsibility of converting vibrations into action
potentials falls upon the inner hair cells in the cochlea.
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Recall that the apical end of the hair cell contains stereocilia and that they are arranged in order of
ascending lengths from one side of the cell to the other. The membranes of the stereocilia contain
mechanically gated cation channels. Extending from the gate of the ion channel to the adjacent,
taller, stereocilium is a fibrous protein called a tip link (see image below). In response to a fluid wave
(caused by the stapes pressing against the oval window) the unique section of the basilar membrane
moves. Since the outer hair cells are connected to the tectorial membrane, this movement causes the
stereocilia to bend toward the longest stereocilium and creates tension. The resultant tension from
the bending acts to pull the gates on the ion channels open. Consequently, when sterocilium bend in
the opposite direction the tension decreases and the gates close.
Since the sterocilia are bathed in endolymph, when the gates on the cation channels open, K+ rushes
into the cell, depolarizing the membrane. The resultant depolarization also activates a motor protein
called prestin. Prestin is a contractile protein that when active causes the sterocilia to shorten, thus
pulling on the tectorial membrane and at the same time accentuating the upward movement of the
basilar membrane. The actions of prestin serve to amplify the signal, the result of which greatly
enhances the sensitivity of the signal.
In addition, the up and down movement of the basilar membrane and associated outer hair cells
forces endolymph fluid to flow within the organ of corti. This flow then causes the inner hair cells (not
connected to the tectorial membrane) to bend. The bending induces depolarization of the inner hair
cells. In contrast to activating prestin for amplification, the inner hair cell depolarization causes
voltage gated Ca2+ channels to open and subsequent fusion of synaptic vesicles which then release
the neurotransmitter glutamate. Glutamate induces an EPSP in the associated neuron. Thus, the
outer hair cells serve to amplify movement while the inner hair cells release neurotransmitter
sending action potentials to the brain.
The axons of these neurons form the cochlear nerve that transmits the action potential to the
auditory cortex of the brain. In hair cells at rest, about 10% of the K+ ion channels are open resulting
in a low frequency of action potentials traveling to the brain when it is perfectly quiet. This allows for
both an increase in action potential frequency when hair cells bend toward the longest stereocilium
and a decrease in frequency of action potentials when the hair cells bend the other way (see image
below).
It may seem odd that K+ instead of Na+ is used to depolarize the hair cells, but in the case of hair
cells the driving force for K+ to enter the hair cells is very large. This is because of a specialized
structure called the stria vascularis which actively secretes K+ from the perilymph into the
endolymph. The active transport involves the Na+/K+ ATPase pump and a secondary active transport
protein that moves in Na+, K+ and 2Cl- molecules into the cell.
Since the cochlea of the inner ear is essentially filled with two extracellular fluids, perilymph and
endolymph, the directional driving force for potassium to enter the cells needs to allow K+ to move
into the hair cells (from endolymph) through the apical surface and then exit the hair cell (into
perilymph) through the basolateral surface so that it can be recycled back to the endolymph. This can
be a bit complicated to understand because the concentrations of K+ in the endolymph match the
concentrations of K+ in the cytoplasm, essentially eliminating any movement due to concentration
differences. So why does the driving force favor K+ to move into the cell, even though concentrations
gradients are nearly equivalent? The answer lies in the endocochlear potential. The endocochlear
potential is derived from the sum of two potentials: a potential between the endolymph and perilymph
formed by active secretion of the K+ into the endolymph by the stria vascularis (80mV), and a

BIO 461 Principles of Physiology

172

potential formed between the cytoplasm of hair cells and the perilymph as K+ passively diffuses out
of the hair cell (40mV). Thus the endocochlear potential is about 120mV between the endolymph and
the perilymph. This potential drives K+ from the endolymph into the cytoplasm of the hair cell
(depolarization) and then to the perilymph only to be recycled by the stria vascularis back to the
endolymph. Loss of this endocochlear potential appears to be a frequent cause of hearing loss.

Conversion of Sound Wave to Action Potential
Image by BYU-Idaho student Jared Cardinet Fall 2014

Hair Cells of the Spiral Organ
Perception of Sound: Once the action potential is generated and sent to the brain it is the function
of the auditory cortex to convert that action potential into a perception. Each region of the cochlea is
hardwired to its own specific region of the auditory cortex. When that particular region of the brain
receives input from the ear we perceive the unique pitch associated with that frequency of the sound
wave. It's kind of like a piano where each key is like a different segment of the cochlea. That key is
linked to a specific string in the piano such that each time the key is struck we hear the same sound.
In this case, the strings would be like a specific region in the auditory cortex. Each time an action
potential reaches that specific segment of the auditory cortex we perceive the same sound. Therefore,
the pitch is determined by the region of the brain that receives input from the cochlea. Loudness, on
the other hand, is determined by the number of action potentials that reach the brain. Recall that the
loudness of a sound is a function of the amplitude of the sound wave. Sound waves of higher
amplitude cause the hair cells to vibrate more vigorously, which would cause more ion channels to
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open. This would result in a greater depolarization of the hair cell, more Ca2+ entry through the
voltage-gated ion channels and more neurotransmitter release. The end result is a greater frequency
of action potentials going to the auditory cortex, which is perceived as a louder sound. A common
misconception is to equate the frequency of action potentials with the frequency of the sound waves.
The frequency of action potentials is a function of the amplitude of the sound wave whereas the
frequency of the sound waves determines which portion of the auditory cortex receives the action
potentials.
In addition, the brain can actually “fine” tune hearing by controlling action potential frequency via
efferent neurons. That’s right, the brain can actually send signals (via efferent neurons) from the
auditory cortex in addition to just receiving them (afferent neurons). The efferent neurons sent by the
brain synapse on the outer hair cells and some afferent axons. When the brain uses these efferent
neurons, they act to suppress the responsiveness of the hair cells connected to the efferent neuron in
use. These efferent neurons use acetylcholine to open up nonselective cation channels, triggering the
entry of Ca++. In this case, the Ca++ acts to open Ca++ activated K+ channels, causing a
hyperpolarization event. Dampening frequency allows the brain to filter out unwanted sounds and
focus on sounds that we are wanting to hear in noisy environments. They may also be important
during sleep to help dampen all sounds.
Hearing Loss
There are three forms of hearing loss: conductive, central, and sensorineural. Conductive hearing
loss is a result of sound waves being unable to move from the external ear to the inner ear. This can
be caused by a plugged ear canal (excessive ear wax), infection of the middle ear or calcification of
the stapes to the oval window. Anything that prevents conduction of sound through the external ear
or proper vibration of the middle ear bones is termed conductive hearing loss. Central hearing loss
results from damage to the auditory cortex, usually caused by a stroke. Sensorineural hearing loss is
caused by damage to the structures of the inner ear (hair cells, cochlear neurons, viscous fluid). A
common cause of sensorineural hearing loss is exposure to loud sounds. In humans, this loss is
irreversible at present. Interestingly, birds have the ability to regenerate hair cells after complete
destruction. Study of hair cells in birds may one day lead to the ability to replace damaged hair cells
in humans.
It is interesting to note that as we age, we tend to lose the ability to hear very high frequency sounds.
This appears to be from a lifetime of wear and tear to the hair cells located closer to the oval window
end of the cochlea. This is where the basilar membrane length is shorter and thicker, and where high
energy / high pitch sound waves are experienced.
Here is a link to a video that goes through a lot of what you have read so far. It is one of the best
hearing physiology videos we have ever seen. It was made in 2002 and continues to be a favorite to
show in physiology classes. We encourage you to check it out!
https://books.byui.edu/-kthL
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2.8.4
The Sense of Balance and Equilibrium

Internal Ear Anatomy. Title: File:Blausen 0329 EarAnatomy
InternalEar.png; Author: Blausen.com staff. "Blausen gallery 2014".
Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN
20018762.; Site: https://books.byui.edu/-DnB; License: This file is
licensed under the Creative Commons Attribution 3.0 Unported
license
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The senses of equilibrium and balance are very similar to that of hearing in that it involves the use of
hair cells and fluid movements. The function of the hair cells involved with equilibrium and balance is
the same as that involved with hearing, the difference is in how the stereocilia get bent. Instead of
the cochlea, the hair cells of equilibrium are located in two structures: the vestibular apparatus and
the semicircular canals. The vestibular apparatus is designed to sense linear movement as well as
the position of our head in relation to gravity. It is sometimes referred to as the static labyrinth. The
semicircular canals are designed to detect angular movement (or rotational movement) and are
referred to as the kinetic labyrinth.
The sensory organs in the vestibular apparatus are the otolith organs. Within these organs is a
specialized sensory structure called the macula. It consists of a sheet of hair cells whose stereocilia
are imbedded in a gelatinous mass (see the image below). Within this mass are protein and calcium
carbonate crystals known as otoliths (ear rocks) that provide weight to the gelatinous mass. It is
designed so that when we tilt our heads this mass slides, bending the hair cells. Likewise, when we
accelerate linearly, due to the inertia of the mass it lags behind the movement of the head, again
bending the hair cells. When we stop, the mass continues to move due to inertia, bending the hair
cells in the opposite direction. Each ear has two otolith organs, one oriented horizontally, the utricle,
and one oriented vertically, the saccule. The saccule is responsible for that feeling you love when the
elevator starts and stops moving (or, when you get Shaw’s age, it the sensation of trying not to pee
your pants when the elevator does that).
The sensory organs of the semicircular canals are designed to detect angular or rotational movement.
In each ear there are three semicircular canals oriented at right angles to each other. Think of them
as being in the frontal, sagittal, and horizontal planes. These canals attach to the vestibular
apparatus and are designed so that fluid will flow within the canal. Therefore, if you shake your head
side-to-side as if you were saying “no” the fluids in the horizontal canals will move. When you nod
your head up and down like when you say “yes”, fluid in the sagittal canal will move. And when you
move your head back and forth from shoulder to shoulder fluid in the frontal canal will move. At the
base of each canal where it attaches to the vestibular apparatus is an enlargement called
the ampulla. Within the ampulla is the sensory apparatus, the crista. The crista contains hair cells
that are embedded in a gelatinous mass called the cupula. The cupula extends from the hair cells to
the top of the ampulla. When the fluid moves through the semicircular canals it pushes the cupula
over, which causes the stereocilia on the hair cells to bend (see the image below). Because we have
canals oriented in all three planes, any angular movement can be detected. The combination of input
from the vestibular apparatus and the semicircular canals informs us about our orientation with
respect to gravity as well as any linear or angular movement of our body. Sickness or damage to
these organs results in dizziness and even the inability to maintain balance.
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Module 3.0
Cardiovascular System
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3.1
Structure of the Heart
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3.1.1
Chambers and Circulation

The heart is composed of two pumps. The right side of the heart receives oxygen-poor blood, known
as deoxygenated blood, from the systemic circulation and pumps the blood to the lungs where oxygen
and carbon dioxide are exchanged. The left side receives oxygen-rich, known as oxygenated blood,
from the lungs and pumps it to the rest of the body. These two circulations are referred to as
the pulmonary circulation (to the lungs) and the systemic circulation (to the rest of the body),
respectively.

Systemic and Pulmonary Circulation.
Image created by BYU-Idaho student Tabitha Daughtery Spring 2014
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Image created by BYU-Idaho student Nate Shoemaker Winter 2016
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Aortic semilunar valves
Image by BYU-I Student Becky Torgerson – S18

Notice how coronary arteries receive blood during diastole. During systole, the blood opens the
semilunar valves and rushes through. Blood does not easily enter the coronary vessels easily during
systole.
Heart Chambers
Mammalian hearts have four chambers, two receiving chambers called atria and two pumping
chambers called ventricles. The right side of the heart is separated from the left side of the heart by
a thick wall known as the septum. The right atrium receives oxygen-poor blood from the systemic
circulation and the left atrium receives oxygen-rich blood from the pulmonary circulation. Blood from
the right atrium enters the right ventricle, which then pumps the blood to the lungs. The right side of
the heart is a low-pressure system and seldom produces pressures above 40 mmHg. Blood from the
left atrium enters the left ventricle, which pumps the blood to the systemic circulation. Blood is
pumped through the systemic circulation starting at the aorta, a major artery in the body. Branching
immediately from the aorta are two smaller arteries called coronary arteries (See image above).
These arteries supply the heart with oxygen-rich blood. The left side of the heart is a high-pressure
system and routinely produces pressures of around 120 mmHg and during times of physical stress
can generate pressures over 200 mmHg.
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Heart Valves (See Images above)
To ensure that the blood moves efficiently through the heart, two sets of one-way valves prevent the
blood from flowing backward. The atrioventricular (AV) valves are located between the atria and
the ventricles. Between the right atrium and right ventricle is the right AV or tricuspid valve and
between the left atrium and left ventricle is the left AV, the bicuspid or the mitral valve. The
names bi- and tricuspid are derived from the number of cusps or flaps that make up the valve. A
closer look at these valves reveals that they are supported by small tendon-like attachments
called chordae tendineae, which attach the edges of the valves to small nipple-like projections of
muscle called papillary muscles. This arrangement prevents the valves from pushing back into the
atria when the ventricles contract, a condition known as prolapse of the valve.
The semilunar valves are located between the ventricles and the large arteries that receive blood
from them. Between the right ventricle and the pulmonary trunk is the pulmonary semilunar
valve or simply pulmonary valve, and between the left ventricle and the aorta is the aortic
semilunar valve or aortic valve. The structure of these valves is different from the AV valves. Each
valve is composed of three pocket-like structures. When blood from the large arteries moves back
toward the ventricles, these valves balloon out like small parachutes. Their three cusps come
together preventing blood from moving backward.

Heart Murmurs
Heart murmurs can be caused by improperly functioning heart valves. There are two basic types of
problems that can occur. The valve may become stiff and not open properly. This is referred to as
valvular stenosis. The stenotic valve creates turbulent flow as the blood passes through which creates
a sound or murmur that can be detected with a stethoscope (The art of listening to body sounds via a
stethoscope is called auscultation). Conversely, the valve may not close properly and blood will
backflow through the valve. This is referred to as valvular regurgitation. Again, the backflow of blood
creates turbulent flow, generating a detectable murmur. Not all murmurs are due to valve disease. It
is not uncommon to detect murmurs in young, thin individuals or during times of greatly increased
blood flow as would occur during strenuous physical activity. These murmurs are considered normal
and do not pose a risk to the individuals. Valvular disease, on the other hand, increases the workload
on the heart and if severe and not treated can lead to heart failure. Historically, it was a fine art to
detect the type of valvular abnormality based on the sound and timing of the murmur. Modern
technology, such as cardiac ultrasonography, has made it much easier to determine the nature of the
valvular disease and determine the proper course of treatment.
Cardiac muscle cells are much smaller than skeletal muscle cells and they are branched. In addition,
cardiac muscle cells are connected end-to-end by special structures called intercalated discs (inter’kă-lā-ted). Located on the intercalated discs are different types of cell junctions that are part of
keeping communication open between the cells. These are desmosomes, and gap junctions.
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Cell Junctions.
Author: John W. Kimball. Site: http://www.biology-pages.info/C/CellJunctions.gif License: CC BY 3.0

Desmosomes tightly connect the cells together. Recall that skeletal muscle attaches to bone via
tendons so that when it contracts, it pulls on the bones generating movement. Cardiac muscle cells,
on the other hand, do not connect to anything except other cardiac muscle cells. When cardiac
muscle contracts, the desmosomes all pull against each other causing the diameter of the chambers
to decrease, which generates the pressure necessary to pump the blood.
The intercalated disks also contain gap junctions which allow communication between the
connected cells. This allows movement of cytoplasm, including ions, between the cells, effectively
lowering the resistance, and more importantly, this allows action potentials to spread from one cell to
the next. The gap junctions along with the intricate branching of the muscle cells allow an electrical
signal to spread from cell-to-cell resulting in contraction of the entire heart. Hence, even though
there are millions of cells in each chamber, functionally they act as a single cell. This arrangement is
referred to as a functional syncytium (syn = together; cyt = cell).
Other differences between cardiac and skeletal muscle include the following:
The arrangement of the sarcomeres (the main unit of the striated muscle tissue) in cardiac
muscle is not as ordered as in skeletal muscle so the cross striations are not as distinct. These
striations are caused by the arrangement of the structural proteins actin and myosin. If looking
at the cardiac muscle under a microscope, myosin filaments are thicker and create dark bands
and actin filaments are thinner and create lighter bands. During the process of excitationcontraction coupling, which will be discussed in detail later, the interactions between the actin
and myosin are what cause the sarcomere to lengthen or shorten and allow the myocyte to
contract.
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Cardiac Sarcomere

Author: Richard E. Klabunde. Site: https://books.byui.edu/tEKL License: CC BY-NC-SA 4.0. Permission kindly granted by the
author in February of 2017 for use.
Cardiac muscle cells have a single nucleus located roughly in the center of the cell.
TheT-tubules in cardiac muscle are large and branch longitudinally within the cell.
The sarcoplasmic reticulum (note the dark blue webbing in the “Cardiac Muscle Anatomy”
picture) is less extensive in the cardiac muscle which enables the heart muscle to be more
flexible and allow it to beat over and over. We shall see later in the section on excitationcontraction coupling that some of the calcium that triggers contraction comes from the
extracellular compartment (10%) of the sarcoplasmic reticulum.
Cardiac muscle cells have more mitochondria, comprising up to a third of the intracellular
volume. These are needed because cardiac muscle cells derive all of their energy from aerobic
respiration. Skeletal muscle can rest if it becomes fatigued but cardiac muscle does not have
that luxury. Because of the high oxygen demands, cardiac muscle extracts 70-80% of the
oxygen in the blood as it passes through the coronary circulation. Other tissues, including
skeletal muscle at rest, only extract about 25% of the available oxygen, providing a large
reserve when more oxygen is needed. For cardiac muscle to get more oxygen the only way is to
increase blood flow to the muscle. Cardiac muscle, like other tissues can use glucose as an
energy source, however, since it essentially derives all of its energy from aerobic metabolism
its nutrient of choice is energy-rich fatty acids. Interestingly, during exercise the cardiac
muscle cells will also extract lactate (lactic acid) from the blood to be used for energy.
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3.2
Cardiac Cell Action Potentials
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3.2.1
Action Potentials in Cardiac Muscle Cells

Action potentials in cardiac muscle are significantly different from those in axons and skeletal
muscle. In addition, action potentials differ among the different cell types. In cardiac muscle, there
are two major cell types; contractile cells and pacemaker cells. Cardiac action potentials are
regulated by four major time-dependent currents:
1. Na+ current (INa). Na+ currents, similar to other systems, are responsible for depolarizing
phases in the contractile cells.
2. Ca2+ current (ICa). Ca2+ currents are responsible for depolarizing phases in pacemaker cells.
The Ca2+ current is also essential for triggering contraction in contractile muscle cell types.
3. K+ current (IK). K+ current is responsible for RMP and repolarization of all cardiac muscle cell
types.
4. Pacemaker currents (If). Pacemaker currents are responsible for spontaneous depolarizations
of pacemaker cells.
We will explain each current as it pertains to the action potential phases of both cardiac cell types.
Let’s walk through the phases of contractile cardiac muscle action potentials first. The figure labels
the unique currents observed at each phase of the action potential.
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Action Potential of Cardiac Myocytes or Cardiac Muscle Cells.
Drawn by BYU-Idaho JS Fall 2013

Phase 4: Resting membrane potential (RMP). Note that unlike the -70 to -80 mV RMP we are
familiar with in axons and skeletal muscle, in cardiac muscle, the RMP is around -90 mV. Cardiac
cells are extremely permeable to K+ making the resting RMP of contractile cardiac cells very close to
the NERNST for K+. In addition, there are several types of K+ channels found in cardiac muscle.
During phase 4 the K+ current through the channel is designated as Ik1.
Phase 0: The depolarization phase. The upstroke characterizing this phase is due to the opening of
voltage-gated Na+ channels and the influx of Na+ referred to as INa. These are the same channels
found in axons and skeletal muscle and, hence, have both activation and inactivation gates and
therefore refractory periods. Note that when the membrane depolarizes the K+ channels mentioned in
phase 4 close, removing the contribution of the IK1 current.
Phase 1: Rapid repolarization. At the end of the depolarization phase the inactivation gates on the
Na+ close, stopping the influx of Na+. At the same time, a small number of K+ and Cl- channels open
and the membrane begins to repolarize. These channels are called transient outward K+ channels
(Ito1) and calcium activated Cl- channel (Ito2). This current is a repolarizing current and the steepness
of the repolarization is determined by the density of channels within the membrane. Thus, contractile

BIO 461 Principles of Physiology

187

cells in different regions of the heart show slightly different tracings at this phase due to different
densities.
Phase 2: Plateau. This is the phase that distinguishes the cardiac muscle action potential from other
excitable tissues and is the result of the opening of voltage-gated Ca2+ channels. Ca2+ channels
activate and inactivate much slower than Na+ channels so they contribute current (ICA) only after
Na+ channels respond. With the opening of these channels, Ca2+ enters the cell. Two types of Ca2+
channels exist, L-type and T-type channels, so designated based on their inactivation rates. L-type
(long lasting) inactivate slower than the T-type (transient) counterparts. Additional K+ channels also
open at about the same time called delayed K+ channels. In contrast to Ca2+ channels, the two
subtypes of K+ channels are designated by their rates of activation. These channels are slow delayed
(IKs) and more rapidly delayed (IKr). There is even an “ultra rapid” delayed type called IKur. During the
plateau, the influx of Ca2+ essentially negates the effect of the efflux of K+. Because of the movement
of these two ions, K+ out and Ca2+ in, the membrane potential remains fairly constant and does not
repolarize rapidly. In addition to prolonging the action potential, the Ca2+ that is entering the cell
plays a critical role in triggering muscle contraction (more on this later).
Phase 3: Repolarization. During the plateau phase more and more K+ channels open and toward the
end of the plateau phase the K+ efflux definitely becomes greater than the Ca2+ influx and the
membrane begins to repolarize (mainly due to the IKr and then IKs currents). As the membrane
becomes more negative, the Ca2+ channels close and some IK1 channels open. The membrane quickly
returns to RMP. As RMP is reached, the “delayed” K+ channels are all closed. IK1 however, becomes
maximally open returns the membrane to RMP around 90 mV. This is a very negative RMP caused by
all the extra permeability to K+. This is the reason that this action potential has no hyperpolarization
phase like action potentials we have seen before.
The prolonged nature of the action potential in cardiac muscle has at least 2 important outcomes.
First, it prevents the membrane from being restimulated until the muscle has had time to contract
and then relax. The absolute refractory period for cardiac muscle cells lasts until the membrane
repolarizes, preventing the muscle from being restimulated until it has time to totally relax. Recall
that in skeletal muscle, if the frequency of action potentials is high enough the muscle will enter a
state of tetany in which the muscle remains continually contracted. If this happened in the heart,
blood flow would stop, since refilling of the chambers requires relaxation of heart muscle. Second,
contraction of cardiac muscle requires the contribution of extracellular Ca2+. During the plateau
phase, Ca2+ is entering the cell from the extracellular fluid, contributing to total intracellular calcium
concentration.
An additional channel called the ATP-sensitive K+ channel, is recruited during times of hypoxia. These
channels are activated by low levels of ATP (high levels of ADP) and may serve as a protective
mechanism against arrhythmias caused by ischemia (lack of blood flow). Specifically, if blood supply
drops, so does available oxygen. With lower levels of oxygen, ATP production is compromised and
becomes unavailable for the Na/K ATPase pump. The reduction in pump activity alters both Na+ and
K+ gradients. The altered K+ gradient effects the RMP (ie., changes gradient for leak channels) and
the effected cells RMP become more positive, sometimes even exceeding threshold, which increases
the likelihood of spontaneous depolarizations (arrythmias). To protect against spontaneous
depolarizations, cells are able to open additional K+ channels thereby increasing the K+
conductance, moving the RMP back to more negative values and away from threshold. This additional
increase in K+ conductance is the result of the ATP-sensitive K+ channels. It is the ratio of ATP/ADP
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that sensitizes the K+ channels and induces their opening. ATP appears to be inhibitory while ADP is
stimulatory to these channels.
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3.2.2
Action Potentials in Cardiac Autorhythmic
cells

Action potential of Autorhythmic cells.
By BYU-I JS Fall 2013

This figure above shows action potentials in the autorhythmic cells of the heart. Notice that there are
only three phases in these action potentials, phase 4, phase 0, and phase 3. Also notice that there is
no real resting phase (RMP)in these cells. Once the membrane repolarizes it begins to slowly
depolarize again. These action potentials also lack phases 1 and 2 that were seen in the contractile
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cells. To explain how these action potentials are generated, we need to introduce a new cation
channel that we have not encountered previously in our studies. These channels open when the
membrane repolarizes and close when the membrane depolarizes. When these channels were first
discovered this behavior (for a cation channel) seemed odd or funny, therefore, the channels were
called “Funny” channels (If). These channels are also known as HCN channels, HCN stands for
“hyperpolarized activated – cyclic nucleotide-gated” channels because they open when the membrane
hyperpolarizes (voltage regulated) and they can be regulated by the second messenger cAMP, a
cyclic nucleotide.
The funny channels allow Na+ to slowly enter the cell, resulting in the gradual depolarization of the
membrane (phase 4). This gradual depolarization is referred to as the pacemaker potential. The
pacemaker potential causes the membrane potential to eventually reach threshold. Additionally, the
RMP is much less negative in nodal cells because these cells lack Ik1 channels, depending only on K+
leak channels and Ik currents. In neurons, skeletal muscle and cardiac muscle, reaching threshold
triggers the activation of voltage-gated sodium channels. The autorhythmic cells are different,
however. Reaching threshold triggers the activation of voltage-gated calcium channels and the
subsequent influx of calcium (Ica)results in the depolarization phase of the action potential (phase 0).
This influx of Ca2+ occurs through both T-type and L-type Ca2+ channels. Ca2+ channels close
more slowly than Na+ channels and so we see a wider tip at the action potential peak. The calcium
channels do eventually close and voltage-gated potassium channels open (probably the same type of
voltage gated K+ channels seen in muscles and nerves). The efflux of potassium results in the
repolarization of the membrane (phase 3). Once the potential drops below threshold the potassium
channels close, the funny channels begin to re-open and the process begins again. If the heart rate
changes, the time between each depolarization wave can decrease or increase depending on how
many HCN channels are open and how far below threshold the electrical signal drops before
depolarizing again.
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Depolarization and change in heart rate
Author: By OpenStax College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons, Link:
https://commons.wikimedia.org/wiki/File%3A2033_Depolarization_in_Sinus_Rhythm.jpg
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3.2.3
Cellular Mechanisms of Inotropy and
Chronotropy

Changes in inotropy (also known as contractility) are essential to heart function because the heart
cannot modify strength by recruiting more fibers or activating motor units. In essence, all the cardiac
fibers are activated all the time, so the only way to modify strength is by changing individual fiber
contraction strength (shortening length) through the regulation of calcium. The flow chart below
identifies the mechanisms by which inotropy can be regulated.

The flow chart above shows the cellular mechanisms that regulate the inotropic effects of beta 1 stimulation

In addition to altering the contractility (inotropy) of the heart we can also alter the rate at which
contractions occur. This effect is known as chronotropy. Below are two charts that illustrate the
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different effects on both positive and negative chronotropy.
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The primary players in the chronotropic regulation of the heart are the autonomic nervous system
and the endocrine system. The heart is innervated by both the parasympathetic and sympathetic
divisions of the autonomic nervous system. Parasympathetic fibers reach the heart via the Vagus
nerve and act on the autorhythmic cells through the neurotransmitter acetylcholine. Acetylcholine
slows the heart by hyperpolarizing the membrane through G-protein activated inward rectifying K+
channels (GIRK). When acetylcholine binds to the muscarinic G-protein, the beta gamma subunit
diffuses to a binding site on a neighboring GIRK channel which opens the channel. Opening the
channel results in an outward K+ current, hyperpolarizing the cell and moving the "resting"
membrane potential further from threshold, as well as flattening the slope of the pacemaker
potential. Both actions increase the time required for the cells to reach threshold. The overall effect
is to slow the heart rate. At rest there is constant parasympathetic activity or parasympathetic
tone maintaining the resting heart rate slower than the intrinsic rate or the SA node. Sudden loss of
parasympathetic stimulation results in an increased heart rate. Strong parasympathetic stimulation
alone can decrease heart rate by about 10-20%. Obviously, there is a limit to how slow the heart can
beat. The cardiac muscle contractile cells have little or no parasympathetic innervation so
parasympathetic stimulation has little effect on the strength of contraction.
Sympathetic fibers reach the heart via sympathetic cardiac nerves and innervate both the
autorhythmic cells and the contractile cells. The actions in both tissue types are mediated via
β1 adrenergic receptors. In the autorhythmic cells, sympathetic innervation increases heart rate by
increasing the slope of the pacemaker potential and lowering the threshold for the voltage gated
calcium channels. Sympathetic stimulation of the contractile cells increases the amount of calcium
released from the sarcoplasmic reticulum, resulting in increased strength of contraction, hence an
increase in stroke volume (see chart above).
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The endocrine system also influences the actions of the heart, primarily through epinephrine
(sometimes referred to as just “E”) and norepinephrine (also referred to as NE) released from the
adrenal medulla. These hormones bind to the β1 adrenergic receptors and have the same effect as
sympathetic stimulation of the heart.

Chronotropic Regulation of the Heart by Autonomic Nervous System
The image above was adapted from a Wikimedia commons image by OpenStax
College. https://upload.wikimedia.org/wikipedia/commons/4/4c/2032_Automatic_Innervation.jpg License: Creative Commons BY 3.0

Videos that might help with the flow charts in this section are found below:
Helpful Video on Inotropy and Lusitroy
Helpful Video on Chronotropy
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3.3
Electrophysiology of Heart Muscle
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3.3.1
Heart Conduction System

Cardiac muscle cells have the ability to conduct action potentials from cell to cell through the gap
junctions of the intercalated disks. This conduction, however, cannot account for the ordered,
synchronous contractions observed in the heart. To ensure the proper sequence of contraction and to
speed the conduction of the action potentials through the heart muscle, the heart is equipped with a
specialized conduction system composed of non-contractile cardiac muscle cells that are modified for
the task of generating and conducting action potentials. The autorhythmic cells discussed in the
previous section are part of this system.
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Electrical Conduction System of the Heart.
Image was drawn by BYU-Idaho student Nate Shoemaker Spring 2016

Located on the posterior wall of the right atrium near the site of connection of the superior vena cava
is the sinoatrial node (SA node). The SA node is composed of autorhythmic cells and is
the “pacemaker” for the heart, generating the action potentials that initiate contraction. These
action potentials then spread through the right and left atria, causing them to contract. Although
cardiac muscle cells are perfectly capable of conducting action potentials from cell to cell, to achieve
a synchronous contraction, the spread of depolarization must be tightly controlled. To aid the two
atria in contracting simultaneously there is thought to be a special band of rapidly conducting tissue
called Bachman’s bundle that quickly spreads the action potential to the left atrium.
Although physically connected by a ring of connective tissue called the cardiac skeleton, the atria
and the ventricles are electrically isolated, such that the action potential cannot spread directly from
the atria to the ventricles. Instead, the action potential is detected by the atrioventricular node (AV
node) which is located in the floor of the right atrium near the interatrial septum. Again, there are
specialized conduction pathways called the internodal pathways that quickly conduct the action
potentials from the SA node directly to the AV node. The AV node then “delays” the action potential
for approximately 0.15 seconds, allowing the atria to contract before the ventricles. This delay is due
to the very slow speed of conduction in the AV node, ~0.05 m/sec. From the AV node, the action
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potential is conducted via the atrioventricular bundle (AV bundle or bundle of His) into the
interventricular septum. In the septum the AV bundle splits into the right and left bundle
branches that descend through the interventricular septum to the apex of the heart.
At the apex, the bundle branches split into numerous Purkinje fibers that then ascend the walls of
the ventricles. The AV bundle, bundle branches, and Purkinje fibers conduct the action potentials
much faster than the cardiac muscle fibers, 1-4 m/sec vs 0.3-0.4 m/sec, respectfully. This rapid
conduction creates a more coordinated contraction of the ventricular muscle. Also, since the action
potentials, and hence contractions, spread from the apex toward the base of the heart the blood is
pushed up toward the large arteries exiting the ventricles.
It should be noted that even though the SA node is the pacemaker, the other components of the
conducting system are also capable of spontaneously generating action potentials. Each has its own
intrinsic rate of generating action potentials, the SA node has a rate of 60-80/minute, the AV node a
rate of ~40/minute and the AV bundle and Purkinje fibers a rate of ~20/minute. The reason the SA
node is the “pacemaker” is simply because it has the fastest rate and reaches threshold before the
other areas. If the SA node becomes damaged or stops functioning the AV node can take over and the
heart will continue to beat, albeit at a slower rate.
Sometimes excitable cells (pacemaker cells) can grow in the heart in other places besides the nodes.
When this happens, we call the location an ectopic focus. This is usually not life-threatening, but over
time can disrupt the normal conductance of the heart and alter the heartbeat, making it beat faster
than normal or slower than normal. In most cases, the faster rate of the SA node will mask the other
cells, but if the SA node becomes compromised, ectopic foci can begin to control the heart rate, a
scary situation because the ectopic foci is not modulated by the nervous system. Ectopic foci can also
alter electrocardiogram readings (ECG), appearing as extra deflections and causing misdiagnosis.
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Cardiac Excitation Coupling
BYU-Idaho image by Becky T: Created Fall 2018

Now that you know how action potentials are generated and conducted in the heart, we need to study
how these action potentials lead to contraction of the cardiac muscle cells. We have already explained
that cardiac muscle is very much like skeletal muscle and that the mechanism of contraction is the
same in both muscle types. Therefore, the key to cardiac muscle contraction is also calcium. As with
skeletal muscle, calcium is stored intracellularly in the sarcoplasmic reticulum. However, unlike
skeletal muscle, cardiac muscle also relies on extracellular calcium for proper functioning. This
means that the extracellular level of calcium is very important for heart muscle function.
Intracellular stores of calcium in the well-developed sarcoplasmic reticulum of skeletal muscle can
help buffer against blood calcium level changes, but heart muscle does not have this advantage. The
heart muscle sarcoplasmic reticulum is much less developed and heart muscle fibers are more
sensitive to extracellular calcium level oscillations. In fact, small changes in blood calcium levels can
cause heart arrhythmias.
As might be expected, there are some important ion channels that mediate the entry of calcium. The
first is a voltage-gated calcium channel found in the membranes of the T-tubules (L-Type Calcium
Channels). These are the same channels discussed earlier that are responsible for the plateau phase
of the action potential. When the action potential descends into the T-tubules these channels open,
allowing calcium to diffuse into the cell. This calcium then binds to calcium release channels found in
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the membranes of the SR (these channels are also known as Ryanodine receptor, RyR, channels). The
binding of calcium to these channels causes them to open allowing calcium to diffuse out of the SR
and bind to troponin initiating contraction. Thus, extracellular calcium triggers the release of
sarcoplasmic reticular calcium. This process is referred to as calcium-induced, calcium release. Once
the signal ends, a calcium ATPase (SERCA) in the membranes of the SR pumps the calcium back into
the SR and contraction ends. Since some of the calcium that is now in the cell came from the
extracellular fluid, a Na+-Ca2+ exchanger (secondary active transport 3 Na+ to 1 Ca2+) moves calcium
from the cytoplasm back to the extracellular fluid. The strength of the muscular contraction in the
heart is dependent on the amount of calcium that enters; hence, there are mechanisms to regulate
how much calcium enters the cells.
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3.3.2
Electrocardiogram (ECG)

We have been discussing action potentials and how they are generated and conducted through the
heart muscle. We have also described their role in triggering contraction of the cardiac muscle. An
important technique for diagnosis of problems in the heart is to measure its electrical activity. This is
accomplished using an electrocardiograph, which creates a record of the electrical activity of the
heart, the electrocardiogram or ECG.
The ECG does not measure individual action potentials but instead it detects the currents flowing
through the extracellular fluids, a result of all action potentials, as the charges associated with the
heart muscle spread (propagation). Think what happens when you connect a wire between the
opposite poles of a battery, current flows through the wire. A similar event is taking place in the
extracellular fluids of the body when some of the heart cells are at rest (negative inside and positive
outside) while others are depolarized (positive inside and negative outside). When this happens, an
electric field is established between opposite charges on the surface of the cardiomyocytes. Sensors
placed on the surface of the body can detect changes in the electric field. A tracing can be made of
the events taking place during one complete cycle of the heart.
To help you understand how the ECG waves are generated, let’s examine a hypothetical situation in
which we have four cells connected end to end. We will explore what happens as an action potential
is generated in one cell and then propagates to the other three cells.
Refer to the next figure as we explain the process.

BIO 461 Principles of Physiology

203

Deflection wave on ECG created as the wave of depolarization moves toward or away from the positive electrode
Drawn by BYU-Idaho student Nathan Shoemaker Fall 2016

In the figure, A-E represents the progression of an action potential beginning with the first cell of the
group and then spreading to the next cells. In this example, the positive sensor is placed to the right
of the cells and the negative sensor is placed to the left of the cells.
In “A”, all of the cells are at rest. Since all of the cells have the same charge (+) on the outside
of the cells, no current is flowing and the tracing would be flat as shown on the graph to the
right of the cells. If there is no deflection (no current), we say that we are at the isoelectric
point.
As the first cell depolarizes (B), there now exists a charge difference on the outside of the cells
and a dipole ( + and – poles) is established with its electric field between. At this point, we can
say there is an electric force vector. The direction of this vector is determined by assessing
which direction the depolarization wave is spreading. In “B”, the direction of depolarization
propagation is towards the positive sensor (or to the right). The rule of thumb is that if there is
a depolarization (outside of cell negative) spreading towards an opposite charge sensor, then
(upward) deflection will be recorded.
In C, the action potential has reached the midpoint, at this point we will get the maximum
deflection on the ECG.
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In D, only one cell remains at rest and the tracing is returning toward the isoelectric point.
In E, all of the cells are depolarized, all negative on the outside and the ECG has returned to
the isoelectric point because there is no more dipole and so there is no more dipole electrical
vector to record.
In F, we show how the ECG tracing would look if we repeated the process but this time
reversed the position of the electrodes, the positive electrode on the left and the negative on
the right.
It should be apparent that where one places the electrodes affects the appearance of the ECG
tracings. If a wave of depolarization is moving toward a positive electrode there should be a positive
deflection. If it is moving away from a positive electrode toward a negative electrode there would be
a negative deflection. If the wave is moving perpendicular to an electrode axis then there will be an
equal distribution of positive and negative, thus no deflection. How large the deflection is depends
both on how closely the wave is oriented to the axis of the electrodes as well as how much of the
heart muscle is involved in the depolarization or repolarization. In a typical ECG the electrodes are
placed at different positions to give different “looks” of what is happening in the heart.

Wave Deflections based on Vector Directions
Created by BYU-Idaho instructor T. Orton Fall 2017

The difference in deflection on ECG determined by if the wave of depolarization/repolarization is
traveling toward or away from the positive electrode.
Each different positioning of the electrodes is referred to as a different lead and there are 12 leads in
a typical ECG.
When all of the electrical events for one cycle are put together we get an ECG tracing.
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ECG Tracing
Author: Agateller (Anthony Atkielski).Site: http://commons.wikimedia.org/wiki/File:ECG-PQRST%2Bpopis.svg License: Creative Commons 3.0

The image above shows a typical ECG. Notice that there are several deflections (some up and some
down) that occur during the cycle. Each deflection is referred as a wave and each wave is labeled
with a letter. A typical ECG has five waves, P, Q, R, S and T. The P wave is generated during
depolarization of the atria which causes the atria to contract pushing the blood to the ventricles
below. The next three waves (Q, R, S) are generated during depolarization of the ventricles which
causes the ventricles to contract forcing the blood out of the heart to the lungs and the rest of the
body. Since all are generated during ventricular depolarization we typically refer to these three
waves collectively as the QRS complex. The Q wave is the first downward deflection and then back
to isoelectric, the R is the large upward deflection and then back to isoelectric, and the S is the
second downward deflection and back to isoelectric. The final wave, the T wave, is generated during
repolarization of the ventricles. You may be asking yourself where the wave representing
repolarization of the atria is. We typically do not observe a repolarization wave for the atria because
it is occurring at the same time the ventricles are depolarizing. Since the muscle mass of the
ventricles is so much larger than that of the atria, ventricular depolarization probably masks any
waves associated with atrial repolarization. Now let’s see if you are getting it. What would the tracing
shown in the ECG figure look like if the positive and negative leads were switched?
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Hopefully, it is becoming apparent that any change in the heart that affects how the action potential’s
spread through the tissues can be detected on the ECG. For example, if a section of heart muscle
were damaged by a heart attack the tracing would be altered, usually in a predictable manner. With
practice, the physician can diagnose many abnormalities based on the shape and timing of the
various waves.
It is important to note that the ECG measures one main thing – the electrical signal as it travels
through the heart. It can show if the signal is getting through the conduction fibers as it should or
how quickly the heart is beating. In order to measure the strength of the heart you would have to look
at several other factors such as: the pressure inside the ventricles at each beat, the resistance of the
vessels and/or the volume of blood being ejected with each beat. The figures below illustrate the
spread of the action potential across the heart and its associated deflections.

The image above depicts the generation of the P-wave. Notice that depolarization of heart cells begin
in the SA node and propogates out in all directions from that point, but the "average" or resultant
vector spreading from the SA node is in the general direction of the apex or inferior border of the
heart. We see a sensor with positive polarity located below the heart. This depolarization and
direction of propogation sends a negative tail vector towards a positive polarity sensor which makes
the ECG deflect up.
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In the image above we see that the action potential propogation has come from the AV node and has
descended down the Bundle of His and into the bundle branches. The propogation descends more
quickly down the left bundle branch and creates an opportunity for the left bundle branch to
propogate to the right and even in a sligh upward direction in an attempt to depolarize the right
bundle branch cells which are propogating more slowly. There will be a temporary depolarizing
vector (negative tail) moving in a direction that is more upward (or towards the negative sensor) than
downward. At this moment the deflection will be down and makes a Q wave. This is temporary
though, and soon the bundle branch cells are all depolarized and continue to descend down the
septum. Also, the purkinje fibers will depolarize and propogate the actiton potential to the
endocardial surface of the left and right ventricles. This will create a propogation vector that moves
from endocardium to epicardium. All of these vectors (down the septum and endocardium to
epicardium) form a resultant vector that points to the negative sensor below the heart and this
creates a large delfection up (or R wave). The left side of the heart is thicker and has more muscle
tissue. This creates a situation where the propogating action potential will finish depolarizing the
right ventricle before the left is completed. So, the last portion of tissue to be depolarized will be the
superior left ventricle. As this area is depolarized, we will have another small and temporary vector
that will point up more than down. This means we will have a depolarizing vector pointing towards
the negative sensor on top for just a moment and this caues a small deflection down (or S wave).
After the superior portion of the left ventricle is depolarized, we see that the entire ventricular
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surface is depolarized and all the cells will have a negative charge on the outside of the cell. This
means there is not a dipole or separation of charge across the surface of the heart. The ECG will not
deflect up or down at this moment but would return to baseline.

ECG tracing waves explained
Images by JS BYU-Idaho F17

Finally, the cells of the apex begin to repolarize. As the cells repolarize in this area, the cells gain
positive charges on the outsides of the membrane and a dipole or separation of charge across the
heart surface can be measured again. Because we are repolarizing we have a vector that expands the
positve charge towards a negative sensor. The reason that the vector is propogating up to the
negative sensor instead of down to the positive sensor is because the apex repolarizes first and then
the epicardium of the ventricles begins to repolarize and the endocardium of the ventricles is the last
to repolarize. There is some belief that after the endocardium repolarizes the papillary muscle inside
the ventricles becomes the last tissue to repolarize. It may be that this last repolarization of papillary
muscle can create a kind of second bump on the T wave. When this happens it is called a "U-wave".
However, we will not explore U waves and we will not ask about them in this course quizzes or
exams. Some have asked how it is possible that the endocardium repolarizes so late, given that it
depolarized before the epicardium so how does it "know" to wait and repolarize after the epicardium.
The answer is that the plateua phases are longer in the endocardium and purkinje fibers and so it
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takes longer before the repolarization can occur.
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3.3.3
Abnormal ECG - Current of Injury

3.3.3 - Abnormal ECG – Current of Injury

Images by JS BYU-I F17

Abnormal ECGs could result in another 20 pages or more, we will discuss a couple of important
abnormal patterns derived from what we call a “current of injury”. When an area of the heart
experiences a current of injury, due to damaged cells, this current of injury ends up causing the
baseline “isoelectric” line to either raise or lower. This is because damaged cells have trouble
maintaining resting membrane potentials and thus become depolarized. This abnormal depolarization
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creates an area in the heart that has negative charges on the outside of the cells in that region. The
negative charge creates an abnormal dipole, meaning it creates a current when the heart should not
be having a current. As a result, the ECG machine, which has been programmed to not see current at
rest in the heart, automatically adjusts the baseline (isoelectric point) to filter out what it considers
background noise, making a new baseline.
Typically this current of injury occurs in the ventricles and will not become evident until the end of
the “S” wave. Why? This is because when the ventricles are fully depolarized (at the end of the “S”
wave), all of the ventricular cells are depolarized and this “current of injury” is temporarily
suspended (no more dipole because all the cells are now negative on the outside) and the ECG
machine will return to the original or “normal” isoelectric baseline. However, as the ventricles
repolarize and switch the nondamaged cells back to a positive polarity on the outside surface again,
the current of injury will return because the damaged cells will again appear more negative on the
external surface, making the dipole at rest appear again and causing the ECG machine to make
another adjustment. The resulting ECG will show different abnormal waves depending on the severity
of the current of injury. Some of these abnormal waves will be addressed below.
Inverted T waves
To understand an inverted T wave, lets first review normal T waves. Normal T waves are upright
because the first cells to repolarize are epicardial cells and the last are the endocardial cells. This
pattern of repolarization results in a vector opposite to that of depolarization because the electrical
vector has a positive tail moving towards a negative sensor (if we set up the ECG sensor pads to
simulate lead II). Thus, for the T wave to be inverted it must repolarized in the opposite direction, or
stated another way the endocardium must repolarize before the epicardium.
Hypoxia in the endocardium can induce a state where the endocardium repolarizes before the
epicardium. How? As the endocardium gets less oxygen than normal, the production of ATP
decreases which in turn reduces the activity of the Na/K ATPase pump and activates the IK (ATP)
channels. The reduction in pump activity induces a relative depolarization in the hypoxic cells and the
activation of the I K (ATP) channels leads to a quicker repolarization. Therefore, rather than depolarizing
and repolarizing last, the endocardium will now depolarize and repolarize before the epicardium,
switching the electrical vector. The switched electrical vector will now have a positive tail moving
towards a positive sensor (inferior lateral part of the heart) and this causes the T wave to deflect
down instead of up. Upside down T waves are shown in the image above (top left).
ST depression
A classic ST depression is caused by a negative vector at rest (due to hypoxic cells) that is oriented
towards a positive sensor. The image above shows this in the top right corner as a blackened area on
the inferior lateral wall of the left ventricle. Notice that the electrical vectors are oriented in a way
that the “average” vector would extend in an inferior/lateral direction. If sensors were set up to
simulate lead II, we would have a negative tail vector (-à) oriented towards a positive sensor and this
would cause an ECG deflection in an upward direction.
Thus, because the background vector is causing an upward interference, the ECG machine will set
the isoelectric point above its normal point. In the picture below, you can see that compared to the
normal ECG, the current of injury has caused the ECG baseline to deflect upward. The other waves
including P, Q, and R all occur relative to this new baseline (deflected upward because of the current
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of injury). At the “S” wave however, all the cells of the ventricles are depolarized and so all the cells
are negative on the outside surface. We don’t have an area of negative setting up a dipole with an
area that is still positive. So, at this point, the ECG will try to draw a line at the original base line (at
the point of the S wave). However, as the heart repolarizes, the repolarization will move past the
hypoxic cells and leave them still negative on the outside (after repolarization) but everywhere else
repolarized to positive on the outside. The ECG will sense a background current of injury again and
gradually deflect upward again to finish the T wave. This creates a shape recognized as an ST
depression and suggests that there is an area of endocardium that is hypoxic.The abreviation for this
is called NSTEMI or nonSTEMI, which stands for Non ST Elevated Myocardial Infarction.

Image by JS BYU-I W19

ST elevation
A classic ST elevation is caused by an area of hypoxic cells that involves the entire thickness of an
area of the ventricular wall (usually toward the inferior pole of the ventricle). The image above shows
this in the bottom center as a blackened area that crosses the entire wall thickness. This is often
called a “transmural” infarct. Notice that the electrical vectors are oriented in a way that the
“average” vector would extend in more of a superior direction. If sensors were set up to simulate lead
II, we would have a negative tail vector oriented towards a negative sensor and this would cause an
ECG deflection in an downward direction.
This downward deflection is again called a “current of injury” but is a downward deflection this time.
In the picture below, you can see that compared to the normal ECG, the current of injury has caused
the ECG baseline to deflect downward. The other waves including P, Q, and R all occur relative to
this new baseline (deflected downward because of the current of injury). At the “S” wave however, all
the cells of the ventricles are depolarized and so all the cells are negative on the outside surface. We
don’t have an area of negative setting up a dipole with an area that is still positive. So, at this point,
the ECG will try to draw a line at the original base line (at the point of the S wave). However, as the
heart repolarizes, the repolarization will move past the transmural injury and leave them still
negative on the outside (after repolarization) but everywhere else repolarized to positive on the
outside. The ECG will sense a background current of injury again and gradually deflect downward
again to finish the T wave. This creates a shape recognized as an ST elevation and suggests that
there is an area where hypoxia exists across an entire area of ventricular thickness. Transmural
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infarcts reflect that there is even greater loss of blood flow than the inverted T waves or the ST
depression. Sometimes a patient can reveal an ST depression that converts to an ST elevation which
would suggest that heart damage is progressing and could suggest that emergency intervention is
necessary. The abreviation for this is called STEMI, which stands for ST Elevated Myocardial
Infarction.

Image by JS BYU-I W19
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3.4
The Cardiac Cycle
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3.4.1
Cardiac cycle

Each time the heart beats, a series of highly coordinated events occurs. These events are essential for
the proper pumping of the blood and include pressure changes, volume changes, and the opening and
closing of valves. This series of events is known as the cardiac cycle.

The Cardiac Cycle
Image by JS F13

The image above shows the changes that take place in the heart during this cycle. Before we begin to
study the cycle, however, there are two terms we need to define: systole (sis'tō-lē) and diastole (dīas'tō-lē). Systole is contraction of the chambers. As was discussed earlier the atria contract slightly
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before the ventricles so we have atrial systole followed by ventricular systole. By convention, if we
use the term systole alone (without the adjectives atrial or ventricular) it is understood that we are
referring to ventricular systole. Diastole is relaxation of the heart. Again, if we use the term diastole
alone it refers to ventricular diastole.
Take a close look at the image above. The top panel shows changes in pressure, expressed as mmHg,
during the cycle. There are three curves on this graph, one for aortic pressure changes, one for
ventricular pressure changes, and one for atrial pressure changes.
It should be pointed out that this figure represents pressures associated with the left side of the
heart. If it were for the right side, the shapes of the curves would be similar but the maximum
pressures would be much lower, only 20-30 mmHg. The middle of the figure shows volume changes in
the left ventricle.
The two other lines at the bottom show when the various waves of the ECG appear with respect to
the cycle and when the various heart sounds occur. The labels across the bottom show when the
heart is in systole and diastole. From the figure it is important to note that diastole composes about
2/3 of the cycle and systole about 1/3. The labels across the top list the different phases during the
cycle, the vertical lines showing approximately when these phases begin and end. Notice that this
figure represents more than one cycle, reinforcing the idea that these cycles are occurring
repetitively with a new cycle beginning as soon as the previous cycle ends.
One other point of clarification before we begin, there are two valves associated with each ventricle,
the atrioventricular valves between the atria and ventricles (mitral or bicuspid on the left side and
tricuspid on the right) and the semilunar valves between each ventricle and the large artery it pumps
into (aortic on the left side and pulmonary on the right). Opening and closing of these valves is
pressure dependent (upper graph). For example, if the pressure in the aorta is greater than the
pressure in the left ventricle the aortic valve will be closed and if the pressure in the aorta is less
than the pressure in the left ventricle the valve will be open. Also, for the mitral valve, if the pressure
in the ventricle is greater than that of the atrium the valve will be closed and if the pressure in the
ventricle is less than that of the atrium the valve will be open. Since it is a cycle we could begin our
analysis at any point so let's begin during diastole at the point when the ventricles begin to fill,
preparing for the next pumping cycle, this is labeled at the top as the period of rapid inflow.
Diastole - Rapid Inflow: This phase begins when the mitral valve opens shortly after the beginning
of diastole and lasts approximately the first 1/3 of diastole. The aortic valve is closed during this
phase. Look at the pressure differences in the aorta, ventricle and atrium to make sure you
understand why the valves are either open or closed. During this phase the ventricle rapidly fills with
blood. This filling is passive meaning that the blood returning to the heart is merely running through
the atrium and directly into the ventricle. During this phase the ventricles fill to about 70-80%
capacity. As they fill the volume change slows and by the end of the phase little blood is entering the
ventricle.
Diastole - Diastasis (dī-as'tă-sis): During the second 1/3 of diastole there is very little change in
ventricular volume. As the ventricles near capacity passive inflow of blood slows.
Diastole - Atrial systole: In the final 1/3 of diastole the atria contract adding the final 20-30% of the
ventricular volume, also referred to as active ventricular filling. At rest this "topping off" of the
ventricles is of little significance but when we begin to exert ourselves it becomes much more
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important.
Systole – Isovolumic contraction: As systole begins the pressure in the ventricle, which at this
point is close to 0 mmHg) increases rapidly. When the ventricular pressure exceeds atrial pressure
the atrioventricular valve closes. The closing of these valves is responsible for the first heart sound.
Since the semilunar valve is still closed (ventricular pressure less than aortic pressure) pressure
increases rapidly but there is no change in volume. This phase is very brief and ends as soon as the
ventricular pressure exceeds aortic pressure (~80 mmHg).
Systole – Ejection: Once the pressure in the ventricle exceeds that of the aorta the semilunar valve
opens and blood is ejected from the ventricle into the aorta. During the first part of this phase
pressure continues to increase and reached a maximum of approximately 120 mmHg at about the
middle of the phase. Ejection of blood is rapid during this part of the ejection phase as can be seen on
the volume curve of the graph. As ejection begins to slow pressure start to decrease in both the
ventricle and the aorta.
Diastole – Isovolumic relaxation: At the beginning of diastole, pressure starts to drop rapidly and
ventricular pressure drops below aortic pressure resulting in the closing of the aortic valve. The
closing of the aortic valves is responsible for the second heart sound. Since ventricular pressure is
still greater than atrial pressure the atrioventricular valves remain closed and there is a brief period
when volume doesn't change (both valves are closed) but pressure drops. Once the ventricular
pressure drops below atrial pressure the atrioventricular valves open, the ventricles begin to fill and
the cycle starts again.
Check out the following link for a good tutorial/animation on the cardiac cycle:
https://books.byui.edu/-Xwz
Before we leave this section, we should discuss a few other aspects of the cardiac cycle. If you look at
the aortic pressure wave you see that it fluctuates between about 80 mmHg at the end of diastole and
120 mmHg during the ejection phase of systole. Later when we address blood pressure we will refer
to these pressures as the diastolic and systolic blood pressures, respectfully, since the lower
pressure occurs during diastole and the higher pressure during systole. Another interesting aspect of
the aortic pressure curve is the little blip we see at the beginning of diastole. Aortic pressure drops
and then as soon as the aortic valve closes there is a sudden, small increase in pressure. This
increase is due to the fact that the aorta is very elastic and during systole as blood is being pumped
in it expands. At the beginning of diastole, the aorta begins to recoil pushing blood forward to the
systemic circulation but also back toward the ventricle. The sudden closing of the aortic valve
produces a pressure wave as the blood pushes against it, resulting in the observed spike in aortic
pressure. This spike is called the dicrotic notch.
Another interesting feature of the figure is the ECG tracing that is superimposed on the cycle. Notice
that the P wave (atrial depolarization) coincides with atrial systole and the QRS complex (ventricular
depolarization) coincides with ventricular systole.
Finally, if you look at the line showing when the heart sounds occur you will see a 3rd heart sound. We
explained that the first two sounds were generated by the closing of the atrioventricular (1st heart
sound) and semilunar valves (2nd heart sound). It should be pointed out that the actual sound is due to
vibration (reverberation) of the valves and the walls of the heart and aorta that happens when the
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valves close. The third sound is generated as blood rapidly flows into the ventricles causing the
ventricular walls to vibrate. When it occurs (it isn't detected in all patients) it is considered to be
normal.
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3.4.2
Cardiac Measurements and Pressure Volume
Loops

If you look at the volume curve in the cardiac cycle graph above you will notice that ventricular
volume changes from about 120 ml at the end of diastole to about 50 ml at the end of systole. We
refer to these volumes, respectively, as the end-diastolic volume (EDV) and the end-systolic
volume (ESV). The difference between them (EDV-ESV) is the stroke volume or the volume of
blood pumped with each beat. In this example, we see that 120 ml – 50 ml =70 ml, therefore the
stroke volume would be 70 ml/beat. If this person's heart rate were 70 beats per minute their heart
would be pumping 4900 ml/minute (70 beats/minute X 70 ml/beat = 4900 ml/minute). The volume of
blood that the heart pumps in one minute is the cardiac output. Average cardiac output at rest is
generally in the neighborhood of about 5 liters per minute.
Stroke Volume = End-Diastolic volume (EDV) – End-Systolic Volume (ESV)
Cardiac output (CO) = Heart Rate (HR) X Stroke Volume (SV)
CO = HR X SV
During exercise EDV increases and ESV decreases resulting in an increase in stroke volume. In an
untrained individual, the stroke volume may increase from 70 ml/beat at rest to around 120 ml/beat
during strenuous exercise. In contrast, the stroke volume of an elite cross-country skier can go from
around 80 ml/beat at rest to well above 200 ml/beat during strenuous exercise. Couple this with a
increase in heart rate and cardiac output can increase to as much as 22,000 ml/minute in the average
person, with cardiac output in well trained athletes nearing twice this much.
One other measurement that is important in cardiac medicine is the ejection fraction. This is
expressed as the percent of the EDV that is pumped each beat. In the example above, EDV was 120
ml and stroke volume was 70 ml, thus the ejection fraction is 58% (70/120 X 100). An ejection
fraction above 55% is considered normal.
Ejection Fraction = (SV/EDV)
If we take the cardiac cycle and plot it as pressure against volume we can create a pressure-volume
loop. The pressure volume loop removes time from the axis, instead focusing solely on pressures and
volume. In the image below, we see an abbreviated version of the cardiac cycle on the left and an
associated pressure volume loop in the middle. The far right is a key of terms. Notice that colors and
definitions are the same between both images. To explain the pressure volume loop we will start in
the bottom left quadrant in the region or interval labeled A (between VF and M; middle figure). At the
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beginning of A, the mitral valve has just opened allowing the ventricle to begin passive filling. This is
possible because the ventricular pressure has dropped below atrial pressure and will remain lower
throughout the passive filling stage. In this particular example, the figure shows that the ventricular
volume will start at around 50ml (residual volume) and increase to 120ml (end of A) with only a
10mmHg increase in pressure.
Pressure Volume Loops

The image above represents two ways to look at the cardiac cycle. The graph on the right is referred to as a pressure volume relationship curve
Image by BYU-I JS Fall 2018

The point labeled “VF” (ventricular Filling) represents the point that the mitral valve opens and
diastolic filling of the ventricle begins. The point “M” (Mitral Valve Closing) represents the closure of
the mitral valve in response to ventricular contraction. The interval “B” (Isovolumetric Contraction)
represents ventricular contraction with all valves closed and no blood entering or leaving the
ventricle. Notice that during B the volume will remain at 120ml until pressure rises enough to
surpass the pressure in the aorta. Once pressure in the ventricle is higher than pressure in the aorta,
the aortic semilunar valves will open at point “AO” (Aortic Valves Open).
When the aortic semi-lunar valves open, blood will begin to leave the ventricle even as ventricular
pressure is increasing (see “C” or Ejection). Point “AC” (Aortic Valves Closing) illustrates the closure
of the aortic valves. Additionally, at point “AC” the higher pressure in the aorta causes the blood to
push back on the aortic valves and close them. Interval “D” is also called isovolumetric relaxation.
During isovolumetric relaxation all valves are closed and volume does not change, even though
pressure is decreasing.
You can compare the points (M, AO, AC, VF) and intervals (A-D) on both graphs to see where events
are happening in each graphical representation.
There are two additional areas on our graph, one labeled as ESPVR which stands for End Systolic
Pressure Volume Relationship and the other labeled as EDPVR which stands for End Diastolic
Pressure Volume Relationship. The ESPVR is a pressure volume relationship that is represented at
maximal contraction (maximal shortening) of cardiac fibers. EDPVR is a pressure volume relationship
that is represented at maximal ventricular relaxation. Clinically, both areas represent important
characteristics of heart function. We will discuss ESPVR, and how it relates to a term called
“Inotropy”.
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Inotropy
Inotropy is sometimes referred to as contractility of the heart. It might help to think of it as the force
of contraction that heart muscle generates as it contracts. Increasing contractility is mostly a
function of calcium influx. Increased calcium in the cytoplasm leads to a greater movement of
tropomyosin off actin active sites and this leads to more binding of myosin to these binding sites. The
greater the degree of myosin binding on actin there is, the greater the force of contraction. Keep in
mind that in most cases, more myosin binding leads to greater force and a more shortened
sarcomere. However, in some cases like high afterload (to be discussed later), greater myosin binding
can lead to greater force, but not as much sarcomere shortening.
Changes in inotropy are essential to heart function because the heart cannot modify strength by
recruiting more fibers or activating motor units. In essence, all the cardiac fibers are activated with a
stimulus, but not all myosin heads need to engage. Thus, the only way to modify strength is by
activating more myosin heads, which is accomplished by regulating cytoplasmic calcium levels. The
flow charts in the section (3.2.3) identify the ways that inotropy can be regulated at the cellular level.

Pressure/Volume Loop Graph Demonstrating Inotropy
Downloaded from (https://www.cvphysiology.com); Dec 2018; Permission statement to use given at: https://www.cvphysiology.com/Ancillary/terms

In the image above, inotropy is represented as a line that runs from the point on the graph where
there is no pressure on the ventricular walls (zero value on Y-axis) and not quite zero on the
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ventricular volume (X-axis), to the point where the ventricle is at a maximum contracted state (point
AC). Ideally, the inotropy line should intersect at zero for both pressure and volume, but
physiologically it is impossible for the heart muscle cells to contract small enough to eject all the
volume.
Inotropy is the slope of this line. The slope is a representation of the rise over run ratio or ΔP/ΔV.
Mathematically, a slope represents a rate of change or rate of growth. Thus, the steeper the line, the
quicker the rate of change. In the case of inotropy, the slope will increase as the ratio of ΔP/ΔV
becomes greater (basically telling us that it takes more pressure to change the volume). The change
in pressure is measured as the result of myosin and actin interactions within the heart muscles and
the change in volume is measured as a result of blood being ejected. To understand this ratio better
and how it relates to inotropy and the slope let’s try an analogy.
Imagine if you cupped both of your hands together and wrapped them around a small balloon full of
water that was open at the top so you could squeeze water out of it like a fountain. Your fingers could
represent the interaction between myosin and actin within the sarcomeres of the heart muscle, and
your palms the sides of the heart chamber. Just like in the heart, consider that the degree of finger
overlap (ie. myosin and actin) is regulated by the amount of calcium. Hopefully it will become clear
that as you hold the balloon of water in your palms, and then start to overlap your fingers, and bring
your palms together, that water would begin to squirt out the top of the balloon. The more you
overlap your fingers (ie. myosin and actin interaction and subsequent shortening of the sarcomere)
the more fluid you would be able to squirt out of the balloon. In other words, the amount of water left
in the balloon could be correlated to how much overlap you did with your fingers. It is important to
understand that even if the pressure applied with your palms remains consistent or the same, as you
continue to increase the finger overlap (sarcomere shortening), more water will be squirted out
because the space between your palms will get smaller and smaller.
Consider what this might look like if we graphed the degree of finger overlap to the volume of water
left in the balloon. Lets look again at the pressure volume loop diagram. In essence, when trying to
understand inotropy, bringing your palms together would be analogous to the changes in pressure
(ΔP), and the amount of water left would be analogous to volume (ΔV). The degree to which finger
overlap effects how much volume of water is left in the balloon, or the ratio of ΔP/ΔV, is inotropy.
Thus to increase inotropy, we could increase finger overlap, but keep the same pressure, which
would still decrease the water in the balloon, indirectly making the ratio of pressure to volume
greater, and thereby increasing the slope (See red graph tracing above).
The ratios of pressure to volume are also used to describe two very important terms: elastance and
compliance.
ΔP/ΔV is the mathematical representation of a characteristic we call Elastance.
ΔV/ΔP is the inverse of Elastance and is called Compliance.
Let’s look at this relationship again. An increase in the ratio of ΔP/ΔV (increased inotropy) is also
saying that it takes a lot of pressure to get a small change in volume. This is the clinical way of
looking at inotropy as measured by elastance. Elastance is a variable that represents the stiffness of
the ventricular wall during its maximally contracted state. We will try to explain elastance using the
following graph.
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Image by JS W21

If we take a closer look at the graph above, we see that the lighter colored loop has more inotropy
(greater contractility or a “steeper slope”). The graph for the lighter colored loop illustrates that the
ventricle must have contracted with a greater force (more myosin and actin interaction) because less
volume remains in the ventricle at the end of contraction. As predicted, the inotropic line is much
steeper when compared to the darker colored graph. According to our definition of elastance, the
lighter colored ventricle is also more stiff (or contracted down) at the point of maximal contraction.
Let’s try another imagination experiment to interpret what the slope of the line at this point is telling
us as it pertains to elastance. Imagine that it was possible to go into the ventricle at the very moment
of maximal contraction. If we pushed on the walls and tried to return (stretch) them back to normal,
we would have to put a lot of pressure on the ventricle walls before it moved a little bit. We know
this because the rise or vertical component of the red triangle on the inotropic line is quite large
compared to the volume or horizontal line. So, it takes a lot of pressure to get any increase or change
in volume.
Hopefully, you can see how measuring the slope of this inotropic line also gives us an idea of how
“stiff” the ventricle is at maximal contraction which gives us an idea of how much calcium was
allowed to be in the cytoplasm during this contraction loop.
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However, in the darker colored loop, the inotropic line has a slope that is more shallow, which tells us
that there is likely less cytoplasmic calcium allowing for less myosin to pull on actin and the end
contraction state is such that the ventricle is not as “contracted down” or “as stiff” at the end of its
contraction phase. The decreased stiffness can be seen by noticing in the little triangle that the
vertical pressure line is much closer to the size of the horizontal volume line. Again, you could
imagine going into the ventricle at this exact time and pushing on the walls. Because it is not as
“contracted down” or “as stiff”, we would be able to stretch the ventricle walls (increase volume)
much more with the same unit of pressure.
Summing things up…the slope of the inotropic line gives us an idea of the contractility or calcium
regulation during cardiac muscle contraction and is an integral part of ESPVR.
Now a quick look at the other pressure volume relationship line called EDPVR. This line occurs when
the ventricle is maximally relaxed. This is represented by the red line at the bottom called the EDPVR
line. Notice how much the volume increases (horizontal blue line) with just a small change in
pressure (vertical blue line). Relaxed cardiac muscle without calcium in the cytoplasm has very little
elastance, but a lot of compliance.
However, an injured or diseased heart, might have connective tissue and scar tissue in and around
the fibers and this would not be as compliant. We would see this on a pressure volume loop when the
slope of the hypotenuse for the blue triangle on the bottom of the loop is increased.
Afterload
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Afterload
Image by JS W21

The graph above can help us begin to grasp a concept called Afterload. Consider the following
attempts from various texts to give a definition of afterload:
Afterload is the force against which the heart must pump to expel blood into the vasculature.
Afterload is the resistance to blood coming out of the ventricle during the ejection phase.
Afterload is the sum of forces that include elastic and kinetic that oppose ventricular ejection.
Myocytes contract, and when they contract, they overcome some level of resistance in order to
move blood. The resistance that must be overcome is called afterload.
Remember that the heart is a muscle that contracts to displace a viscous fluid into a stretchy
elastic receptacle. Anything that resists this movement of blood, is Afterload.
Ok, lets take a look at the graph above. Notice that there is a different line with a slope through the
middle of the loop. The slope of this line will also teach us about elastance, but in this case we will
use the line to estimate Arterial Elastance. Arterial elastance is not the elastance discussed before.
Arterial elastance is the elastance in the arterial tree and NOT the ventricle itself.
The bottom of the line labeled arterial elastance represents the place where all the blood that is
about to enter the arteries is actually in the heart and not in the arteries. So, the contribution of this
volume of blood to stretching or pushing on the arteries is actually “0”. The other point on this line is
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at the end of the period of ejection. At this point, all the blood that was ever going to enter the
arteries is now in the arteries. So, whatever pressure this particular stroke volume of blood was going
to contribute to the arterial walls is now fully realized because all the stroke volume has left the
ventricle. If we draw a line between these two points, and assess its slope, we see that the steeper
the slope, the more pressure it takes to get a unit of volume change. The more shallow the slope, the
less pressure it takes to see a unit of volume change. Once again, we are talking about elastance. This
time, however, we are talking about arterial elastance. Arterial elastance is part of afterload.
Revisiting our balloon analogy, afterload would be equivalent to having your lab partner pinch the top
of the balloon to restrict water flow as you tried to squeeze the balloon with your palms. When this
happens, to squirt out an equivalent amount of water, in the same time period, would require you to
push more with your palms and try to overlap your fingers more. The key word is “try” to overlap
your fingers more. If water is more difficult to squeeze out because of the increased resistance (from
your lab partner), you may find that overlapping your fingers is more difficult. This can be seen in the
afterload diagram below. As you increase afterload, inotropy stays the same (stiffness and degree of
myosin/actin overlap), but pressure increases as well as the amount of blood remaining in the heart.
In the red loop the pressure increased, but this increase in pressure was unsuccessful in ejecting
more blood. This is because myosin and actin were unable to shorten the sarcomeres completely,
despite lots of calcium present in the cytoplasm. At the molecular level, myosin was binding and
undergoing the power stroke but was unable to pull actin across itself. Thus the ratio of ΔP/ΔV
remained the same. Is it evident that the heart would not be very happy with this situation as stroke
volume would decrease making cardiac output decrease? Keep in mind however, that if stroke
volume does decrease, it may be possible to keep cardiac output from dropping if heart rate increases
enough (CO= SV * HR).
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Pressure/Volume Loop Graph Demonstrating Afterload
Downloaded from (https://www.cvphysiology.com); Dec 2018; Permission statement to use given at: https://www.cvphysiology.com/Ancillary/terms

Even though increases in arterial elastance is the most common contributor to changes in afterload,
there are other things that can resist movement of blood from the ventricle. There may be anatomical
change to the valvular openings for example that would resist blood movement and this would
certainly raise afterload.
Anything that causes the pressure to rise during the ejection phase or anything that causes the
arterial resistance elastance line to increase its slope will cause afterload to increase.
Here are some examples.
Increased viscosity of blood will require greater pressure to overcome inertia and create
kinetic energy. This will raise the pressure generated during the ejection phase.
Vasoconstriction will make the arterial tree less compliant and the ventricle will have to
generate greater pressure to move blood into the arterial tree. This will increase afterload as
the end systolic pressure will have to be higher.
A narrowed opening of the aortic semilunar valves will make it more difficult to move the same
stroke volume of blood into the arterial tree. This will require the pressure to increase in the
ventricle in order to compensate for the difficulty of moving blood through the smaller
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opening.
Arteriosclerosis or “hardening of the arteries” will make it more difficult to move blood out of
the ventricle because the aorta will not stretch as well. Rather, the arteries will be more “stiff”
even before the blood starts to come. The ventricle will have to generate more pressure to
continue the flow of adequate blood supply into this stiffer aorta.
Preload

Pressure/Volume Loop Graph Demonstrating Preload
Downloaded from (https://www.cvphysiology.com); Dec 2018; Permission statement to use given at: https://www.cvphysiology.com/Ancillary/terms

Preload can best be thought of as the amount of stretch in the cardiac sarcomeres before they
contract. Sarcomeres are passively stretched during diastole when the ventricle is filling with blood.
The volume of blood on the x axis of a pressure volume loop when isovolumic contraction begins is a
good index for preload.
Notice that if inotropy and afterload stay constant, and the amount of blood returning to the heart
increases, the total volume of blood in the heart also increases. Since afterload and inotropy stay the
same, the heart will contract to the same end-systolic volume (50ml). Moving from the green loop to
the red loop results in a substantial increase in stroke volume and ejection fraction.
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This is an interesting phenomena. How is it that the same amount of cytoplasmic calcium and the
same amount of afterload can result in progressive increases in stroke volume and ejection fraction
by simply filling the ventricle more? Doesn’t it seem like the heart would have to come up with more
energy and force (more inotropy) somehow to pump progressively larger amounts of blood? Well, it
turns out that increased cardiac muscle stretch will actually put the sarcomeres in a more optimized
length tension relationship. This is the other way that heart muscle contraction force is adjusted.
Relaxed cardiac muscle is in a very shortened sarcomere position. As the preload increases, the
sarcomeres are stretched out to expose more and more actin active sites to myosin. This is the same
length tension relationship we talked about with skeletal muscle.
The idea that increasing preload causes increased force production without having to cause more
calcium influx is called the Frank-Starling mechanism. There are limits of course, as over stretch
would actually make the cardiac muscle much less capable of force production (also similar to the
over stretch and length tension relationship weakness discussed in skeletal muscle).
But, for the functional ranges that humans use their hearts in rest and activity, we find that the
increased venous return stretches the heart to more optimal sarcomere length which will increase
stroke volume for any given inotropy and afterload values.
Preload is impacted by veins that pump blood back toward the heart. Veins are unique from arteries
in that they contain hardly any pressure at all and they have one-way valves that open as blood flows
toward the heart but will close as blood falls away from the heart and back to the extremities because
of gravity. As the muscles in our body contract they squeeze the veins of the legs and arms and force
the blood back to the heart. This is known as the skeletal muscle pump for venous return. As we
stand, walk or run, blood is pumped back to the heart, increasing the preload. We also have a
respiratory pump that functions as we breath. When we breath in and out, the movement of the
diaphragm helps to create changing pressure gradients in our body cavities that can kind of
“massage” blood back to the heart. Through the utilization of these venous return mechanisms, the
body maintains preloads that are necessary to keep cardiac output at homeostasis.
Look at the charts above one more time and try to imagine how a change in inotropy, afterload or
preload could affect stroke volume and then cardiac output. One day, when you begin treating
patients, you will realize that the treatments at your disposal will have a major effect on inotropy,
afterload or preload. So, knowing how these variables affect cardiac output and how they affect each
other can help you make wise cardiovascular treatment decisions.
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3.5
Blood vessels and Blood Pressure
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3.5.1
Arteries and Veins

It may help to see a good image of blood vessel anatomy. Here are a couple of links of images we
like.
https://books.byui.edu/-NtzM
https://books.byui.edu/-LUJo
Three main kinds of blood vessels are found in the human body: arteries, capillaries, and veins.
Arteries are systemic vessels which transport blood from the left ventricle to cells and tissues
throughout the body. The arteries nearest the left ventricle are massive vessels, having walls
composed mostly of elastic tissue and to a lesser extent, smooth muscle. As blood travels further
through the system, the arteries become increasingly branched and decrease in size. As this
branching occurs, arterial wall composition changes as well, incorporating more smooth muscle and
less elastic tissue. Owing to this change in composition, arteries are categorized from largest to
smallest as elastic arteries, muscular arteries, and finally arterioles. Arterioles are particularly
sensitive to neural and endocrine influences. Arterioles change diameter under these influences and
this impacts the amount of resistance to blood flow. Blood within arterioles courses into the smallest
type of vessels known as capillaries. Capillary walls are extremely thin which allows the blood to
exchange oxygen, nutrients, and waste products with surrounding cells and tissues. The thinness of
the walls also reduces their ability to withstand high pressure, thus a major reduction occur at the
arterioles before reaching the capillaries. By the time blood hits the capillaries the pressure has been
reduced from 120mmHg to around 25mmhg and the flow has gone from a rapid pulsating flow to a
slow smooth consistent flow.
Capillaries connect the arterial blood flow to veins, which transport blood from the cells and tissues
of the body back to the right atrium of the heart. Veins are categorized from smallest to largest as
venules, small veins, and medium/large veins. Venous wall composition differs from arterial wall
composition because they have less smooth muscle and elastic tissue.
Tunica Adventitia
The outermost tunica adventitia is made up of connective tissue which vary in consistency and tissue
type based on depth. The deepest layers are composed of dense connective tissue while the
outermost layers are composed of loose connective tissue continuous with that of the surrounding
tissues.
Tunica Media
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The tunica media is the most variable of all the layers between different types of arteries. It is
composed of circular bands of smooth muscle cells which can contract or relax and change a vessels
diameter. The tunica media also contains various amounts of elastic and collagen fibers. An elastic
layer known as the external elastic membrane divides the tunica media from the tunica adventitia.
This layer is especially prominent in large vessels like the aorta.
Tunica Intima
The innermost tunica intima is composed of an endothelial layer, a connective tissue basement
membrane and a slim layer of connective tissue known as the lamina propria. An elastic layer known
as the internal elastic membrane divides the tunic intima from the tunica media.
Vasa Vasorum
Recall that blood vessels exist because all cells within the human body require oxygen, nutrients, and
the disposal of waste products in order to survive. Considering that the vessels themselves are
composed of living cells many layers thick, they are not exempt from these requirements. The
requirements of vessels under 1 mm in diameter are easily satisfied by diffusion between the lumen
of the vessel and its surrounding layers. However, vessels larger than this size must be sustained by a
capillary network of vessels known as vasa vasorum within the tunica adventitia and tunica media
layers.
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Vasa Vasorum.
This image was drawn by BYU-Idaho student Nate Shoemaker Spring 2016

Arterioles
Arterioles are the smallest type of artery and are similar in composition to muscular arteries. The
tunica adventitia is extremely thin and devoid of an external elastic membrane. The tunica media is
composed of smooth muscle tissue, but contains few layers. The tunica intima does not have an
internal elastic membrane.
Veins
Veins are thinner than arteries. The tunica media has less smooth muscle in it. The thinner vessels
with less smooth muscle makes them have more compliance. Because of the extensibility of the veins,
we find that at any moment, there can be around 70 percent of a persons blood in the veins. When
the body needs to increase cardiac output, the veins can contribute more blood by some
vasoconstriction but also by more skeletal muscle contraction such as occurs during exercise.
Venules
Venules are the smallest type of vein. Venules receiving blood directly from capillaries are very
similar to the capillaries themselves. As the venules increase in size, an increasing number of smooth
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muscle cells are found surrounding the tunica intima.
Small Veins
Once venules reach a certain diameter, a tunica media layer of smooth muscle cells completely
surrounds them. At this point they are known as small veins. A tunica adventitia layer of collagen
fibers is also found surrounding the smooth muscle tissue of the tunica media. All veins tend to be
larger than arteries at a similar point in the vascular tree. This is because veins have thinner walls
and Tunica layers. These thin layers allow veins to stretch a lot. This ability to stretch is called
“compliance”. Veins have a lot more compliance than arteries.
Valves
Valves are common components of medium and large veins greater than 2 mm in diameter. A valve is
formed by two overlapping sections of tunica intima tissue that converge to close off their respective
vein should back flow occur. Valves are far more prevalent in medium veins and in veins of the legs
than in veins of the arms. Sometimes valves can be stretched if there are excessive amounts of
pressure in the vein. This can sometimes happen if a person stands or sits for long periods of time
(over many months and years). In these situations, blood can have a hard time moving up the venous
vessels because of gravity or compression of lower extremity soft tissue. We tend to find more valves
in the veins of the lower extremities. This is likely because we spend so much time upright and
gravity pulls on the venous blood. Having more valves will allow more "gates" that blood would have
to move past to descend downward toward the feet (under the pull of gravity).
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3.5.2
Capillaries

As mentioned above, capillaries are the smallest vessels in the human body, with an interior diameter
roughly equivalent to the width of a single erythrocyte at 5-10 µm. Widespread branching creates a
capillary network capable of carrying blood to within 1 mm of almost every human cell. There are
estimated 10 billion capillaries in the body, each 1.1-millimeter-long which if stretch end to end
would equal 25,000 miles. Accordingly, capillaries lie very close to one another arranged in
complexes throughout the body known as capillary beds.

Blood Pressure Changes From Arteries to Veins
Image created at BYU-Idaho by Nate Shoemaker Spring 2016
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Owing to this widespread branching, the total area of vasculature within the capillary network
greatly exceeds that of the arterial network that supplies them. Consequently, as the total area of
vasculature increases, the velocity and pressure of the blood decreases. This decreased velocity
allows more time for the diffusion of oxygen, nutrients, and waste products to occur between
capillaries and the tissues they support.
Three main types of capillaries exist within the human body based on their permeability to substances
departing and entering the blood stream. These three types are known as continuous, fenestrated,
and sinusoidal capillaries.

Continuous, Fenestrated and Sinusoidal Capillaries
Image created at BYU-I Fall 2013

Continuous Capillaries
The endothelial tissue of continuous capillaries is arranged with virtually no gaps between individual
cells. This allows continuous capillaries to be impermeable to polar molecules and in some cases
even water. Continuous capillaries are the most common type in the body and are located in kidneys,
nervous system, muscle, fat, heart and a number of other tissues throughout the body.
Fenestrated Capillaries
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The endothelial tissue of fenestrated capillaries is also arranged in a tight weave, but comparatively
large pores known as fenestrae occur within the individual cells. Fenestrated capillaries primarily
supply tissues which require a high level of permeability for accelerated diffusion such as the
intestines, and kidney glomeruli. Fenestrae size varies depending upon tissue type. The size of the
fenestrae determines the size of the substances that can pass in and out of the bloodstream.
Sinusoidal Capillaries
Sinusoidal capillaries are similar to fenestrated capillaries but are larger in diameter and are
arranged in a looser weave to allow the presence of gaps between individual cells. These capillaries
are found in tissues such as endocrine glands, which require permeability to large molecules.

A Sinusoid is a special type of capillary bed, found in the bone marrow, spleen and liver. These
capillaries possess very large gaps between individual cells. The gaps are large enough that all the
components of blood freely pass.

Pre-capillary Sphincters
Image created at BYU-Idaho Fall 2013

As blood flows from an arteriole into a capillary bed, it passes by a concentration of smooth muscle
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cells known as the precapillary sphincter, located at the arteriole end of each arteriole. This
sphincter controls the amount of blood that enters the capillary bed. In this way, the precapillary
sphincters control the local blood flow in the tissues.
When the sympathetic nervous system is activated during times of “fight and flight” responses,
muscular arteries and arterioles constrict. This greatly decreases the amount of blood flow to an area
of capillary beds. However, the sympathetic nervous system does not constrict precapillary
sphincters. This is because pre-capillary sphincters are not innervated by sympathetic nerves but
instead rely on products of increased metabolism like CO2, acid, and adenosine to stimulate sphincter
relaxation. In fact, through mechanisms not completely understood it can be shown that when
precapillary sphincters are stimulated by waste products to relax, vessels upstream from these
metabolically active tissues also dilate. The effects of metabolic waste products on precapillary
sphincters overrides the sympathetic response to constrict arterioles in the area. This is
advantageous during exercise because the circulation will increase blood flow to the metabolically
active tissue while decreasing blood flow almost everywhere else. This ability for tissues to regulate
their blood flow based off of metabolic need is called autoregulation.
Capillaries and Temperature Regulation
Capillaries play an important role in temperature regulation as well as in capillary exchange. There is
a structure of special vessels known as arteriovenous anastomoses that shunts blood flow directly
from arterioles into small veins, avoiding capillaries entirely. This becomes especially important in
the skin, when the body needs to shunt a lot of blood away from the skin quickly to control heat loss.
Arteriovenous anastomoses may also develop pathologically due to genetic or developmental errors
or from tissue damage or as a result of tumor growth. These vessels allow large quantities of blood to
flow directly from arteries into veins, greatly increasing venous return and thereby, the workload of
the heart. Heart failure may result if these vessels are allowed to grow to extremely large sizes. Also,
these malformed anastomoses can break and cause unwanted bleeds, especially if they are in the
brain.
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3.5.3
Blood Pressure Regulation and Shock

Blood pressure is tightly controlled. Homeostatic mechanisms assure that blood pressure does not
get too low or life sustaining organs like the brain can be in danger of permanent damage. You may
hear the term Pulse Pressure. Pulse pressure is the pressure difference between the peak systolic
and diastolic pressures. For example, if the systolic pressure is 120 mmHg and the diastolic pressure
is 80 mmHg, then the pulse pressure is 40 mmHg.
Another term to understand is Mean Arterial Pressure (MAP). MAP is equal to the cardiac
output multiplied by the total peripheral resistance (PR). Another way in which MAP can be
calculated is by taking a weighted average of systolic and diastolic blood pressure. Weighted average
means that diastolic pressure has more influence on the "average" pressure for arteries because
diastole lasts longer than systole. MAP is calculated using the formula: MAP=Diastolic Pressure +
1/3 (Systolic Pressure - Diastolic Pressure).
The image below shows the mean arterial pressure as a solid line dropping from about 100 in the
aorta to 0 in the veins.
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Mean Arterial Pressure Difference throughout the Blood Vessels.
Image drawn by J. Shaw at BYU-Idaho Fall 2013

MAP = CO X PR
CO = HR X SV
PR ∝ L*V/r4
MAP = Mean Arterial Pressure; CO = Cardiac Output; PR=Peripheral Resistance;
HR= Heart Rate; SV=Stroke Volume; L = Length; V=Viscosity; r=radius of a blood vessel
The concept of "PR ∝ L*V/r4" Comes from work done by a French physicist named Jean Léonard Marie
Poiseuille (1797 - 1869). Poiseuille studied flowrates of fluid in pipes. His principles apply relatively
well to human blood vessels.
Two equations help define his work on flowrate.
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This equation suggests that more fluid will flow through a vessel if the pressure difference from the
start (P1) and end (P2) of the vessel is high (i.e. a high blood pressure) and the peripheral resistance
to blood flow (PR) is low. This second equation defines the factors that determine peripheral
resistance.

When these two equations are combined we get an equation that defines "Poiseuille's Law".

According to Poiseuille's Law, vasodilation would result in a very significant increase in blood flow
through a vessel. Also, vasoconstriction would cause blood flow to drop (notice "r" to the 4th power).
The muscular arteries and arterioles of the human circulatory system can change their radius
remarkably with vasodilation and vasoconstriction.
The blood pressure in the large arteries is what is being determined when a blood pressure is taken.
The equations above help us visualize the variables that can regulate and change blood pressure.
Notice that the peripheral resistance is listed as being "proportional" (use of the proportional symbol
‘∝’) to blood vessel length and blood viscosity but inversely proportional to radius of the blood vessel
raised to the 4th power! The proportional sign (∝) is used because the actual equation for peripheral
resistance uses some constants not shown here. We do not intend to actually calculate peripheral
resistances, but we do want to see how the variables relate to each other.
Consider the following example:
During exercise, skeletal muscles contract, pumping and returning more blood to the heart. The heart
beats with stronger contractions to evacuate the extra blood returning to the heart (increased venous
return). This makes stroke volume go up. During exercise, heart rate also increases. If HR and SV
increase, then CO increases and the equations above show us that an increase in CO would increase
MAP. An increase in MAP helps maintain adequate blood flow to working muscles during exercise. A
discussion of blood pressure is really a discussion of how the body controls the variables in the
equations mentioned to keep blood pressure in homeostatic ranges.
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Short-Term Regulation
Short-term blood pressure regulation includes four responses: the baroreceptor reflex, the
chemoreceptor reflex, the adrenal medullary mechanism and the central nervous system ischemic
response.
Baroreceptor Reflex
The ultimate role of the heart is to create sufficient pressure to ensure that blood flow to the body's
tissues is maintained. Some tissues, like the cells of the brain and the cardiac muscle cells
themselves, cannot survive for very long without a constant supply of blood. For example, brain cells
die after only 4 or 5 minutes without oxygen. The baroreceptor reflex plays a key role in the shortterm regulation of blood pressure. Like all reflexes, there are five components to this mechanism. We
will describe the components and then explain what happens when there is a sudden change in blood
pressure.

Baroreceptor reflex
Image modified by Nate Shoemaker (Spring 2016) using the following Wikimedia images: Title: Brain Anatomy (Sagittal) Author: BruceBlaus Site URL: https://commons.
wikimedia.org/wiki/File:Brain _Anatomy_(Sagittal).png License: Public domain Title: Cervical vertebrae lateral2 Author: Was a bee Site URL: https://commons.
wikimedia.org/wiki/File:Cervical _vertebrae_lateral2.png License: Public domain Title: Cervical vertebrae lateral2 Author: Was a bee Site URL: https://commons.
wikimedia.org/wiki/File:Cervical _vertebrae_lateral2.png License: Public domain
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1. The receptors: For this reflex the receptors are baroreceptors (pressure receptors) that
reside in the arch of the aorta and in the carotid sinuses. The carotid sinuses are located in the
internal carotid arteries immediately distal to the bifurcation of the common carotid arteries.
These receptors are stretch receptors whose rate for generating action potentials is
proportional to blood pressure, increased blood pressure results in increased stretch and an
increase frequency of action potentials. Conversely, a drop in blood pressure deceases the
frequency of action potentials generated by the receptors.
2. Afferent pathway: Action potentials from the carotid sinus receptors are transmitted to the
brains stem via cranial nerve IX (glossopharyngeal) while action potentials from the aortic arch
receptors are transmitted via cranial nerve X (Vagus)
3. Integrating center: Located in the medulla of the brain stem are the cardiovascular
centers that regulate the rate and strength of contraction of the heart, as well as the diameter
of the systemic blood vessels (primarily the arterioles).
4. Efferent pathway: Parasympathetic fibers extend from the cardiovascular centers of the
medulla to the heart via the Vagus nerve. Sympathetic fibers travel through the cardiac
sympathetic nerves to the heart. In addition, sympathetic fibers also project to the adrenal
medulla where they stimulate the release of epinephrine and norepinephrine into the blood.
5. Effector organ: The effector organ in this reflex is the heart which can respond by increasing
or decreasing cardiac output through changes in heart rate and strength of contraction. It
should be pointed out that another effector organ in this reflex are the systemic arterioles.
Their role in regulating blood pressure will be explained in the unit on blood vessels.
Now we will describe what happens when there is a sudden change in blood pressure. All of you have
probably had the experience of quickly standing up and suddenly feeling light headed. This feeling is
due to a transient decrease in blood flow to the brain. Fortunately, this happens only occasionally in
most people. The reason you normally don't get light headed when you stand is due to the
baroreceptor reflex. When we stand, blood flow to the brain decreases, due to gravity. Venous return
decreases, cardiac output decreases, and blood pressure decreases. This is immediately sensed by
the baroreceptors as they are stretched less. The reduced stretch results in a lower frequency of
action potentials being transmitted to the cardiovascular centers, which is interpreted as a drop in
blood pressure. The cardiovascular centers respond by decreasing parasympathetic activity and
increasing sympathetic activity. These changes result in an increased rate of contraction as well as an
increase in the strength of contraction, which increases cardiac output and restores blood flow to the
brain. The reflex can respond within about two heartbeats of the time of the change. Take a moment
and try a little experiment. While sitting quietly find the carotid pulse in your neck with your index
finger. After you have an idea of how fast your heart is beating quickly stand and see if you can detect
a change. What happened when you stood up? One more assignment: see if you can explain the series
of events that would take place if there were a sudden increase in blood pressure.
Chemoreceptor Reflex
We have just described what happens when blood flow to the brain changes. However, there may be
situations when blood flow doesn't change but the amount of oxygen delivered to the tissues
decreases. This would happen if the oxygen content of the blood were to change and carbon dioxide
levels increase, such as when there is respiratory distress due to illness or even in the normal
adjusting to different altitudes of varying oxygen content. One way to maintain oxygen delivery even
if the blood oxygen content is decreased would be to increase blood flow to the tissues. The
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chemoreceptor reflex works to ensure sufficient delivery of oxygen when blood gas levels change.
Located near the baroreceptors in structures called the carotid and aortic bodies are
chemoreceptors that respond to changes in oxygen, carbon dioxide and hydrogen ions (pH) in the
blood. When there is a decrease in oxygen, an increase in carbon dioxide or an increase in hydrogen
ions, these receptors are stimulated (the reflex circuitry is the same as for the baroreceptor reflex).
Stimulation of the chemoreceptors results in an increase in cardiac output, which delivers more blood
to the tissues, providing sufficient oxygen while at the same time increasing blood flow to the lungs to
provide for adequate gas exchange. Although this reflex does influence cardiac output, it plays a
much greater role in regulating the respiratory system, which will be discussed in a later chapter.

Clinical Note
Another important factor in the regulation of cardiac activity is the level of ions in the extracellular
fluids. The generation and conduction of action potentials as well as the movement of calcium ions is
crucial to normal functioning of the heart. As we have seen previously, the concentrations of certain
ions in the extracellular fluid can have a huge impact on the actions of excitable tissues. Of particular
importance is the concentration of potassium in the extracellular fluids. Normal extracellular
potassium ion concentrations are 3.5 - 5.0mM. A Concentration of <3.5mM is considered
hypokalemia while a concentration of >5mM is considered hyperkalemia. Both conditions can be life
threatening. Hyperkalemia results in depolarization of the membrane potential. This affects the
electrical activity of the heart and early signs are changes in the ECG, such as tall, peaked T waves,
increased duration of the PR interval, and widening of the QRS complex. If left untreated the
hyperkalemia can eventually result in a systolic cardiac arrest. Hypokalemia, on the other hand
results in hyperpolarization of membranes. The heart muscle cells are particularly sensitive to
hypokalemia and severe conditions can result in ventricular arrhythmias and again asystole or
cardiac arrest.

Adrenal Medullary Mechanism
As you have previously learned, the adrenal medulla synthesizes and releases epinephrine (also called
adrenaline) during times of sympathetic stimulation. Epinephrine can act as an activating ligand on
all adrenergic receptors that include beta receptors of the heart and vasoconstricting alpha 1
receptors of blood vessels. Stimulation of the heart will use the mechanisms we saw in the previous
section to increase inotropy, lusitropy and chronotropy. This combined with vasoconstriction of blood
vessels causes increased blood pressure.
Central Nervous System Ischemic Response
The central nervous system ischemic response is an emergency response to very low blood flow.
The CNS ischemic response receptors are located in the medulla oblongata and respond to very low
blood pressure in the brain (below 50 mm Hg). In response, specific vasomotor center receptors
stimulate severe constriction of peripheral blood vessels and very intense heart rate increase in order
to increase blood pressure. Thus, for a short period of time, ischemia (lack of blood flow) is
compensated for and the CNS is able to function. However, the CNS ischemic response is generally
not sufficient to maintain adequate blood flow for very long. Metabolic activity in the brain struggles
to continue and death is likely. The CNS ischemic response can be likened to a last-ditch effort to
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prevent the brain from shutting down during episodes of extremely low blood pressure.
Long-Term Regulation
This section will introduce five long-term blood pressure regulation mechanisms: the reninangiotensin-aldosterone mechanism, the vasopressin/anti-diuretic hormone (ADH) mechanism, the
fluid shift mechanism, stress-relaxation response, and the atrial natriuretic mechanism. Each of these
works to change blood pressure by altering blood volume, or vascular smooth muscle tone (dilation or
constriction). Unlike, short-term blood pressure regulation that occurs in seconds, long-term
regulation can take several minutes, hours or days.
Renin-Angiotensin-Aldosterone Mechanism
The renin-angiotensin-aldosterone mechanism plays a very important and active role in blood
pressure regulation on a day-to-day basis. It uses a variety of means, such as water reabsorption in
the kidney tubules and vasoconstriction, to regulate blood pressure.
The Renin-Angiotensin-Aldosterone mechanism centers on the level of the enzyme renin in the
blood. Renin is produced in the kidney in specialized structures known as the juxtaglomerular
apparatus. When in the blood, renin cleaves a liver-produced serum zymogen (inert enzyme
"waiting" to be activated) known as angiotensinogen. The cleaved portion is a protein known
as angiotensin I. Angiotensin I is then cleaved again by an angiotensin converting enzyme (ACE:
largely found in the small vessels of the lung) into angiotensin II, the final, active form of the
original angiotensinogen. Angiotensin II then initiates several simultaneous responses as it diffuses
throughout the body.
The first of these responses results when angiotensin II binds to specific receptors on smooth muscle
cells in arterioles. The resultant signal cascade results in widespread vasoconstriction. This in turn
increases the amount of venous blood which returns to the heart as well as increasing peripheral
resistance. These two factors combine to increase blood pressure. The second response occurs when
angiotensin II binds to cells in the adrenal cortex prompting the production and release of the
hormone aldosterone. Aldosterone acts on kidney structures called nephrons where it increases the
reabsorption of sodium and chloride ions (reabsorption means moving from the nephron filtrate back
to circulating blood). If a hormone called ADH (vasopressin) is present, the increase of Na+ and Clresults in reabsorption of water as well (because the water will follow the net movement of solutes).
This prevention of solute and water loss in the urine translates into prevention of blood volume loss.
Therefore, blood pressure decreases are minimized because of the manipulation of blood volume. The
third and fourth responses initiated by angiotensin II are increased salt appetite and an increased
sense of thirst. Increased salt intake means increased water as well, because water follows the net
gain of solutes. Increased thirst will raise blood volume directly by virtue of increased water intake.
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Ace and ACE II
There are different types of ACE enzymes, mainly ACE and ACE II. The ACE II enzyme converts
angiotensin II into angiotensin 1-7. Angiotensin 1-7 has opposite effects as that of angiotensin II, in
fact, angiotensin 1-7 protects against high blood pressure. It is the ratio between angiotensin II and
angiotensin 1-7 that is most important for physiological health and homeostasis. In 2019, the COVID
19 pandemic was caused by a coronavirus (same family type that causes the common cold), first
identified in Wuhan China. In COVID-19, ‘CO’ stands for ‘corona,’ ‘VI’ for ‘virus,’ and ‘D’ for disease
and the 19 by the year it was discovered. The COVID 19 virus attaches to the ACE II enzyme, using
the binding to the enzyme as an entry point into cells. The binding inactivates the enzyme, disturbing
the balance between angiotensin II and angiotensin 1-7, and in people already health compromised,
that imbalance can prove devastating.

Image drawn by BYUI student Fall 2013

The vasopressin/anti-diuretic hormone (ADH) mechanism works side-by-side with the ReninAngiotensin-Aldosterone mechanism to raise blood pressure. ADH is able to cause vasoconstriction
which will increase peripheral resistance. In fact, another name for ADH is vasopressin because of its
ability to constrict vessels of the vascular system. However, its main effect is to increase water
reabsorption from the kidney nephrons, thus the other name "ADH" which means Anti-Diuretic
Hormone. Diuresis means an increase production and excretion of urine. The ADH reflex is activated
by two specific indicators: high blood osmolality and low blood pressure.
Fluid Shift Mechanism
The fluid shift mechanism is a simple yet very effective means of long-term blood pressure
regulation. When blood pressure is high, the amount of interstitial fluid increases, which lowers blood
volume. When blood pressure is low, the amount of interstitial fluid is decreased to raise the blood
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volume. This occurs mostly through the capillaries when pressure deviations change the equilibrium
balance pointed out in the section on capillary exchange. It is functional in as little as minutes and is
maximally effective in a matter of hours. It is an especially important means of compensating for
changes that occur during dehydration and hyperosmolarity.
Atrial Natriuretic Mechanism
The atrial natriuretic mechanism is powered by atrial natriuretic hormone sometimes called
(ANH) which is produced in specialized cells of the right atrium of the heart. When blood volume or
vasoconstriction causes more blood to return to the right atrium, the atrium is stretched and there is
an increase in release of ANH from the atrial cells. As ANH is distributed throughout the body’s
vasculature, it causes vasodilation. This decreases peripheral resistance and, as a result, lowers the
blood pressure. Simultaneously, the atrial natriuretic hormone acts on the kidney tubules to increase
the excretion of both sodium and water in the urine. This in turn decreases blood volume.
Stress-Relaxation Response
The final long-term blood pressure regulation mechanism is the stress-relaxation response. This
response is a simple adjustment of blood vessel smooth muscle tone in the hours following a change
in blood pressure. If, for example, blood volume rose by 400 mL, the blood pressure would rise
accordingly. To compensate for this, smooth muscles in the walls of the various types of vessels
would gradually relax until the blood pressure drops to a safer level. Oppositely, in the case of a drop
in blood volume, vascular smooth muscles would contract gradually in an attempt to raise blood
pressure. This change in smooth muscle tone happens automatically even without any nervous system
or hormonal regulation. The tendency of smooth muscle to gradually relax under significant tension
or gradually contract under very low tension is an intrinsic property of smooth muscle cells.
Shock
Shock is a life-threatening condition that occurs when there is inadequate delivery of blood for body
cells to use. There are several different reasons or causes of this. Shock results in such symptoms as
rapid heart rate and rapid loss of blood pressure. If both short-term and long-term blood pressure
regulation mechanisms fail to solve the problem, shock can result in death. In fact, circulatory shock
is one of the most common causes of death. Shock can arise from hemorrhaging (bleeding), which is
called hemorrhagic shock. It can also result from failure of the heart to pump blood normally (such
as in the case of a heart attack, irregular heartbeat, or valve problems), which is called cardiogenic
shock. It can occur from system vasodilation in response to an extreme allergic reaction to an
antigen to which the body has become hypersensitive, which is called anaphylactic shock.
Sometimes bacterial toxins can trigger widespread vasodilation and increased capillary permeability.
When an infection causes this, we refer to it as Septic Shock.
There are three stages of shock that a person can go through. The first is called compensated
shock. Compensated shock is the initial stage in which blood pressure mechanisms seek to bring
circulation back into homeostasis. Short-term responses such as the baroreceptor reflex, the CNS
ischemic response, and the chemoreceptor reflex accelerate the heart rate and stimulate
vasoconstriction. Long-term responses further cause vasoconstriction and attempt to increase blood
volume.
If these attempts fail, circulatory shock advances into a dangerous positive-feedback cycle where
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heart rate increases steadily without any improvement in blood flow. This is called progressive
shock. In this stage, blood pressure becomes so low that the body tissues including the heart begins
to die. This is due to hypoxia as well as from toxins released from dying cells. Vasodilation increases
due to loss of sympathetic nervous function. Capillaries begin to degenerate and become more
permeable. This causes a larger net movement of solutes and water into the tissues. Widespread
tissue deterioration follows. In this stage, medical intervention may restore a person to homeostasis.
Known as replacement therapy, this can consist of two types of intervention: introduction of fluids
(such as blood transfusion, isotonic saline solutions, etc.) and administration of vasoconstriction
drugs. However, once the brain, heart, blood vessels, and tissues have deteriorated to such a point
that they can no longer regain normal function or respond to medical intervention, the person is in a
stage known as irreversible shock. After this threshold has been passed, death is imminent.
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3.5.4
Capillary Exchange

Having discussed the anatomy of the circulatory system, we are now ready to study the very reason
why the circulatory system exists: capillary exchange. Capillary exchange is simply the flow of
water and dissolved particles from the capillaries to the tissues and from the tissues to the blood. In
reality, it is a relatively clear liquid called interstitial fluid, not blood that the body's tissues are
bathed in. The dissolved solutes that pass from capillaries to interstitial spaces and from interstitial
spaces to capillaries include everything a cell needs to have in ready supply to survive as well as
everything a cell needs to get rid of. Examples of things that cells need include nutrients, regulatory
chemical messengers, and electrolytes. Examples of things that cells need to get rid of include CO2,
acids, and other waste products of metabolic processes. Please keep this image below in mind as we
discuss the capillary exchange process in detail.
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Capillary Exchange.
Image drawn by BYU-Idaho student Fall 2013

Water, oxygen and nutrients move from inside the capillaries to the interstitial fluid on the arterial
end of a capillary bed and from the interstitial spaces back to the inside of the capillaries on the
venous side of a capillary bed. In order for this exchange of water, oxygen, carbon dioxide and other
nutrients to happen in the capillary bed, there must be pressure that “push” things out and pressure
that “pull” things back into the capillary.
There are two main pressures to understand in the capillary exchange process. One is known as the
“Net Hydrostatic Pressure” and the other is the “Net Osmotic Pressure” and the difference
between these two pressures equals the “Net Filtration Pressure.” The term hydrostatic relates to
the pressure of all the liquids involved – the blood pressure, the interstitial fluid, etc. The term
osmotic relates to the solutes (proteins and electrolytes) and the power they have to pull water from a
higher concentration to lower concentration (osmosis) in order to reach equilibrium. Other important
terms include: Transmural pressure = pressure across vessel wall, Driving pressure (force) = P1
– P2, Hydrostatic pressure = pressure at any point along the MAP line.
Let’s study in detail all the pressures that combine to create the net hydrostatic pressure and the net
osmotic pressure as they contribute to the process of the exchange that happens in the capillaries.
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There are four pressures that we try to keep track of as we determine the 'Net' filtration pressure.
1. Blood pressure (BP):Notice in the picture below how blood pressure oscillates between
about 120 mmHg and 80 mmHg in the large arteries like the aorta. As blood moves
peripherally and enters many branches into smaller vessels, the blood pressure oscillations are
dampened. Finally, by the time the blood is branching into the capillaries, the pressure is
around 30 mmHg. Blood pressure tends to drive fluid and solutes out of the capillary.

Blood Pressure Variation in Blood Vessels.
Image drawn by J. Shaw at BYU-Idaho Fall 2013

2. Blood colloid osmotic pressure (BCOP):BCOP is an osmotic force that tends to move water
towards an area of more solutes. The word colloid refers to the concentration of solutes that
cannot leave the capillary. This is primarily plasma proteins (mostly albumin). Albumin is a
large protein in the plasma and generally cannot fit between the pores of the endothelial cells
that make up the capillary wall. If we imagined that there were no solutes outside of a
capillary and calculated the number of solutes in the capillary, we could say that there is an
osmotic pressure that tends to drive water into the capillary. This calculated pressure would be
about 28 mmHg. Let's take a look at the table below to help keep track of what has happened
so far.
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Arterial End
So Far…
Pressure moving fluid out (+) of
the capillary

Blood Pressure in the arterial +30 mmHg
end of the capillary

Pressure moving fluid into (-) the
capillary

Blood Colloid Osmotic Pressure

Net Pressure and Direction

-28 mmHg
+2 mmHg out of the
Capillary

Let's keep going, we have two more pressures to consider:
3. Interstitial Colloid Osmotic Pressure (ICOP):ICOP is an osmotic force that tends to move
water out of the capillary and into the interstitial space. If we imagined that there were no
solutes in the capillary and only focused on the number of solutes in the interstitial space, then
we could calculate an osmotic force pulling water out of the capillary. This osmotic pressure
would be about 8 mmHg.
4. Interstitial Fluid Pressure (IFP):IFP refers to the pressure that the fluid in the interstitial
space puts on the capillary membrane. As it turns out the lymphatic system is pulling fluid
away from the interstitial space and so, the pressure on the capillary is actually a 'suction'.
So Now…
Pressure moving fluid out
(+) of the capillary

Blood Pressure in the arterial end of the
capillary

+30 mmHg

ICOP at the arterial end of the capillary

+8 mmHg

IFP at the arterial end of the capillary

+3 mmHg

Net Pressure Moving Fluid Out of a Capillary

41 mmHg

Pressure moving fluid into (-) the capillary

-28 mmHg

Blood Colloid Osmotic Pressure

Net Pressure Moving Fluid into a Capillary

-28 mmHg

NET FILTRATION PRESSURE AND DIRECTION AT ARTERIAL END

41 mmHg out
- 28 mmHg in
_____________
+13 mmHg Out

So far, we have examined the 4 forces that control flow of water and dissolved fluids out of a capillary
at the arterial end. Now, let’s look at how these 4 forces work at the venous end of a capillary.
1. Blood pressure (BP):The capillaries are very small and there is significant friction on the
flow of blood as it moves from the arterial end to the venous end. This friction causes the
pressure that the blood puts on the capillaries to drop. For this reason, we find a significant
decrease in blood pressure on the venous end of capillaries (around 10 mmHg instead of 30
mmHg).
2. Blood colloid osmotic pressure (BCOP):BCOP is largely determined by the concentration of
albumin in the capillary. Albumin does not cross the capillary membrane and so the
concentration of this solute stays about the same through the length of the capillary. On the
venous end, the BCOP is still 28 mmHg.
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3. Interstitial Colloid Osmotic Pressure (ICOP):ICOP is largely a product of the proteins in
the interstitial space. This does not change from the arterial to the venous end of a capillary so
we find ICOP to be about 8 mmHg on the venous end.
4. Interstitial Fluid Pressure (IFP):IFP remains about the same on both the arterial and
venous ends of a capillary because the lymph system is steadily pulling fluid away from the
interstitial spaces. IFP is calculated at about a 3mmHg force pulling fluid away from the
capillary. Sometimes this 'suction' effect is expressed as a negative pressure, so it is not
uncommon to see some texts express IFP as -3 mmHg.
Venous End
On the Venous end…
Pressure moving
fluid out (+) of the
capillary

Blood Pressure in the venous end of the
capillary

+10 mmHg

ICOP at the venous end of the capillary

+8 mmHg

IFP at the venous end of the capillary

+3 mmHg

Net Pressure Moving Fluid Out of a Capillary

21 mmHg

Pressure moving fluid into (-) the capillary

-28 mmHg

Blood Colloid Osmotic
Pressure

Net Pressure Moving Fluid into a Capillary

28 mmHg

NET FILTRATION PRESSURE AND DIRECTION AT VENOUS END *The
negative sign suggests that relative to the inside of the capillary, fluid is being
pulled in (reabsorbed) rather than pushed out (filtered).

+21 mmHg out
- 28 mmHg in
____________________
- 7 mmHg In

We see that there is a net flow of fluid moving out of the capillary on the arterial end of a capillary
and see that there is a net flow of fluid moving into the capillary on the venous end of a capillary. The
net flow on the arterial end is larger than the net flow on the venous end. Logic would
suggest that we would continually accumulate fluid in the interstitial spaces if more fluid always left
on the arterial end and was not all reclaimed on the venous end. However, this does not happen
because the lymphatic system drains away the extra fluid and returns it to the circulation at the
subclavian veins (where converging lymphatic vessels connect to venous blood).
To summarize, the Net Hydrostatic Pressure (NHP) is the combination of the blood pressure (BP) and
the interstitial fluid pressure (IFP). The Net Osmotic Pressure (NOP) is the difference between the
blood colloid osmotic pressure (BCOP) and the interstitial colloid osmotic pressure (ICOP). The Net
Filtration Pressure (NFP) is the difference between the Net Hydrostatic Pressure and the Net
Osmotic Pressure.
Net Hydrostatic Pressure (NHP) = BP + IFP
Net Osmotic Pressure (NOP) = BCOP – ICOP
Net Filtration Pressure = Net Hydrostatic Pressure – Net Osmotic Pressure

BIO 461 Principles of Physiology

254

Capillary Exchange. Image drawn by BYU-Idaho student Fall 2013

The previous figure above shows how blood pressure drops through the length of the
capillary. ICOP and BCOP don't change so the net osmotic pressure stays the same. On the
graph we see that an outward flow of fluid on the arterial end eventually becomes an inward
flow on the venous end. Even though the inward flow is smaller, the total volume of the
outward flow is eventually returned to the circulation as the lymphatic vessels continually
pull fluid away.
The four forces at work on net fluid movement are in a careful balance and equilibrium so that the
volume of fluid and solutes that leave the capillary equals the volume that is eventually returned to
the circulation. This balance of fluid movement keeps the interstitial fluid volume around the cells
relatively consistent. If one or more of the 4 forces is increased or decreased then the balance may be
lost, resulting in edema or dehydration.
Edema
Edema is an abnormal accumulation of fluid in the interstitium. Imbalances of the forces of capillary
exchange explains many of the cases of edema that health professionals see.
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Hydrostatic Edema
Hydrostatic edema occurs when there is excess fluid moved into the interstitial spaces because of an
increase in the hydrostatic pressure inside the capillary. Normally, the pre-capillary sphincters
regulate how much blood can enter the capillaries and so even under the influence of high blood
pressure the hydrostatic pressure in the capillary remains relatively normal. However, if systolic
pressure rises above 160 mmHg for a long time, it is possible to see more blood move past the precapillary sphincter than is normal. This often raises hydrostatic pressure in the capillary and more
fluid accumulates in the interstitial space to cause edema.
Another cause of hydrostatic edema is the increased hydrostatic pressure on the venous side of the
capillary beds. Normally blood pressure is very low on the venous side of a capillary bed. However, if
there is a venous blockage or if the heart pump cannot pump the blood that returns to it adequately,
then we see pressure begin to build up in the veins. When this pressure rises in the capillary bed, we
can see less fluid reclaimed from the interstitial spaces and fluid accumulates causing edema.
Permeability Edema
Permeability edema occurs when macromolecules begin to cross the capillary endothelial cell
membranes or they begin to cross interstitial cell membranes. Many macromolecules like proteins do
not readily cross cell membranes but stay within the blood or intracellular compartments. These
macromolecules basically increase the interstitial colloid osmotic pressure and create an imbalance
in the capillary exchange physiology that results in edema as water follows the molecules to the
interstitial spaces. Physical trauma or toxic chemicals are the primary causes of sudden increases in
cell membrane permeability that leads to edema. For example, a burn can disrupt cell membranes in
the skin and cause cells to allow more solutes (atoms and intracellular molecules) to leak out.
Inflammation from our immune responses can also change the permeability characteristics of
capillaries and tissue cells which can lead to accumulation of solutes and water (edema) in the
interstitial spaces.
Lymph Edema
Lymph edema occurs when lymph vessels become damaged and the damage results in obstruction of
lymph flow. If lymph flow cannot occur adequately, the interstitial fluid volume rises. As the fluid
accumulates edema occurs.
Osmotic Edema
Normally, the osmolarity of plasma and extracellular fluids is very similar (around
300 mOsm). If plasma becomes diluted through a loss of osmotically active solutes or if the blood
experiences a significant increase of free water, then plasma osmolarity will be lower than
extracellular fluid and water will leave the capillary at a rate higher than normal and extracellular
fluid edema will result (remember that water likes to move to an area of higher solute concentration).
An example could be liver failure where albumin production is compromised which causes a
significant decrease in blood colloid osmotic pressure (loss of solutes from the plasma) and this
results in more water leaving the capillary on the arterial end of a capillary and less returning on the
venous end. Excessive water intake could also dilute the plasma solutes and result in a similar
movement of water from the capillary to the extracellular space. Let’s look at one more example.
Antidiuretic hormone works at the level of the kidney to retain water in a way that less free water is
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lost in the urine. If a condition exists where this hormone is excessively released then plasma
osmolarity will decrease as the kidneys retain more free water which effectively lowers the osmolarity
and can again lead to an osmotic edema.
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3.5.5
Myogenic and Paracrine Regulation of
Vasoconstriction and Vasodilation

An important characteristic of all tissues is the ability to “locally” control blood flow by regulating
arteriolar resistance. Tissues utilize two methods of local control, myogenic and paracrine
regulation. Myogenic regulation occurs because of the intrinsic property of smooth muscle cells to
contract in response to stretch. This reflexive contraction to stretch occurs because of the presence
of mechanically gated Ca2+ channels. Once Ca2+ enters the cell it induces the contraction cascade.
This intrinsic property is effective at reducing blood flow via vasoconstriction in response to systemic
increases in blood pressure. Although effective, the myogenic regulation is limited to specific
circumstances and can only increase resistance. When the tissues require more precise regulation of
blood flow they turn to local chemical regulation called paracrine signaling.
Metabolically active endothelial cells can release paracrines in response to metabolic activity. For
example, an increase in metabolic activity would decrease local O2 levels while simultaneously
increasing local CO2 levels. Both of these conditions would result in vasodilation of associated
arterioles, resulting in more blood flow which helps to eliminate CO2 and replenish O2. This process of
increasing local blood flow in response to increased metabolic activity is called active hyperemia.
Sometimes O2 levels decrease and CO2 levels increase without a change in metabolic activity. This
can happen when blood flow to a given tissue becomes occluded via a clot or injury. In addition to
experiencing decreases in O2 and increases in CO2, the endothelial cells will also begin producing
nitric oxide (NO) and adenosine, both potent vasodilators. If blood flow is suddenly restored to the
occluded area, the tissue will have maximally dilated arterioles as the blood re-enters. This response
is called reactive hyperemia.
Depending on the length of occlusion, paracrine metabolites can accumulate at higher than normal
levels, resulting in a significant trigger of vasodilation when blood flow resumes. This rapid increase
can cause an inflammatory response that results in more cellular damage. This is called a
reperfusion injury. If the occlusion occurs in vessels supplying the brain, a reperfusion injury can
worsen the initial effects of a stroke. It the occlusion occurs in vessels supplying the heart, a
reperfusion injury can worsen the effects of a myocardial infarction.
Not all paracrine signals are associated with changes in local metabolism, instead some are associate
with inflammation (bradykinin and histamine; vasodilators) and some with clotting cascades
(serotonin and ADP; vasoconstrictors).
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3.6
Blood
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3.6.1
Composition of Blood

Plasma makes up about 55% of an average individual's blood volume and is itself composed of
around 92% water. Plasma is a type of colloid. The major colloidal proteins in blood plasma include
albumin, globulins, and fibrinogens. Albumin is by far the most abundant plasma protein, comprising
around 60% of the total blood proteins. Albumin is largely responsible for maintaining a relatively
constant osmotic pressure (BCOP) within the cardiovascular system. Its relatively large size does not
allow it to easily pass out of the bloodstream, thus inhibiting excessive water loss into the
surrounding tissues. Albumin also serves as a type of transport vehicle for many other substances
dissolved in the blood.
Globulin is the next most abundant plasma protein and also plays an important role in transporting
substances within the blood. Globulin proteins also include what are often called "antibodies".
Fibrinogen is an important clotting factor. Blood plasma without any clotting factors is known
as serum.
The formed element component of blood is comprised of red blood cells, white blood cells and cell
fragments (platelets). However, the largest contributor of the formed element portion of blood is the
red blood cells. The red blood cells alone make up about 45% of the total volume of blood. When the
percentage of total blood that is red blood cells is calculated it is called a hematocrit. Women
generally have slightly lower hematocrits than males and living at higher elevations can increase a
hematocrit slightly. Running and training in cardiovascular exercise can also cause a slight increase
in hematocrit. The white blood cells and platelets make up a much smaller percentage of the total
blood volume. These formed elements are found in a thin line between the red blood cells and the
plasma. This thin white line is called the "buffy coat" or the "buffy layer".
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3.6.2
Hematopoeisis

The figure above shows hematopoiesis or the formation of blood cells. The various types of cellular components of blood are each created from a single stem cell called a
hemocytoblast. Note that megakaryocytes produce thrombocytes (or platelets), erythrocytes make up the red blood cells and everything else is one of the types of “white
blood cells” (also called leukocytes).
Author: A. Rad; License: Creative Commons Attribution-Share Alike 3.0 Unported license. Link: https://commons.wikimedia.org/wiki/File%3AHematopoiesis_simple.svg

Each of the cells and platelets found in the blood arise through a process called hematopoiesis.
Hematopoiesis begins with a single type of stem cell. These stem cells, known as hemocytoblasts,
are located in red bone marrow in children and adults. In a developing fetus, hemocytoblasts are also
found in the liver, spleen and lymph nodes as well as bone marrow. Ultimately, through the process
of hematopoiesis, hemocytoblasts will differentiate into red blood cells, white blood cells, and cell
fragments known as platelets. As we will learn later, platelets are important in blood clotting
processes. White blood cells include macrophages, neutrophils and lymphocytes. Macrophages are
large phagocytic cells that gobble up foreign material and damaged cell parts. Macrophages perform
an important step in the breakdown of red blood cells. Neutrophils are very common with infections
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and Lymphocytes are an important part of our immune system and are the source of antibodies which
you have probably heard about.
Platelets
Platelets or thrombocytes are not actually whole cells. Rather they are denucleated cell fragments
of a large bone marrow cell known as a megakaryocyte. Though they are cell fragments, they still
contain mitochondria and several other types of organelles. Platelets play an important role in blood
clotting.
Red Blood Cells
The most abundant blood cell is the red blood cell, or erythrocyte. Erythrocytes possess a disk-like
shape and are considered to be biconcave, as they possess a central indentation on both sides of the
cell. This shape is critical to the proper function of a red blood cell, as it provides greater surface
area for the rapid exchange of oxygen and carbon dioxide. This biconcave shape also allows the red
blood cells to bend which helps them flow through small vessels.
Red blood cells contain a specialized type of protein known as hemoglobin, which is responsible for
binding to and transporting oxygen and carbon dioxide. It should be noted, however, that while
hemoglobin is solely responsible for transporting oxygen, it is only minimally involved in carbon
dioxide transport. Most carbon dioxide is located in the blood in the form of bicarbonate ions. The
conversion of carbon dioxide to bicarbonate occurs through a process that is catalyzed by a protein
enzyme known as carbonic anhydrase, which is also located within red blood cells. The role of red
blood cells in oxygen and carbon dioxide transport will be discussed in more detail during the
respiratory chapter.
Hemoglobin

Hemoglobin Structure.
File 1904 Hemoglobin.jpg; Author: OpenStax College; Site: https://commons.wikimedia.org/wiki/File:1904_Hemoglobin.jpg;License: licensed under the Creative
Commons Attribution 3.0 Unported license.
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Hemoglobin is composed of 8 subunits: 4 polypeptide chains known as globins (2a and 2b) and 4
iron-containing heme-groups. Each heme group contains a single iron atom, which lends
erythrocytes their distinctive red crimson color. Each heme group can transport one molecule of
oxygen. When oxygen is bound to hemoglobin, the complex (can also be referred to as a pigment) is
known as oxyhemoglobin, which possesses a bright red color. Hemoglobin without oxygen is known
as deoxyhemoglobin, which possesses a dark red color.
Erythropoiesis
In a healthy adult's body, it is estimated that around twenty-five trillion red blood cells exist at any
given moment. These blood cells will last for approximately 120 days before being broken down by
macrophages. If not continually replaced, the overall oxygen containing capacity of the blood
decreases. To maintain the twenty-five trillion cells, over two million new red blood cells enter the
blood stream each second to replace those lost! If you are ever accused of being lazy, wait two
seconds, look up and say: “who you calling lazy, I just made 4 million new red blood cells!” This
process of producing new red blood cells is called erythropoiesis and occurs within the red bone
marrow of the axillary skeleton.
Erythrocytes (or Red Blood Cells) are unique in that they contain no nucleus or any organelles.
During erythropoiesis, hemocytoblast stem cells ultimately differentiate into mature erythrocytes.
Small signaling molecules known as hematopoietic growth factors (HGF's) stimulate the
production and differentiation of the various types of blood cells. The HGF responsible for the
production of red blood cells is known as erythropoietin (EPO). Upon sensing low blood oxygen
levels, special cells in the kidneys release EPO into the bloodstream where it travels to target cells
within the red bone marrow. Erythropoietin stimulates hemocytoblasts to differentiate into cells
known as proerythroblasts. Ultimately, several more intermediates will be produced via mitotic
division before the cells reach the reticulocyte stage, which is the final stage before maturation is
reached. By this point, hemoglobin is contained within the cells, the nuclei are absent, and only a few
ribosomes remain in the cytoplasm. Upon staining a reticulocyte, these remaining ribosomes give the
appearance of a sort of net-like or reticular network which explains the origin of the name
reticulocyte.

Reticulocyte/Erythrocyte Comparison
License: Creative Commons Attribution-Share Alike 3.0 Unported license. Link: https://en.wikipedia.org/wiki/Reticulocyte

Reticulocytes have a reticular (mesh - like) organization of ribosomes that can be seen with certain
microscopic staining techniques. Reticulocytes are found in the blood for about a day after leaving
the bone marrow and then they mature into a fully formed red blood cell and cannot be distinguished
as a reticulocyte anymore.
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The reticulocytes are released into the blood where they differentiate to become mature erythrocytes
about 24 hours later. It is interesting to note that in certain conditions which require accelerated
erythrocyte production, the number of reticulocytes in the blood increases. A measurement of the
number of reticulocytes in the circulation can give an indication of how strong the recent EPO
stimulus has been (*Note: measuring the number of reticulocytes is one way in which athletes who
cheat by using synthetic EPO are caught).
Erythropoiesis requires dietary intake of iron, folic acid, and vitamin B12. Any sort of deficiency
related to these required dietary elements can cause a condition known as anemia. Anemia results
when the bloodstream is unable to properly distribute oxygen throughout the circulatory system to
the cells of the human body.
If a vitamin deficiency results in the decreased production of red blood cells, then the oxygen
carrying capacity of blood is certainly diminished. Anemi caused by Vitamin B12 deficiency is
called pernicious anemia. Vitamin B12 absorption requires a molecule synthesized by the stomach
called intrinsic factor. Individuals with certain types of stomach issues may also develop anemia
(more specifically, pernicious anemia) because they do not release intrinsic factor and therefore
cannot absorb Vitamin B12, even though they eat plenty of it.
Anemia may also be caused by severe hemorrhaging (called hemorrhagic anemia), conditions that
result in defective hemoglobin production (sickle cell anemia is one example), or any condition that
causes excessive destruction of red blood cells (also called hemolytic anemia).

BIO 461 Principles of Physiology

264

3.6.3
Breaking Down Red Blood Cells

Life-cycle of an Erythrocyte
File: 1905 Erythrocyte Life Cycle.jpg; Author: OpenStax College; Site: https://commons.wikimedia.org/wiki/File:1905_Erythrocyte_Life_Cycle.jpg; License: licensed under
the Creative Commons Attribution 3.0 Unported license

Owing to their inability to produce their own proteins and structural components, erythrocytes have a
limited circulatory lifespan of around 120 days. Therefore, erythropoiesis must occur constantly in
order to meet the demands of the human body.
If over two million red blood cells are produced each second and the number of red blood cells in the
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body remains within a normal range, then the number of red blood cells that die each second must be
astounding as well. Specific mechanisms must be in place to deal with the disposal of so many red
blood cells.
White blood cells known as macrophages, contained within the bone marrow, liver and spleen,
perform the initial processing of damaged erythrocytes. Enzymes within the macrophages degrade
the globin polypeptide hemoglobin chains into amino acid monomers while the heme groups are split
into iron atoms and a compound known as biliverdin. The iron binds to a protein known as
transferrin which transports it through the blood stream to the red bone marrow, thus making it
available for further red blood cell production. Biliverdin is converted to bilirubin and is released
into the blood stream where it binds to albumin proteins for transport to the liver.

Recycling of Red Blood Cells
Image drawn by BYU-Idaho student Nate Shoemaker Spring 2016

Bilirubin traveling through the blood to the liver is known as free bilirubin. Liver cells collect free
bilirubin and bind a molecule called glucuronic acid to it. Bilirubin is then called conjugated
bilirubin. Glucuronic acid lends polar groups and water solubility to the generally insoluble free
bilirubin. Conjugated bilirubin becomes a component of bile, which will be secreted from the liver
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into the digestive tract. Once in the digestive tract, glucuronic acid residues are removed and
bilirubin is converted to urobilinogen. Urobilinogen can re-enter the blood circulation and cycle back
to the liver for another pass into the digestive tract as conjugated bilirubin (called the enterohepatic
urobilinogen cycle), or it can be filtered in the kidney where it is converted to urobilin which is yellow
in color and contributes to the color of urine. Urobilinogen that does not re-enter the blood
circulation from the intestines will be converted to stercobilin which is dark brown in color. This
contributes to the color of feces.
Jaundice is a condition characterized by the buildup of excessive bilirubin in the blood that causes
the skin and whites of the eyes to take on a yellowish tinge. Any condition resulting in excessive
destruction of red blood cells can cause jaundice. Also, any condition that decreases the conjugation
and excretion of bilirubin can also cause jaundice. Jaundice is particularly common in newborn
infants because their immature liver may not be able to produce enough of a certain enzyme which
participates in the conversion of bilirubin to bile. If left untreated, excess bilirubin can damage an
infant's developing brain. However, this condition can be treated by exposing an infant's skin to
ultraviolet radiation which helps break some bonds on the bilirubin molecules which make them more
water soluble and easier for the liver to excrete.
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3.6.4
Hemostasis

Hemostasis, or the cessation of bleeding, is critical to the survival of the human organism. If the
mechanisms of hemostasis were completely taken away, a mere paper cut could ultimately lead an
individual to bleed to death. Luckily, the mechanisms of hemostasis function properly for most
individuals. Hemostasis can be divided into three steps: vascular spasm, development of a platelet
plug, and blood clot formation.
Vascular Spasm
Upon incurring some type of trauma, blood flow through damaged vessels is immediately limited
through a process known as vascular spasm. During a vascular spasm, pain can cause reflexes in
the nervous system to stimulate smooth muscle contraction around the blood vessel. As the smooth
muscle of the impaired vessels contract, the diameter of the vessels decrease. In some instances, the
blood vessel can be entirely occluded by a vascular spasm. However, this occlusion is short lived and
the smooth muscle will eventually relax and then bleeding out of the damaged vessel can greatly
increase. As effective as a vascular spasm is, it is temporary and cannot establish hemostasis alone.
Platelet Plug
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Formation of Platelet Plug
Image drawn by BYU-Idaho student Nate Shoemaker Spring 2016

The image above shows a blood vessel in longitudinal section. Number one shows how platelets begin
to converge, slow down and roll along the vessel wall near the damaged area. Platelets begin to
attach to the collagen in the damaged area and this activates them. Activated platelets experience a
physical shape change and are able to attract other platelets to attach to them and to any other
exposed collagen. This is called a platelet plug. The image below shows a close up of the platelet plug
and more detail involved in the chemical messengers that facilitate a successful platelet plug.
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Platelet Activation
Image drawn by BYU-Idaho student Nate Shoemaker Spring 2016. Description below by T. Orton Winter 2017
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When blood vessels suffer damage, a protein secreted by endothelial cells known as von Willebrand
factor (vWf) binds to exposed collagen within the vessel wall. Circulating platelets in turn bind to
the collagen bound molecules of von Willebrand factor and anchor themselves to the damaged area.
This interaction also causes a platelet activation which increases the likelihood that more platelets
will accumulate.
Following platelet adhesion, the anchored platelets begin to secrete a variety of chemical compounds
from granules called "alpha" and "dense" granules. Alpha granules release additional von Willebrand
factor and platelet derived growth factors (PDGF). vWF assists with further platelet adherence and
activation. PDGF facilitates a variety of functions that assist in the long-term wound healing of tissue
damage. Dense granules release adenosine diphosphate (ADP). ADP and thromboxane (also called
TXA2 and released from the platelet cytoplasm) bind to surface receptors on additional circulating
platelets and promote further activation. These newly activated platelets, in turn, activate additional
platelets, establishing a chemical cascade.

Platelet activation also results in the expression of membrane receptors called fibrinogen receptors.
These receptors bind a plasma protein known as fibrinogen. Like von Willebrand factor, fibrinogen
serves as a type of linking molecule. However, whereas von Willebrand factor links collagen to
platelets, fibrinogen links multiple platelets together. Generally, enough platelets link up that they
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span across and "plug" the opening in a damaged vessel. Platelets are rich in the proteins actin and
myosin which allows for contraction which forms a more compact platelet plug. This is called Platelet
Aggregation.
Platelet Plug Regulation
Unless you have a clotting disorder (like hemophilia), your blood will spontaneously form a clot in
order to close an open wound. But what is it about the wound that induces clot formation? Equally
important, how does your body prevent clot formation when there is no wound? In order to
understand hemostasis (the “stopping” of blood flow), it is important to first understand the chemical
signals that block hemostasis under normal conditions (because spontaneous clot formation is very
painful and can be lethal). Spontaneous clot formation is primarily prevented by the active inhibition
of platelets, and the most important cell type to regulate platelets is the endothelial cell.

Healthy, intact endothelial cells block spontaneous platelet activation using three primary
mechanisms. However, all three mechanisms share a common goal: reduce Ca2+ levels within the
platelet. Acting as a second messenger, increased Ca2+ within platelets will lead to the exocytosis
of platelet granules. Granule release is synonymous with platelet activation. Thus, by reducing Ca2+
, platelets are maintained in an inactive state. The first approach used by endothelial cells to inhibit
platelet activation is the production and secretion of nitric oxide (NO). Secreted NO enters platelets
where it activates the enzyme guanylate cyclase, which then stimulates the formation of cGMP (cyclic
guanosine mono-phosphate). cGMP then blocks the function of phospholipase C. In the absence of
NO, phospholipase C cleaves the membrane phospholipid PIP2, which leads to the production of
inositol triphosphate (IP3). IP3 then binds to and opens Ca2+ channels on the surface of the
endoplasmic reticulum, causing Ca2+ to flood the cell. And remember – intracellular Ca2+ causes
exocytosis (granule release). Thus, by blocking the release of Ca2+ from the ER, NO from intact
endothelial cells inhibits platelet granule release.
Another mechanism used by endothelial cells to inhibit platelet activation is the production and
secretion of a signaling molecule called prostacyclin. Prostacyclin is the ligand for a G-protein
coupled receptor (GPCR) on the surface of the platelet. Activation of this GPCR by prostacyclin leads
to the production of cAMP. cAMP then activates a Ca2+ pump on the surface of the platelet, which
actively pumps Ca2+ out of the platelet. Thus, increased Ca2+ efflux reduces Ca2+ within the
platelets, which inhibits granule release.
Third, endothelial cells express an ADPase on the surface of the cell. This ADPase is an enzyme that
metabolizes ADP to AMP (adenosine mono-phosphate). ADP is a potent platelet activator and works
by binding to ADP receptors on the surface of the platelet. Activation of this receptor (P2Y12)
directly inhibits the effects of prostacyclin (described in the previous paragraph). As such, P2Y12
activation causes Ca2+ to build up inside the cell, resulting in granule release. The endothelial
ADPase inhibits P2Y12 activation by eliminating its ligand, ADP.
Interestingly, you have likely seen TV commercials for the drug Plavix (clopridogel bisulfate). Plavix
is often prescribed to patients following a heart attack or stroke to help prevent clot formation.
Plavix is a P2Y12 antagonist. As you can see, each strategy regulates the buildup of Ca2+ within
platelets. However, following injury, these inhibitory mechanisms are overcome, resulting in platelet
granule release and the initiation of platelet plug formation. It is also interesting to note that one of
the most potent stimulators to increase endothelial cell production of NO, ADPase and Prostacyclin is
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a protein called Thrombin. As you continue to read about hemostasis, try to appreciate how thrombin
becomes an integral part of a negative feedback loop that can help regulate the positive feedback
initiated during clotting.
Clotting (Coagulation) Cascade
Simultaneously with the mechanisms of hemostasis listed above, a process known
as coagulation occurs. Coagulation requires an array of proteins known as coagulation
factors or clotting factors which constantly circulate within the plasma in an inactive state. These
factors are typically represented by Roman numerals which indicate the order in which they were
identified and offer no explanation as to their function. Upon encountering vessel damage, certain of
these factors become activated and initiate complex chemical cascades which ultimately lead to the
formation of a blood clot. This activation may occur through either an intrinsic pathway (within the
bloodstream) or an extrinsic pathway (outside of the blood stream). Both pathways ultimately lead
to a common pathway through which a blood clot forms.
The chart below shows the cascade of clotting factor activation. The pathway has two entry points to
begin the cascade, the "intrinsic" and "extrinsic" pathways. The common pathway begins with the
activation of clotting factor X, which is also called Stuart Factor".

Classical Blood Coagulation Pathway
File: Classical blood coagulation pathway.png; Author: Dr. Graham Beards; Site: https://commons.wikimedia.org/wiki/File:Classical_blood_coagulation_pathway.png;
License: Creative Commons Attribution-Share Alike 3.0 Unported license.
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Intrinsic Pathway
When blood vessels incur damage, collagen within the vessel walls is exposed to the circulating
bloodstream. Contact with collagen reacts with factor XII which in turn activates factor XI which
sequentially initiates factor IX. Factor IX recruits factor VIII, platelet phospholipids, and Ca2+ ion
cofactors to form a complex that activates factor X, thereby initiating the common pathway.
Extrinsic Pathway
Unlike the intrinsic pathway which is activated by exposed collagen, the extrinsic pathway is
activated by chemical signals released by damaged tissues external to the bloodstream. Damage to
these tissues destroys cellular plasma membranes yielding a collection of phospholipids and an
integral receptor protein known as tissue thromboplastin (alternatively known as factor III or
tissue factor). As blood rushes into these damaged tissues, circulating molecules of factor VII
associate with the released combination of factor III molecules and phospholipids to form an
enzymatic complex. Ca2+serves as a required cofactor for the formation of this complex. This
complicated enzymatic complex reacts with and activates factor X and the common pathway is again
initiated. This factor III, VII, phospholipid and calcium complex are also capable of activating factor
IX within the intrinsic pathway, indicating a one-way connection between the two pathways.
Common Pathway
Upon activation, factor X joins with factor V, Ca2+, and platelet surface phospholipids to form
a prothrombin activating complex. This complex target prothrombin (factor II) and converts it to
a molecule known as thrombin. Thrombin is an important enzyme which converts a protein known
as fibrinogen into a fibrous clot forming protein known as fibrin.
Fibrin plays a critical role in the formation of a clot by forming a dense, fibrous weave against which
blood "congeals" into a thicker, gel-like clot capable of clogging damaged areas of vessels.
The activation of thrombin initiates a positive feedback mechanism, as thrombin is capable of
activating numerous factors within the coagulation pathways. Consequently, thrombin exerts a
stimulatory effect on its own production. Furthermore, thrombin also activates factor XIII which
stabilizes the clot by catalyzing the formation of covalent bonds between fibrin strands. Finally,
thrombin initiates additional platelet activation. Thus, the thrombin positive feedback mechanism
stimulates further platelet plug proliferation in addition to its coagulation effects.
Clotting Factors: Number, Name and Description
Factor
Number

Name

Description

I

Fibrinogen

Plasma protein produced by the liver. Fibrinogen can form
bridges between activated platelets, but is more known for its
major function as a precursor to fibrin.

II

Prothrombin

Plasma protein produced by the liver. It is activated by a
complex of factor X and V to become thrombin. Thrombin is
important because it converts fibrinogen to fibrin.
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Clotting Factors: Number, Name and Description
III

Tissue Thromboplastin This is an integral membrane protein produced by cells outside
(Tissue Factor)
of the vascular conduits of the circulatory system. It is necessary
for the first step of the extrinsic pathway. This protein is a
receptor for a plasma protein called factor VII. When exposed to
factor VII, a large enzyme complex is formed that can activate
factor X (the common pathway).

IV

Calcium ions

Required as a cofactor for many of the enzymatic reactions that
take place in the clotting cascade.

V

Proaccelerin (Labile
Factor)

A plasma protein produced by the liver. Factor V is a cofactor
that can associate with Factor X and accelerate the conversion
of Prothrombin to Thrombin.

VI

Now known to be just activated Factor V, so a distinct factor VI
is no longer considered to exist.

VII

Serum Prothrombin
Plasma protein synthesized in the liver. Important in the
Conversion Accelerator extrinsic pathway as it helps form an enzyme complex with
(stable factor,
tissue thromboplastin.
proconvertin)

VIII

Antihemophilic factor
(antihemophilic
globulin)

IX

Plasma Thromboplastin Another plasma protein synthesized by the liver. It is important
Component (Christmas for the activation of factor X. This factor is another component of
Factor)
the intrinsic pathway.

X

Stuart Factor (Stuart - Synthesized in the liver and is found as a plasma protein that
Prower factor)
when activated can from a complex with Factor V, phospholipids
and calcium. This complex is the first step of the common
pathway and has the job of activating prothrombin to thrombin.

XI

Plasma Thromboplastin Another plasma protein synthesized in the liver. It is an
Antecedent
important intermediary in the intrinsic pathway as it is
responsible for activating factor IX.

XII

Hageman Factor

Yet another plasma protein coming from the liver that travels in
the blood. It is activated by contact with polyanions (molecules
with a lot of negative charges). If a blood vessel has damage to
the endothelium, the collagen comes into contact with factor XII.
The collagen proteins have multiple negative charges
throughout the macromolecule and this is enough to activate
factor XII. Factor XII activation is the first step of the intrinsic
pathway.

XIII

Fibrin Stabilizing
Factor

A plasma protein synthesized in the bone marrow and possibly
liver. This protein, once activated, can covalently bond with
fibrin in a way that "cross links" are formed. This makes the
fibrin network insoluble and more stable.

A plasma protein that is synthesized in the liver as well. It is a
cofactor with factor IX to activate factor X of the common
pathway. Factor VIII is an important component of the intrinsic
pathway.

Thrombus vs Embolus
A blood clot which will include platelets and fibrin is also called a thrombus if it is anchored to the
vessel wall where it was created. If this thrombus breaks away from the vessel wall and begins to
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circulate in the vascular system, it is called an Embolus or an Embolism. An embolus can be very
dangerous because it may get stuck in a small blood vessel and block blood flow from reaching cells
further downstream. Cells die without constant blood flow reaching them. If an Embolus blocks
enough blood flow to cells in the heart or the brain, it can quickly become lethal.
Clot Retraction and Fibrinolysis
Keep in mind that blood clots form upon and in conjunction with a preexisting platelet plug. Upon clot
formation, a process known as clot retraction occurs. During clot retraction, actin and myosin
contained within platelets of the platelet plug begin to contract. As these proteins contract, the web
of platelets connected by molecules of fibrinogen begins to retract and condense. This, in turn,
causes the connected fibrin blood clot to retract and condense as well. Consequently, clot retraction
decreases the size of the cut or gash by drawing the damaged ends of the blood vessel toward one
another. Fibroblasts and epithelial cells proliferate in and around the clot. This serves to help repair
the damaged vessel.
Within several days of clot formation, an enzyme known as plasmin completely degrades fibrin, thus
dissolving the clot through a process known as fibrinolysis. Plasmin is the active form of an inactive
plasma protein known as plasminogen. Plasminogen is synthesized and released by the liver and is
converted to plasmin by a number of different molecules, one of which is called tissue plasminogen
activator (tPA). Endothelial cells produce tPA. In the presence of fibrin, tPA greatly accelerates its
enzymatic function to convert plasminogen to plasmin, thus initiating the process of clot dissolution.
It is interesting to note that by activating tPA, fibrin initiates its own degradation. tPA can be given to
patients who are experiencing heart attacks or strokes caused by an embolism (floating clot).
However, the treatment seems to be most effective if it is administered within 90 minutes of onset of
symptoms.

Plasmin Activation
Modified from http://commons.wikimedia.org/wiki/File:Fibrinolysis.png; Author: Jfdwolff; This file is licensed under the Creative Commons Attribution-Share Alike 3.0
Unported license.
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Blood Clot Regulation
If the mechanisms governing platelet plug formation and coagulation were allowed to proceed
unchecked, undesirable clots would form ultimately resulting in death. The reason that undesirable
clots would spontaneously arise is because small amounts of thrombin are always being formed
accidentally. Also, there are constant rough areas and small breaks on blood vessels. If clots formed
in an unchecked manner, then a clotting cascade could be initiated that would end up in positive
feedback and the clotting would grow and develop through the entire vascular system of a person.
Just as there are built-in forces the prevent platelet activation that we discussed early in this section,
there are also forces that help prevent blood clot formation. Blood plasma contains naturally
occurring molecules known as anticoagulants which restrict clot formation to locations of damaged
vessels.
A plasma protein called antithrombin works in conjunction with heparin to deactivate thrombin.
Heparin is produced on the surface of endothelial cells and released from granules in mast cells.
Another anticoagulant produced by endothelial cells is a lipid known as Prostacyclin which opposes
local concentration of clotting factors by acting as a vasodilator and also targets platelet plug
formation by inhibiting platelet activation.
Vitamin K plays an important role in coagulation, as the production of various clotting factors within
the liver depends upon this cofactor. A common prescription anticoagulant known as Warfarin
(Coumadin) manipulates blood clotting efficiency by inhibiting the activity of an enzyme that
participates in recycling vitamin K. The consumption of leafy green vegetables containing high levels
of vitamin K interferes with the expected outcomes of this drug.
There are two blood tests used clinically to assess the coagulation of blood, the partial
thromboplastin time (PTT) and prothrombin time (PT). The tests are used extensively to help monitor
the status of blood clotting in patients being treated with “blood thinners” like heparin inhibition of
several intrinsic pathway factors or warfarin (blocks vitamin K actions). The PTT test is used to
determine the speed at which blood clots by measuring the effectiveness of clotting factors: VIII, X,
XI, and XII. Thus, the PTT test determines if the intrinsic and common pathways are working
correctly (heparin treatment). In contrast, the PT test determines the speed of clotting by measuring
the effectiveness of factor VII (dependent upon vitamin K) found in the extrinsic pathway (warfarin
treatment).
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Module 4.0
Urinary and Respiratory Systems
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4.1
Function and Structure of the Kidney
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4.1.1
Urinary System Function

The kidneys filter the blood, purifying about 180 liters of plasma per day by removing metabolic
products and toxins. However, only about 1% of this filtrate becomes urine and the remaining 99% is
reabsorbed and reused by the system. Believe it or not, there is a medical practice termed urotherapy
(urine therapy) which refers to the various applications of human urine for medicinal or cosmetic
purposes. Some believe the discipline has holy origins, for in Proverbs it says: "Drink waters from thy
own cistern, flowing water from thy own well" (Proverbs 5:15). At any rate, ancient Rome used urine
as a teeth whitener; the French soaked socks in urine and then wrapped the socks around their neck
to treat strep throat. In Mexico, to heal broken bones, people urinate into bowls of powdered charred
corn and then put the mixture on the broken area. Americans will urinate on jellyfish stings, which,
interestingly enough has been shown to activate the nematocysts (barbed tube that sticks into the
skin) at the sting site making the pain worse. Although no scientific basis has ever been shown for
medicinal use of urine, some have urinated on their own feet to help cure athlete’s foot problems.
Other famous people have also admitted to urinating on hands to alleviate calluses (famous baseball
players) and drinking their own morning urine (various actors). Scientifically speaking however,
because the kidney filters the blood, the urine becomes a useful tool, like a mirror, imaging the
events of the living system. Thus, a discussion of the kidneys is really a discussion of the processes
involved in urine formation, which ultimately is a discussion about the homeostatic regulation of the
water and ion content of the blood. The kidneys then perform three major functions: they filter the
blood removing waste products and toxins; they regulate fluids, electrolytes, acids and bases; and
finally, they produce hormones that are important in regulating blood pressure.
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4.1.2
Functional Anatomy of the Urinary System

Urinary system
https://commons.wikimedia.org/wiki/File:Urinary_system.svg; License: Creative Commons Attribution-Share Alike 3.0 Unported license.

Urinary System: 1. Human urinary system: 2. Kidney, 3. Renal pelvis, 4. Ureter, 5. Urinary
bladder, 6. Urethra (Left side with frontal section) 7. Adrenal gland, 8. Renal artery and

Inferior vena cava, 10. Abdominal aorta, 11. Common iliac
artery and vein. With transparency: 12. Liver, 13. Large Intestine, 14.
vein, 9.
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Pelvis
Imagine stepping aboard the magic school bus and entering the urinary system through the exit, or
the urethral orifice. Perhaps going backward through the direction of urine flow of the kidneys will
help us see the design of the system. Moving through the urethral orifice will lead to the urinary
bladder. The urinary bladder is designed to expand and fill with urine to a maximum capacity of
approximately 500ml. Despite rumors of more frequent female urination, there is probably no
inherent difference between male and female bladders, except for in pregnancy as the baby sits right
on top of the bladder. The habit of urination (micturition) has a direct bearing on the discomfort felt
with bladder stretching. If the individual has the habit of urinating frequently, he (or she) may be
"uncomfortable" retaining the average amount and therefore will need to urinate more frequently. Of
course, there is also the possibility that the bladder of the individual has a smaller capacity. There is,
however, a difference between men and women in the length of the urethra. The shorter length of
the female urethra and the proximity of the urethral orifice to the anus makes women more
susceptible to developing bacterial infections of the bladder (urinary tract infections or UTIs).

Anatomy of the Bladder
File: 2605 The Bladder.jpg; Author: OpenStax College; Site: Wikimedia commons: http://commons.wikimedia.org/wiki/File:2605_The_Bladder.jpg; License: This file is
licensed under the Creative Commons Attribution 3.0 Unported license.

There are three semi-sealed openings in the bladder; the urethral opening, and two ureteral
openings (notice the subtle spelling between urethral and ureteral). At the bottom of the bladder is
the opening to the urethra which is sealed by the internal urinary sphincter, a reflexively
controlled muscle. On the posterior side, also near the bottom of the bladder are two ureteral
openings, each is associated with a hollow tube called a ureter that leads to each kidney. The smooth
muscle walls of the ureters propel the urine along to the bladder. The smooth muscle contracts in a
series of wavelike contractions known as peristalsis to move the urine through the ureters in only one
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direction. Let's take the magic school bus through the ureteral opening on the right. Entering the
ureter will lead us through a tube (ureter; 10 - 12 inches long) towards the right kidney. The ureter is
about 3-4mm in diameter and is composed of transitional epithelium, smooth muscle and pain fibers.
Fortunately, the magic school bus is only 2mm in diameter, imagine trying to squeeze a 6mm
crystalized (meaning sharp pointing edges) kidney stone down the ureter….yeeouziee! (Click Here to
see Kidney Stone Pictures)

The Kidney
Title: 2610_The_Kidney.jpg; Author: OpenStax; Site: http://cnx.org/contents/14fb4ad7-39a1-4eee-ab6e-3ef2482e3e22@6.17:173/Anatomy_&_Physiology; License: licensed
under a Creative Commons Attribution 4.0 License.

As we enter the kidney, the ureter will widen and form a structure called the renal pelvis which will
branch into 5-6 different extensions called major calyces (Calyx is singular). The point that we
entered the kidney into the renal pelvis is known as the hilum, represented by a concave structure of
the kidney (think of a kidney bean). The hilum is also the entry point of the renal artery and nerves
and the exit point for the renal vein, lymphatics and the ureter. If we continue to move, the major
calyces branch into the minor calyces that end at a wall with thousands of small holes. Each of the
small holes dumps urine into the minor calyx. Shrinking the bus down further we could enter one of
the holes to try and trace the source of the urine. Entering one of these small holes we enter
a collecting duct which will eventually take us to the functional unit of the kidney, the nephron.
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4.1.3
The Nephron: Functional Unit of the Kidney

Cortical nephron on the left and juxtamedullary nephron on the right.
Image by Becky Torgerson S18

Each kidney contains approximately 1.2 million nephrons, which are a series of hollow tubes
composed of a single cell layer, either simple squamous or simple cuboidal. The first tube that we
entered was the collecting duct and serves as a common emptying site for many nephrons.
Continuing through the collecting duct, we eventually come to another tube called the distal
convoluted tubule, a twisting, bending tube (hence the name convoluted) that will take us to a
hairpin-shaped tube called the loop of Henle. The loop has an ascending limb and a descending
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limb. Our path will take us first through the ascending limb, around the 180 degree turn at the
bottom, and then up through the descending limb, eventually leading to the proximal convoluted
tubule (another twisting, bending tube). Passing through the proximal convoluted tubule we finally
reach the end of our trip at a structure called Bowman's capsule. Bowman's capsule surrounds a
special capillary network known as the glomerulus. Bowman's capsule and the glomerulus form
the renal corpuscle which is the initial site of urine formation. Each nephron has one renal
corpuscle, thus, there are approximately 1.2 million renal corpuscles per kidney. Collectively, the
kidney is nothing more than a series of tubes.
For protection and stability, the tubes are encased in a connective tissue matrix. The connective
tissue can be divided into three sections: an outer covering called the fibrous capsule (surrounds
the entire kidney structure), a superficial layer called the cortex, and an inner layer called
the medulla. The renal corpuscles, proximal convoluted tubules and distal convoluted tubules of
each nephron are located in the cortex while the remaining tube structures of the nephrons are
located in the medulla. Based on this arrangement, there are two types of nephrons: a cortical
nephron and a juxtamedullary nephron. Cortical nephrons are named because most of their
structures are located within the cortex with their loops of Henle entering only the upper regions of
the medulla. These types of nephrons compose approximately 90% of human kidneys.
Juxtamedullary nephrons are named because their loops of Henle dip all the way down to the
bottom portions of the medulla. These juxtamedullary nephrons, as they extend deeper into the
medulla of the kidney, undergo a greater pressure which creates the conditions necessary for water
reabsorption and comprise approximately 10-15% of the nephrons in the human kidneys. Without the
reabsorption of water that returns water back to the blood stream that happens in the juxtamedullary
nephrons we would have a great deal more urinary output as well as the greater potential for
becoming dehydrated.
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4.1.4
The Renal Corpuscle: Bowman's Capsule

Juxtaglomerular Apparatus and Glomerulus
Author: OpenStax College; Site: https://commons.wikimedia.org/wiki/File:Juxtaglomerular_Apparatus_and_Glomerulus.jpg; License: This file is licensed under the
Creative Commons Attribution 3.0 Unported license

Urine formation begins with a process called filtration. Filtration takes place in the renal corpuscle.
To describe the structure of the nephron, we will start at Bowman's capsule. Previously we drove the
magic school backwards through the nephron, now we will start from where the blood is first filtered.
Bowman's capsule is a cup-like sac that participates in the first step of urine formation. Intertwining
within the cup is a capillary bed of blood vessels called the glomerulus. The glomerular capillaries
contain blood that entered the kidney through the renal artery. Upon entering the kidneys, the renal
artery branched into smaller and smaller arteries, eventually into an afferent arteriole and then the
glomerular capillary. For its size (<0.5% of total body weight), the kidney receives an impressive
amount of blood flow (~20% of cardiac output). For every Bowman's capsule there is an associated
glomerular capillary bed (1.2 million/kidney). Together the two structures (Bowman's capsule and the
glomerular capillaries) form the renal corpuscle.
As the blood travels to these capillaries, fluids and substances from the blood (plasma) spill out of the
glomerulus and are collected in the cup-like portion of Bowman's capsule. Since Bowman's capsule is
continuous with the rest of the nephron tubules, the solution that spills out, the filtrate, is the
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solution that will eventually become urine. The "spilling" out of the solution is a process referred to
as filtration (the first of three processes resulting in the formation of urine). Whether a substance
will be filtered or not, is determined by two criteria; size and charge. Substances that fit the criteria,
and therefore will be filtered, include: water, glucose, NaCl, amino acids, small proteins, metabolites,
and urea. Substances that do not fit the criteria, and thus will not be filtered, include medium to large
proteins, red and white blood cells, and platelets. The normal rate of filtrate formation is 125ml of
plasma per minute and is known as the glomerular filtration rate (GFR). The GFR is a very
important diagnostic test of kidney function and will be used in subsequent discussions of kidney
function.
In order for substances to pass from the glomerulus through to Bowman's capsule and the rest of the
nephron they must be able to cross the filtration barrier. The barrier consists of four potential
obstacles, the fenestrated endothelium of the glomerulus, the basement membrane of the
endothelium, the visceral layer of Bowman's capsule (podocytes), and the mesangial cells.

Fenestrated Endothelium, Basement Membrane, and Podocytes forming a Visceral Layer.
Image by BYU-Idaho Becky T. F2018

Fenestrated Endothelium: Two features of the glomerular endothelium are responsible for the
ability of these capillaries to effectively filter the plasma. First, the glomerulus is composed of a
special type of capillary called fenestrated capillaries. The walls of these capillaries contain fenestra
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(Latin for window) which are pores in the capillary membranes and negatively charged glycoproteins.
The fenestra are approximately 70nM in diameter. You are probably thinking, "why in the heck would
anyone want to know that, and why DOES anyone know that?!" Well, red blood cells are 7000 nM in
diameter so this should solidify the fact that finding blood in the urine is never a good a thing. The
smallest of the plasma proteins have diameters about the same size as the fenestra and might be
filtered, however, the negative charges on the endothelial cells impair filtration of these negatively
charged proteins. Thus, the first filtration barrier is specific to prevent the filtration of blood cells and
plasma proteins.
The basement membrane: A basement membrane is always found in association with epithelial
cells and, in this case, serves as a porous matrix of anchored, negatively charged proteins that act as
a barrier to circulating negatively charged proteins found in the blood. This barrier seems to function
as a charge specific barrier that selects against negatively charged substances. However, this does
not mean that all negatively charged substances are not filtered as some smaller substances (ions
such as Cl-, HCO3-, etc.) are freely filtered. Still, in terms of importance, the barrier seems to be
the most important against negative charges.
The podocytes: The podocytes are the specialized cells that form the visceral layer of Bowman's
capsule. They contain long, finger-like processes that completely encircle the capillaries of the
glomerulus. The finger-like processes interdigitate, forming gaps between them called filtration slits
that serve as the third filter (see images below). Each filtration slit is bridged by proteins (nephrin,
NEPH-1, podocin) that make up a thin diaphragm which functions as a size and charge selective
filter.
Mesangial cells: Mesangial cells are similar to smooth muscle cells and are interspersed throughout
the glomerular capillaries as well as between the afferent and efferent arterioles. Mesangial cells can
contract which changes the surface area of the glomerular capillaries and thereby influencing
filtration. In addition, they have been shown to have phagocytic activity and to secrete local
regulatory hormones (paracrines).
Peritubular Capillaries
The kidney capillary bed (glomerulus) is unique in that it is not immediately drained by a venule,
instead the glomerular capillaries rejoin to form the efferent arterioles which then divide into
another capillary bed called the peritubular capillaries.
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Peritubular Capillaries and Vasa Recta.
Author: OpenStax; Site: http://cnx.org/contents/ee5f4420-7ba2-44d6-86f1-85ff5a0e4ada@3/Gross-Anatomy-of-the-Kidney; License: Creative Commons Attribution 4.0
License.

The peritubular capillary bed surrounds the proximal and distal tubules of the nephron in both
cortical and juxtamedullary nephrons. In juxtamedullary nephrons, the peritubular capillaries branch
again to form a third capillary bed that surrounds the loop of Henle, where they are known as the
vasa recta. The afferent (before the glomerulus) and the efferent (after the glomerulus) arterioles
play a very important role in determining the pressure in the glomerular capillaries.
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4.2
Physiology of Urine Production
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4.2.1
Filtration

As we discussed in the previous section, filtration is the first step in urine formation. Blood enters the
kidneys to be filtered. Blood travels to the afferent arterioles and enters into the glomerulus where it
can be filtered through the fenestrated endothelium, the basement membrane and the visceral layer
and podocytes. The filtrate then spills into Bowman’s capsule and from there is taken on its journey
through the rest of the nephron.

Filtration, reabsorption, secretion and excretion
Author: By Madhero88 (Own work) Link:https://commons.wikimedia.org/wiki/File%3APhysiology_of_Nephron.png License: Creative Commons BY 3.0 via Wikimedia
Commons
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Glomerular Filtration Rate (GFR) and Net Filtration Pressure (NFP)
Although the filtration barrier is very important for the selection of substances, filtration would not
occur without pressure. To move from the glomerulus to Bowman’s capsule, pressure must be higher
in the glomerulus than in Bowman’s capsule.
The kidneys put special emphasis on glomerular pressure. The rate at which the kidneys filter blood
is called the glomerular filtration rate (GFR). The normal GFR is around 125 ml plasma/min. If
systemic pressure were to drop suddenly, the glomerular pressure would also drop, resulting in a
decrease in the glomerular filtration rate, which would result in imbalances in glomerular
filtration. To compensate for the drop in blood pressure, the afferent arteriole can dilate, allowing
more blood to enter the glomerulus and thus maintaining the pressure. An alternative method would
be to constrict the efferent arteriole, causing a "back-up" in blood and increase in the pressure. In
contrast, if the systemic blood pressure were to increase, the afferent arteriole would be stimulated
to constrict, reducing blood flow, or the efferent arteriole could dilate. These mechanisms of
constriction or dilation are part of a regulatory system called autoregulation (discussed later).
Not only is filtration pressure regulated by the afferent and efferent arterioles, but also from the
forces within the glomerulus. Just like we learned when studying capillary exchange in the blood,
there are hydrostatic and osmotic pressures at work in the glomerulus. The main outward pressure
forcing blood through the filters of the glomerulus is the Hydrostatic Pressure of the glomerulus
(HPg) created by the blood flow regulated by the afferent and efferent arterioles of the glomerular
capillaries. The HPg is carefully regulated between 50 to 55 mmHg. This outward pressure is
resisted or counteracted by the inward pressure from the hydrostatic pressure of the fluid already
within the nephron or Hydrostatic Pressure of Bowman’s capsule (HPc) which is typically 15
mmHg. Another inward force drawing fluid back into the blood is created by the proteins that remain
in the capillaries, or blood colloidal osmotic pressure (BCOP) which is roughly 30 mmHg. The Net
Filtration Pressure (NFP) is the outward pressure minus the inward pressure.
Net Filtration Pressure = Hydrostatic Pressure of glomerulus (HPg) minus the sum of Hydrostatic
Pressure of the capsule (HPc) and the Oncotic Pressure of the glomerular capillaries (OPg).
NFP = 55 mmHg – (30mmHg+15mmHg) = 10 mmHg
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Net Filtration Pressure
Adapted from Title: File: Juxtaglomerular Apparatus and Glomerulus.jpg; Author: OpenStax
College; https://commons.wikimedia.org/wiki/File:Juxtaglomerular_Apparatus_and_Glomerulus.jpg; License: Creative Commons Attribution 3.0

Most capillary beds in the body have a maximum pressure of about 25mmHg under normal
conditions, but the kidney's glomerular capillaries have a pressure of about 55mmHg. This high
pressure is necessary for filtration to occur but also presents some interesting problems that the
kidney must compensate for. Since capillaries are very thin walled, they are not designed to
withstand high pressure for long periods of time. To help compensate, the renal corpuscle relies on
the contractile properties of the mesangial cells.
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Diagram of the Renal Corpuscle Structure
File: Renal corpuscle.svg; Author: Khan Academy Site: https://ka-perseus-images.s3.amazonaws.com/f001c2f927f6d65690a1b3c6812c2d596d5e7e76.svg License: This
file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license. All Khan Academy content is available for free at www.khanacademy.org

Because the pressure in the glomerulus is so important for filtration, the kidneys go to great lengths
to ensure that the pressure stays as close to 55mmHg as possible.
Regulation of GFR
How do the kidneys "know" when to constrict or dilate the arterioles to maintain GFR? This function
falls to the autoregulator components of the kidney.
Autoregulation has two components to it, a myogenic response and a tubuloglomerular feedback
response. The myogenic response is due to the intrinsic nature of smooth muscle to “push back when
it is pushed”. In other words, the smooth muscle cells surrounding the afferent arteriole contain
stretch activated Ca++ channels. If blood systemic blood pressure were to increase that would
translate to an increase pressure in the afferent arteriole and a subsequent increases in pressure at
the glomerulus. Without regulation, this increase in pressure would increase filtration rates, altering
the GFR. In response to the increased pressure and “stretch” of the afferent arteriole wall, the
stretch activated ca++ channels will induce smooth muscle contraction and vasoconstriction.
Vasoconstriction will reduce blood flow, returning the pressure in the glomerulus back to normal.
This is part of autoregulation because the nervous system doesn’t have to be involved, it is just an
intrinsic reflex in the kidney nephron. The myogenic response works well against high blood
pressure, but what about low systemic blood pressure situations?
During low systemic blood pressure situations and to ensure that pressure within the glomerulus
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remains normal, the afferent arteriole must be induced to dilate. This is accomplished through the
tubuloglomerular feedback system. This system involves specialized cells in the nephron located at
the junction between the ascending and distal tubules. These cells are called macula densa cells and
they function to monitor the Na+ and Cl- concentrations in the filtrate. If the cells detect lower than
normal amounts (due to inadequate filtration) they will release a paracrine hormone called nitric
oxide which acts to vasodilate the afferent arteriole. This vasodilation will increase blood flow
through the afferent arteriole to the glomerulus helping to maintaining adequate pressure in the
glomerulus. When needed, the macula densa cells can also induce vasoconstriction by releasing
adenosine. Normally adenosine is a vasodilator, but in the case of the nephron, adenosine works as a
vasoconstrictor (different adenosine receptor).This mechanism can occur because of the close
association of the macula densa cells with the afferent arteriole. Together they form a structure
known as the juxtaglomerular apparatus.
Under extreme conditions of blood loss and subsequent low blood pressures, the kidneys will “ask”
for help from the nervous system and the endocrine system. The nervous system will activate
sympathetic neurons to release norepinephrine which acts on alpha 1 receptors at the efferent
arteriole to vasoconstrict. The endocrine system will release angiotensin II which also acts at the
efferent arteriole to vasoconstrict. This vasoconstriction will reduce blood from leaving the
glomerulus, and as state previously, “back-up” blood flow, increasing pressure at the glomerulus.
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4.2.2
Renal Clearance

The concept of renal clearance is a very useful diagnostic tool in medicine. Clearance is a
measurement that compares the rate that a substance is filtered back into the bloodstream with the
rate at which the kidneys excrete the substance in the urine. The units for renal clearance are
milliliters of plasma per minute. This represents the volume of plasma that is completely cleared of a
particular substance per minute. For example, if 100 milliliters of filtrate enters the kidney tubules
and all of the water is reabsorbed but none of a particular solute, we would say that the renal
clearance for that solute is 100 ml/min. On the other hand, if 100 milliliters of filtrate enter the
kidney tubules and all of the water is reabsorbed and one-half of a particular solute is reabsorbed, we
would say that the renal clearance for the solute is 50 ml/min (i.e. one half of the filtered plasma is
cleared of the solute). Each substance that is filtered has a specific clearance value. This value is a
function of glomerular filtration, reabsorption, and in some cases, secretion (from the peritubular
capillaries into the nephron). Measuring the difference between filtration and excretion allows us to
see how the nephron is handling a particular substance in terms of filtration, reabsorption and/or
secretion. Renal clearance can be measured by collecting urine over a given time and comparing the
concentration of a given substance found in the urine with the concentration of the same substance
found in the blood. Mathematically, the relationships for a given substance, say X, are expressed as:
Cx = Ux * V / Px
Where, Clearance (Cx) = the amount of plasma cleared of a substance (x) per minute; Ux = the
concentration of x in the urine; V= the urine flow rate (or Volume of Urine/time); and Px = the plasma
concentrations of x.
As an example, consider that a substance is measured in the urine at a concentration of 100mg/ml,
the urine flow rate is 1ml/min, and the plasma concentration is 1mg/ml. The clearance of this
substance would be 100ml/min. This means that 100 ml of plasma are cleared of this substance per
min. Note: Urine flow rate is computed by collecting all of the urine produced in a certain amount of
time, say 60 minutes, and then dividing the volume collected by the time interval. If 60 ml were
collected in 60 minutes the flow rate would be 60 ml divided by 60 minutes or 1 ml per minute.
We can also use the clearance equation to determine the glomerular filtration rate (GFR), but only if
the substance meets a very strict set of criteria. For a clearance value to equal the GFR the substance
must meet the following criteria:
1. The substance must be small and non-charged. In other words, the substance must be freely
filtered at the glomerulus with no impediment by the negatively charged membrane or the
pore size of the filtration barrier.
2. The substance must not be reabsorbed, secreted, degraded or produced by the nephron.
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Remember, we are trying to figure out the filtration rate, so the amount filtered must match
that found in the urine.
Most substances in the body do not meet these strict criteria, as they are mostly reabsorbed, so their
clearance rates will not tell us the GFR. However, the body does produce a substance called
creatinine (a metabolic product of creatine) at a constant rate and creatinine meets the above
criteria. Thus, determining the clearance of creatinine, by collection of urine through time, will give a
good estimate of the GFR, which in turn gives us an overall view of kidney function. A healthy kidney
should yield a clearance rate for creatinine and thus a GFR of 97 to 137 ml/min for a male, and 88 to
128 ml/min for a female. Thus, if we apply this concept of clearance and GFR to other substances
processed by the kidneys we could use these values to determine:
How the kidneys handle the particular substance. If the clearance value was 20ml/min (way
below the clearance for creatinine) we could deduce that about 80% of the substance was
reabsorbed into the plasma. In contrast, if the clearance value was 150ml/min (above the
clearance for creatinine) we could deduce that the substance was secreted into the urine.
The overall health of the kidney. If we measured a creatinine clearance value of 65ml/min, and
knowing that a typical clearance for creatinine is between 88 to 137ml/min we could then
determine that the GFR is compromised. In the clinical setting it is actually a bit easier than
that. Since the production rate of creatinine is constant, creatinine levels will remain constant
as long as the kidney is functioning properly. If levels of creatinine in the blood begin to
increase, it is a sign that the kidneys are beginning to fail.
The graph below illustrates typical renal clearance of various solutes. Inulin is a substance with the
same clearance as creatinine and is an indicator of how well the kidney is filtering. Creatinine and
Inulin are neither secreted nor absorbed, only filtered and excreted and therefore will indicate the
GFR. Glucose is typically 100% reabsorbed, which means that none of it is excreted in the urine. This
should make sense as glucose is our main source of energy and it would be inefficient to excrete it.
However, if plasma glucose exceeds the threshold of 180mg/dL, the kidney will no longer be able to
completely reabsorb all the filtered glucose, and some will be excreted with the urine (“glucosuria”).

BIO 461 Principles of Physiology

297

When this occurs we say that the renal threshold for that substance has been met. This is due to
saturation of the glucose transport proteins in the proximal tubule and is what happens in diabetics
who become severely hyperglycemic. Conversely, para-aminohippurate (PAH), is a non-harmful
substance also used to test kidney function. Since PAH is both filtered and secreted by the kidneys,
and 90% is removed from the blood on a single pass through the kidney, the clearance of PAH is often
used to estimate renal blood flow (the amount of blood going through the kidneys per minute). Notice
that like glucose reabsorption, the proteins responsible for PAH secretion in the DCT can also
become saturated if the plasma concentration of PAH is too high. At this point, any additional PAH
found in the urine would be due to increased filtration.
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4.2.3
Tubular Reabsorption

Concentration gradients at segments of the nephron.
Image produced by BYU-Idaho student Tabitha Daughterty

Up to this point, we have discussed one structure of the nephron (the renal corpuscle) and its relation
to filtration, the first step in urine formation. We will now move our discussion to the remaining
tubule compartments of the nephron. The tubule compartments of the nephron include:
the proximal tubule (convoluted and straight), the descending tubule, the ascending tubule, the loop
of Henle, the distal tubule (early and late) and the collecting duct. The purpose of the tubule
components is to selectively reabsorb tubule fluid back into the blood. If the majority of the fluid was
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not recovered, the kidneys would excrete the entire blood plasma volume in about 20 minutes!
As mentioned, the capillary beds of the nephron are unique in that they form two capillary beds in
succession (three in juxtamedullary nephrons). The first capillary bed, the glomerulus, functions as
the site of filtration. The second capillary bed, the peritubular capillaries and vasa recta, which are
associated with the tubular components, function as the site of reabsorption. Reabsorption is
necessary because the process of filtration does not decipher between what is "good" and what is
"bad". The filtration system only works through pressure, size and charge. Thus, things like glucose
(good), that are necessary for all cells, are filtered out of the blood.
The nephron must selectively put glucose back into the blood so that it is not lost in the urine. In fact,
the nephron is so efficient at reabsorbing glucose that glucose in the urine is a sure sign that things
are terribly wrong in the body (diabetes). Thus, the main function of the nephron tubules is to recover
most of the fluid (water) and solutes filtered at the glomerulus. Substances in the nephron can be
reabsorbed one of two ways: through the cells, transcellular pathway or between the cells,
paracellular pathway.

Image by BYU-I student Becky T Fall 2018

Proximal Tubule: The proximal tubule is responsible for the reabsorption of the largest fraction of
filtrate. It reabsorbs about 70% of filtered NaCl and water and 100% of the filtered glucose and

BIO 461 Principles of Physiology

300

amino acids. Reabsorption of substances mainly occurs through secondary active transport with Na+.
This transport is made possible by the activity of the primary active transporter, the Na+/K+ ATPase
pump. This pump creates a large gradient for the reabsorption of Na+ which can be coupled with a
variety of other substances. Because this process is protein specific it can become saturated. For
example, in diabetics, the blood glucose can become so high (> 350mg/dl; normal 100mg/dl) that the
reabsorption proteins in the proximal tubule can become saturated with glucose. As a result, glucose
reabsorption may be incomplete since glucose reabsorbing proteins are only found in the proximal
tubule. Any glucose that is not reabsorbed will be found in the urine. The Nephron has enough
transporters to compensate for an increased glucose load in the blood plasma of 200 mg/dl, and
anything greater will exceed the renal threshold. Each substance filtered by the nephron has an
independent renal threshold value.
In the first half of the nephron (convoluted tubule) Na+ reabsorption occurs through an antiporter
(NHE3) coupled to H+, or through specific symporters coupled with a variety of solutes each with
their own unique specific protein transporter (Na+/glucose or galactose (SGLT), Na+/HCO3-,
Na+/amino acids, or Na+/lactate). The source of H+ is the result of the enzymatic reaction involving
carbonic anhydrase and the substrates CO2 and water and the products H+ and HCO3-. This
reaction, coupled with specific transporters, results in the net secretion of H+ and net reabsorption
of HCO3-. All of the Na+ that enters the cell will leave the cell to the blood via the Na+/K+ ATPase
pump. Other solutes use a variety of passive mechanisms to enter the blood once they are reabsorbed
into the cell. Since Na+ reabsorption is coupled to so many different solutes, the aggressive
reabsorption of Na+ results in a negative voltage in the lumen compared to the interstitium and
blood. The negative voltage contributes to the driving forces observed for Cl- and other negative
molecules to be reabsorbed. In addition, the increase in Na+ accumulation in the interstitium serves
to drive the reabsorption of water both intracellularly and paracellularly. The correlation with Na+
and water reabsorption is so strong that the fluid in the lumen of the proximal tubule remains
essentially isosmotic, despite the massive reabsorption or solutes and water. As water follows the
Na+ gradient paracellularly it “drags” with it other ions such as Ca2+ and K+. This concept is called
solvent drag.
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Image by BYU-I student Becky T Fall 2018

The second half of the proximal tubule (straight tubule) not only targets Na+ but is also the main site
of Cl- reabsorption. Since the first half of the tubule focused primarily on Na+ reabsorption, the
concentration of Cl- increases from 105 mEq/L to 140 mEq/L in the second half. The second half uses
the higher concentration of H+ (secreted during the first half) to drive Cl- reabsorption. H+ will
combine with a negative base to freely move across the apical membrane only to separate again once
inside the cell. The base then exits the apical cell through a specific antiporter in exchange for Cland the H+ through a different antiporter in exchange for Na+. Na+ leaves the cell through the
Na+/K+ pump and Cl- either through a leak channel or a symporter coupled to K+.
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Image by BYU-I student Becky T Fall 2018
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https://upload.wikimedia.org/wikipedia/commons/c/c2/Kidney_nephron_molar_transport_diagram.pngLicense: Creative Commons Attribution 4.0 License.

The proximal tubule is also very important for the secretion of solutes. Secretion is defined as moving
a substance from the peritubular capillaries to the kidney tubules. This can occur after the substance
has passed through the glomerulus without being filtered. Interestingly, the nephron has the ability
to both filter and secrete some substances. Filtering and secreting a substance greatly increases its
clearance rate. This increased rate of clearance for certain substances presented an interesting
problem for physicians during WWII. Penicillin was the first antibiotic drug developed that was
effective against infections. During WWII, the demand for penicillin exceeded the ability to
manufacture the drug. In addition, penicillin is rapidly cleared from the body because it is both
filtered and secreted in the nephron. Fortunately, secretion is a very specific process that uses
proteins to bind to the substance and secrete it from the peritubular capillaries into the nephron.
Because of this specificity, scientists discovered that if they added another substance that competed
for the same transporter as penicillin, the life span of penicillin in the body could be extended. This
resulted in a longer half-life (decreased clearance rate) for penicillin and allowed the physicians to
use less penicillin per soldier, thereby alleviating the manufacturing woes. Have you ever wondered
why certain drugs warn against taking them in combination with other drugs? Well, consider that a
drug’s dose is typically determined by age and weight. The drug amount also assumes that the kidney
is working properly, thus the clearance of the drug is also considered as part of the dosing. Taking
two drugs that compete for the same transporter could indirectly increase the dose of one of the
drugs to lethal levels. The kidneys can also secrete substances like H+ or HCO3- to help with acid/base
disorders (discussed later) or even K+ or PO4- depending on circumstances.
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Image by BYU-I student Becky T Fall 2018

Loop of Henle (descending and ascending tubules). The sections of the tubule found in the loop of
Henle act to concentrate and dilute the filtrate. These sections reabsorb 25% of filtered NaCl and
15% of the filtered water. Interestingly, the descending tubule is designed for water reabsorption
while the ascending tubule is designed for NaCl reabsorption. Water reabsorption occurs through
aquaporin channels type I. As the filtrate moves through the descending tubule the osmolarity will
begin to increase because of the loss of water without NaCl. As the filtrate moves through to the
ascending tubule the increased NaCl concentration will force passive reabsorption in the initial
sections of the ascending tubule (thin ascending). Moving to the thick portion of the ascending tubule
requires more active processes. Reabsorption is mediated by the Na+/K+/2Cl- symporter (NKCC2).
This transport uses the “downhill” gradients of Na+ and Cl- to drive the “uphill” movement of K+.
Na+ leaves the cell through the Na+/K+ ATPase while K+, Cl- through leak channels. The ascending
tubules are completely impermeable to water, thus as the filtrate moves through this section it will
continue to become more and more dilute, which is why this section is often called the diluting
segment.
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Image by Becky T. F18
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Image by BYU-I student Becky T Fall 2018

Distal Tubule and Collecting tubule: The first portion of the distal tubule (early distal) is
impermeable to water but does contain a symporter for Na+ and Cl- (NCC). These cells are also
called macula densa cells (explained earlier). Na+ exits the cells through the Na+/K+ ATPase and Clthrough a leak channel. There is a class of diuretics called thiazide diuretics that inhibit this
symporter.
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Image by Becky T F18

The last segment of the distal tubule (late distal) and collecting duct are composed of two cell types:
principal cells and intercalated cells. Principal cells reabsorb Na+ and secrete K+ through apical leak
channels and intercalated cells are essential in acid/base balance (discussed at length later). The
reabsorption and secretion of Na+ and K+ in this segment is highly dependent upon the activity of
the Na+/K+ ATPase pump.
Most importantly, the late distal and collecting duct are impermeable to water but have the ability
insert aquaporin type II channels in response to hormones. Thus, in the absence of hormones the
filtrate will become very dilute (50mOsm) and in the presence of hormones can become very
concentrated (1200mOsm). The exact actions of these hormones will be discussed next.
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TF/P ratio
A mathematical model that is often applied to help understand the concepts of reabsorption is called
the TF/P ratio. This ratio compares the concentration (mOsmoles) of a substance in tubular fluid (TF:
fluid inside nephron) to the concentration of the same substance in the plasma (P). Using
micropipettes, samples can be taken at various points along the nephron and then compared to the
plasma concentrations. The assumption that holds is that plasma concentrations stay relatively
constant so that any change in the ratio will be reflected in the TF variable.
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For example, consider the TF/P ratio for plasma electrolytes. These electrolytes are filtered at the
glomerulus freely, giving the filtrate an isosmotic concentration after it is filtered. In other words, if
the osmolarity is 300 mOsmolar for the blood, it is also 300 mOsmolar in the tubular fluid right after
filtration. Thus, the TF/P ratio for the osmotically active solutes is (300/300), immediately following
filtration, would be 1. In fact, any substance that is freely filtered at the glomerulus will have a TF/P
ratio of 1 in Bowman's capsusle prior to any reabsorption.
However, we know that reabsorption of electrolytes is a majory function of the kidneyh. Lets
consider just Na+. The concentration of sodium in the blood is about 140 meq/L and we would expect
a TF/P ratio of Na+ to be 1 in Bowmans capsule before any reabsorption takes place. However, as the
filtrate moves down the proximal convoluted tubule, we know that there are many tranporters that
contribute to the reabsorption of sodium back to the blood. It would seem that we would start to see
TF/P ratio changes as Na+ dissapeared from the filtrate (i.e., 130/140; 120/140; 100/140 etc.).
However, what is actually seen is that the ratio stays the same (140/140 and at the end of the
proximal convoluted tubule we still find 140/140 or a ratio of 1.
How can concentrations stay the same even though reabsorption is occurring? Well, this is possible
only if the reabsorption of the substance occurs at the same rate as water reabsorption. To better
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illustrate, let’s try a hypothetical situation using cool aide. Imagine pouring a cup of cool aide from a
larger container of cool aide. If we measured the total amount of sugar in the large container and
compared it to total amount in the cup, we would find way more sugar in the container. However, if
we compared the sugar distribution per volume (or concentration) between the two containers, they
would be the same. In other words, pouring cool aide from the larger container to the smaller cup,
would still result in the same concentration of sugar per volume, even though the volume is
substantially less in the cup, because the sugar and the water moved together. The ratio, if the
substance and the water move together, between the large container and any other subsequent
container would always be one. Now back to the kidneys.
If we sampled the fluid at the end of the proximal tubule, where most of the reabsorption has
occurred, and we see a value less than 1, then we can deduce that reabsorption of that substance
occurred quicker than water. However, as explained above, a value that is still 1 at the end of the
proximal tubule (even if the solute was reabsorbed) means that water and the solute were reabsorbed
at the same rate. A TF/P ratio of 1 at the end of the proximal tubule is exactly what is observed for
Na+. A value greater than 1 could mean that
reabsorption did not occur (inulin, creatinine)
or solute reabsorption occurred much slower than water (Cl-)
or that secretion occurred (PAH; see figure above).
Let’s consider TF/P ratios for the various substance shown in the figure above.
Inulin and Creatinine. Since inulin and creatinine are freely filtered, the TF/P ratio would be 1
immediately after filtration. However, since neither inulin nor creatinine is reabsorbed or secreted,
each subsequent sample of tubular fluid throughout the nephron would yield higher and higher
concentrations as water is reabsorbed and inulin or creatinine remain. This would be reflected in the
TF/P ratio as a value greater than 1 at the end of the proximal tubule, in fact, the number would
continue to climb as samples were taken in the descending, ascending, distal, and collecting tubules
(see figures). Additionally, because the total amount of inulin or creatinine in the TF is not changing
(it is not reabsorbed or secreted), but the concentration (amount per volume) is changing, we can
make some deductions about water reabsorption. For example, a TF/P ratio for inulin or creatinine of
3.3 at the end of the proximal tubule means that the TF concentration is approximately three times
that of the plasma, and since these substances are not reabsorbed, then 70% of the water must have
been reabsorbed (1/3.3 = .30). *Remember, all substances that are freely filtered start out with a
TF/P ratio of 1.
Since the TF/P ratio for inulin or creatinine is directly correlated to water reabsorption, we can use
this value as a correction factor to give us specific details about other TF/P ratios. For example, if we
take a sample of a substance (X) at the end of the proximal tubule and we find a TF/P ratio of 1, we
know that the substance was reabsorbed at the same rate as water, but we don’t know the actual
amount of substance that was reabsorbed. However, if we take that ratio of 1, and then divide that by
the [TF/P] inulin ratio from the same segment (end of proximal tubule) of 3.3 ([TF/P]x/[TF/P]inulin;
1/3.3) we would get a value of .3 or 30%. This means that 30% of the substance remained in the TF
and that 70% of substance X was reabsorbed.
Thus, the [TF/P]x might be 1, suggesting isosmotic reabsorption, but that tells us nothing about the
amounts reabsorbed. However, with the correction factor applied, we learn that 70% of the substance
was reabsorbed. What if the TF/P ratio for substance X was 2.1 (2.1/3.3 = .64 or 36% reabsorbed)?
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Para-aminohippurate (PAH). PAH is a chemical that is freely filtered at the glomerulus but also
secreted. Thus, the TF/P ratio of PAH is quite high compared to other substances. Additionally,
because of both filtration and secretion, the amount of PAH in the sample of blood that enters the
kidney is completely removed from the blood in one pass. This unique TF/P ratio allows PAH to be
used to assess another important function of the kidneys called renal plasma flow. Stated another
way, the rate at which the kidneys clear PAH is directly correlated with how quickly or slowly the
blood flows through the kidney. Renal plasma flow is calculated using the amount of PAH in the blood
(pPAH), the amount found in the urine (uPAH), and the urine flow rate (V). The equation is:
RPF = uPAH/pPAH(V)
The normal values of RPF are around 600ml/min.
Glucose and Amino acids. Since both filtered glucose and amino acids are 100% reabsorbed, the
TF/P ratio is essentially zero. Interestingly, these TF/P ratios will reach zero within the first half of
the proximal tubule.
HCO3-: About 80% of filtered HCO3- is reabsorbed in the proximal tubule, the majority of which
occurs in the first half, making the TF/P ratio less than 1. The reabsorption of HCO3- will be explained
further in the Acid/Base section, but briefly, because there are no apical HCO3- transporters in the
proximal tubules, reabsorption of HCO3- occurs indirectly, coupled to the secretion of H+ and a
membrane-associated enzyme called carbonic anhydrase.
This next image shows estimates of the TF/P ratios through other parts of the nephron. Notice how
the ratios change as substances hit different parts of the nephron where water or solutes are
absorbed differently. Check to make sure that the shape of these curves as they travel through the
different segments of the nephron make sense to you.
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4.2.4
Urine Concentration and Dilution

The kidney can adjust its water output (urine) to compensate for high or low body water. The kidney
can generate urine that is down to 30mosmol when total body water is high (i.e. when we are in
taking large amounts of water), or it can produce urine that is 1200mosmol (4 times more
concentrated) than the plasma when we become dehydrated. The kidney does this using the principle
of osmosis to pull water from the tubule back into the blood (concentrated urine), or simply allowing
the water to stay in the tubule system (diluted urine).
The loop of Henle plays a key role in the dilution or concentration of urine. In order to concentrate or
dilute urine the loop of Henle has to separate the solutes from the water. To do this the loop takes
advantage of special proteins that select for water or for solutes (mainly NaCl). As stated, the
descending limb of the loop of Henle cells contain specialized proteins that form water channels
called aquaporins.

Aquaporin Water Channel.
Link: https://cnx.org/resources/5b37a640e0dcf6fbea4584705019559704b26009/2625_Aquaporin_%20Water_Channel.jpg Author: OpenStax College License: Creative
Commons Attribution 3.0 Unported license

The descending limb does not contain many proteins that move ions. Recall that about 15% of the
filtered water is reabsorbed from the descending limb of the loop of Henle. Thus, as the filtrate moves
through the descending limb it becomes more and more concentrated. In contrast, the ascending
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limb of the loop of Henle cells contain specialized proteins that form pumps that actively transport
NaCl into the medullary interstitium. However, the cells of the ascending limb are impermeable to
water so that as the filtrate moves through this section of the nephron it becomes more dilute.
Because the two limbs of the loop of Henle are next to each other, one side moves ions and the other
side allows water to follow the ion gradient generated. This arrangement creates a system known as
a counter-current multiplier system. A counter-current system is one in which there are two tubes
running next to each other with the contents of the tubes moving in opposite directions. This system
is a counter-current multiplier system because the ascending limb actively transports salts out of
the lumen while preventing water from following.
In terms of reabsorption, since the peritubular capillaries and the vasa recta are found in the
medullary interstitium, the excess water and excess ions are picked up by the blood. The vasa recta
form another counter-current system. Both the descending limb and the ascending limbs of the vasa
recta are permeable to both water and NaCl. As the blood moves down the descending limb into the
concentrated medulla, water leaves the blood by osmosis while salts enter the blood by diffusion. As
the vasa recta reaches the bottom of the medulla the blood plasma's ion concentration is the same as
that of the interstitial fluid, around 1200mOsm. If this capillary network were to exit the kidney at
this point, it would leave the water behind and remove the salt, effectively destroying the gradient
that the loop of Henle has worked so hard to create. However, instead of leaving the kidney at this
point the vasa recta makes a 180 degree turn and heads back up toward the cortex. As the blood
ascends water now enters the blood vessel by osmosis and NaCl leaves by diffusion. By the time the
blood gets back to the cortex it is once again nearly isosmotic with the interstitial fluids. This special
arrangement allows the vasa recta to remove excess salts and water while leaving the medullary
concentration gradient intact.
This phenomenon can be explained using the actual concentration values. As filtrate enters the
Bowman' s capsule and proximal tubule of the nephron it does so at the same concentration as that of
the plasma. This concentration is around 300 mOsm. Since the filtrate moves first to the descending
limb, water will begin to move from the descending limb into the interstitium/blood making the
filtrate in the nephron more concentrated. Thus, the osmolarity will begin to change from 300 to 400
to 500 etc. The maximum value it will achieve is 1200 mOsm. As the filtrate moves back up the
ascending limb, the ions will begin to be pumped out causing the filtrate to become more dilute,
moving from 1200 to 1000 to 500 mOsm etc. until it reaches a value of about 100 mOsm. The net
result is that of the 100% of the filtrate that began in the proximal tubule, only 20% remains as it
enters the distal tubule. In the distal tubule another ~10% is reabsorbed. This is possible in the distal
convoluted tubule because the osmolarity of the filtrate is 100 mOsm while that of the interstitial
fluid is 300 mOsm. This filtrate then enters the collecting duct and travels back down through the
medulla. In conditions of hydration, the kidney medulla will maintain a hyperosmotic gradient of
around 500 mOsm. But in conditions of dehydration, the gradient can be maintained at 1200 mOsm,
thus increasing the amount of water reabsorbed by the kidneys. To reach the hypertonic environment
of 1200 mOsm, the kidneys take advantage of filtered urea to help reach those high numbers. Urea is
a waste product of the breakdown of product of protein metabolism. Approximately 600 mOsm of the
1200 is contributed to NaCl concentrations and 600 mOsm are the result of urea. The gradient from
NaCl has already been explained, but how urea accumulates is a bit more complex.
Urea is not made by the kidney instead it is released into the blood from the liver as a product of
protein metabolism. Urea enters the kidney via filtration at the glomerulus. When urea reaches the
collecting duct the cells express UT-A1 and UT-A3 urea transporters. The number and activity of
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these transporters can be regulated by the hormone arginine vasopressin (also called antidiuretic
hormone). As the urea is reabsorbed and put into the interstitium, some of it moves back into the
tubules at the loop of Henle through UT-A2 and some of it moves into the vasa recta through UT-B.
Urea that is secreted back into the loop is trapped until it reaches the collecting duct again where it
can do the cycle again. This “recycling” of urea will result in a build up of urea in the interstitial
spaces deep in the medulla. The urea that enters the vasa recta will be used by the red blood cells.
The red blood cells rapidly pump in urea to increase their intracellular osmolarity and help prevent
crenation as they move through the 1200 mOsmolar surrounding fluid.
Because of the shape of the nephron, the collecting duct starts in the cortex and descends through
the "salty" medulla to finally dump its contents in the calyces of the kidney. Thus, the collecting duct
is optimally positioned to serve as a regulatory section. In addition, the collecting duct can change its
permeability to water. Inside the cells of the collecting duct are aquaporin channels housed in
vesicles of cells called principal cells in the collecting duct. During times of dehydration, the
channels are inserted into the plasma membranes of the collecting duct cells allowing water to move
out of the collecting duct. Since the concentration gradient is already established in the medulla, the
water simply follows the gradient, leaving the collecting duct lumen by osmosis and being reabsorbed
by the vasa recta. The osmolarity of the fluid in the collecting duct will change from 300 mOsm at the
top of the collecting duct to up to 1200 mOsm by the time it enters the renal calyces. Under these
conditions, the urine will be very concentrated and low volume, exactly what we would want if we are
dehydrated. When we are hydrated, the aquaporin channels simply stay "concealed" and the 100
mOsm urine moves through the tubules losing only NaCl. Thus, the end product will be a very dilute
urine (60 mOsm) and high volume, exactly what we would need to do if we had too much water in our
system.
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ADH acting on Principle cells of the Collecting Duct to Reabsorb Water
Created by BYU-Idaho instructor T. Orton Fall 2017. Image of Brain from By Patrick J. Lynch, medical illustrator
Link: https://upload.wikimedia.org/wikipedia/commons/a/a5/Hypophyse.png CC 3.0 License: CC BY-SA 3.0

Physicians can take advantage of the concepts of gradients and force the kidneys to secrete lots of
dilute urine even though the physiology of the system would dictate concentrated urine. This is
accomplished through the use of diuretics. A diuretic is any substance that promotes the production
of urine. There are many different types of diuretics, but most work under the same general principle,
that is they prevent the nephron from reabsorbing salt (furosemide blocks the Na+/K+/2Cltransporter and thiazide blocks the Na+/Cl- transporter). By blocking the reabsorption of salt in
different sections, the nephron loses the ability to increase the tonicity of the medulla. Thus, even
though the nephron collecting duct could be avidly trying to retain water, by the insertion of
aquaporin channels, without a salty gradient to drive water reabsorption, the water would remain in
the tubule and eventually be excreted. Some diuretics, osmotic diuretics, work by administering a
solute that is not reabsorbed and thereby acts as an osmotic particle to keep water from moving out
(i.e. mannitol). Other diuretics (aquaretics) block the ADH receptors (V2). Diuretics are used to treat
heart failure, liver cirrhosis, hypertension and even certain kidney diseases. Thus, diuretics help
remove excess body water that has accumulated because of the failure of another system by forcing
the kidneys to excrete the excess water. Unfortunately, diuretics are often abused by individuals who
suffer from eating disorders, especially bulimics, to aid in weight loss.
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4.2.5
Hormonal Regulation of Urine Production

We have just discussed how the kidneys can generate gradients to reabsorb or secrete water, but the
question still remains: how do the kidneys know when to reabsorb or secrete the water? This question
will be answered in this section.
As previously mentioned, the principle cells of the collecting duct have aquaporin channels in the
membranes of vesicles, essentially waiting for the signal for insertion into the plasma membrane. The
hormone that induces insertion of the channels is called antidiuretic hormone (ADH; or arginine
vasopressin). This hormone is produced by hypothalamic neurons and released from the posterior
pituitary gland. There are three regulatory pathways to induce the release of ADH: Osmoreceptors,
baroreceptors, and the renin-angiotensin-aldosterone system.
Osmoreceptors
The primary regulator of ADH secretion is blood osmolarity. Specialized nerve cells called
osmoreceptors are located in the hypothalamus. These receptors are very sensitive to changes in
blood ion concentrations. The area of the brain where they are located lacks the typical blood brain
barrier and allows for easier access to ions. As a result, if the concentration of ions in the blood and
interstitial fluids increases (conditions of dehydration), water moves out the osmoreceptors by
osmosis to re-establish equilibrium. As the cells lose water they shrink and this shrinking induces
action potentials. The action potentials are conducted to the posterior pituitary gland and stimulate
the release of ADH.
Baroreceptors
Located within the walls of the aortic arch and carotid sinuses are specialized receptors called
baroreceptors. These baroreceptors respond to stretch of the blood vessels which elicits action
potentials in neurons to travel to the hypothalamus and synapse with hypothalamic neurons.
Consequently, decreased blood pressure and lack of stretch of the baroreceptors in these vessels
stimulate ADH secretion, while increased blood pressure (and subsequent increased strectch)
decreases ADH secretion.
The Renin-Angiotensin-Aldosterone System
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Conversion of Angiotensin I to Angiotensin II increasing water reabsorption in kidney
https://cnx.org/resources/e20e7d6b1033f92c7ec59e78633956192c772da6/2626_Renin_Aldosterone_Angiotensin.jpg Author: OpenStax College License: Creative
Commons Attribution 3.0 Unported license.
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Image drawn by BYU-Idaho student Fall 2013

Renin-angiotensin-aldosterone system schematic.
Author: By Soupvector (Own work) License: [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons;
Link: https://commons.wikimedia.org/wiki/File%3ARenin-angiotensin-aldosterone_system.svg
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The three images above illustrate the renin-angiotensin-aldosterone system which promotes the
direct retention of Na+, and thus, the indirect retention of water. The system starts with the release
of renin, an enzyme produced by specialized cells of the afferent arteriole. Renin is released in
response to a decrease in GFR (paracrine signaling) or a decrease in blood pressure
(baroreceptors). In response to these stimuli, renin is released into the circulation. Renin is an
enzyme that acts on a plasma protein called angiotensinogen. Angiotensinogen is produced by the
liver and released into the circulation. As a result of the enzymatic cleavage by renin, angiotensin
I is produced from angiotensinogen. Subsequently, angiotensin I is converted to angiotensin II by
an enzyme called angiotensin-converting enzyme (ACE). Although ACE can be found in many
tissues it is in especially high concentrations in the blood capillaries of the lungs. Angiotensin II has
four major effects:
1. It stimulates of the release of aldosterone from the adrenal gland (note: aldosterone release
can also be directly stimulated by increased extracellular K+ levels)
2. It preferentially constricts the efferent arteriole
3. It is a potent vasoconstrictor of the systemic arterioles
4. It induces the release of ADH from the posterior pituitary gland
These actions enhance Na+ reabsorption and water retention by the following mechanisms:
Aldosterone is a hormone from the adrenal cortex that directly influences Na+/K+ ATPase by
inducing the synthesis of new pumps and increasing the activity of existing pumps. Increasing the
number and activity of this pump will greatly enhance the reabsorption of Na+ and the secretion of
K+. Because of this effect on K+, aldosterone release is also tied to extracellular K+. If extracellular
K+ levels increase, aldosterone is also released. If aldosterone levels are increased, the extracellular
K+ concentrations will decrease. In some cases of excessive aldosterone the K+ levels can become
dangerously low.
Constriction of the efferent arteriole will increase the pressure in the glomerular capillaries and thus
increase the GFR. Increasing GFR will then promote increased filtration of Na+ thereby increasing
the rate of reabsorption. Systemic vasoconstriction increases the mean arterial blood pressure.
Because of the potent vasoconstricting effects of angiotensin II, a useful therapeutic tool to help
reduce blood pressure is a family of drugs known as ACE inhibitors. By inhibiting the enzyme ACE,
the production of angiotensin II is decreased, as its effect on blood pressure. Finally, inducing the
release of ADH allows for the insertion of aquaporins and thus the increased reabsorption of water as
it follows the increased sodium reabsorption. Based on these actions we can think of aldosterone as
being primarily involved in regulating extracellular fluid volume due to its effects on Na+
reabsorption. Likewise, the primary role of ADH is regulating plasma osmolarity. These hormones can
work in concert or they can function independently, depending on the needs of the body.
What if there is too much blood volume? Atrial natriuretic hormone (ANH) is a hormone produced
by the atrial cells of the right atrium of the heart in response to stretch (high blood pressure).
In addition, brain natriuretic peptide (BNP) is produced by the ventricular cells of the heart and
certain brain neurons, also in response to stretch. Once released these hormones act to decrease
renin, aldosterone and vasopressin secretion. This results in an increase in both water and Na+
excretion by the kidney. These peptides also dilate the afferent arteriole enhancing the filtration rate.
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4.3
Acid/Base Balance

One of the most important homeostatic variables of the body is pH. Normal arterial pH is 7.4
(7.35-7.45). Be aware that the pH of other body fluids may be quite different from that of arterial
blood. For example, the pH in the stomach may be as low as 1, pancreatic fluid is about 8.1, venous
blood is close to 7.35 and urine ranges from 4.5 to 8. If arterial pH drops below 7.35, we say the
person’s blood is too acidic and that they are in a state of acidosis. Conversely, if arterial pH is above
7.45, we say the person’s blood is too basic and that they are in a state of alkalosis. Generally, a
person cannot survive for more than a few minutes if arterial pH drops below 6.8 or rises above 8.0.
The primary challenge that the body faces daily is the production of excess acids. These acids can be
classified into two broad categories, volatile acids and non-volatile acids. Volatile acids are CO2 and
acids that can be converted to CO2. We produce about 15,000 millimoles of volatile acids daily, mostly
as a result of the breakdown of nutrients. However, all of the volatile acids can be removed by the
lungs. Volatile acids do not present a problem to us as long as the lungs are functioning properly.
Non-volatile acids, on the other hand, cannot be excreted by the lungs. Non-volatile acids include
lactic acid, ketoacids, sulfuric acid and phosphoric acids as well as acids consumed in our diets. On
average, the body must deal with about 70 mmol of non-volatile acids each day. Since these acids
cannot be excreted by the lungs, they must be eliminated by other means. Under normal conditions,
our body does an admirable job of handling the acid (and base) challenges it faces. In dealing with
these challenges, we have three lines of defense; 1) buffers, 2) the respiratory system and, 3) the
kidneys. We will examine each of these defenses and then discuss what happens when something
goes wrong.

BIO 461 Principles of Physiology

324

4.3.1
Buﬀers

Buffers are substance in the body fluids that resist changes in pH. Buffers are composed of weak
acids and their conjugate bases. They have the advantage of acting very quickly, almost immediately.
So, when you eat citrus fruit and absorb the acids in them, the pH of the blood remains relatively
constant because of the action of blood buffers. The weakness of buffers is they only resist changes,
they do not prevent changes. Therefore, in a buffered system if you add an acid or a base you will see
a small change in pH, but not nearly as large a change as would be observed in the absence of a
buffer.
The most important buffer in the blood is the bicarbonate buffer system, see below.

A chemist would tell you that the bicarbonate buffer system should not be very efficient in the body.
Indeed, if you placed this buffer into a beaker and tried to maintain a pH of 7.4, it would not do a very
good job. Why this is so can be understood a little better by seeing a titration curve that represents
how pH changes with the shifting of the amounts of acid (H2CO3) and conjugate base (HCO3-).
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If you look at the pKa of the bicarbonate / CO2 buffer system, it is about 6.1. Notice that
while CO2 is not technically the “acid”, it might as well be because it becomes H2CO3 when it
reacts with water. this means that at body pH of 7.4, there is about 20 times more HCO3than acid (CO2). Keep in mind that at pH of 6.1, there would be 50% HCO3- and 50% acid
(CO2). However, the concentration of both CO2 and HCO3- are regulated which greatly
increases the ability of this buffer system. The gray box represents maximal buffering,
which is generally considered to be (+ or –) 1 pH unit on a titration curve like this.
Notice that pH changes the least with base or acid added if the pH of the solution is at 6.1. However,
the pH of the body is around 7.4. Notice on the titration curve that at a pH of 7.4 we are out of the
optimal buffering range (shaded area).
Why then is it so effective in the body? The answer lies in its close ties to the other two lines of
defense, the lungs and the kidneys. If we look at just the first part of the equation above, CO2 + H2O
← → H2CO3 , we note that one of the key components is carbon dioxide. Therefore, it is directly
related to the respiratory system, since the levels of carbon dioxide in the blood can be regulated by
increasing or decreasing our respiration. For example, if an acid is added, carbon dioxide is produced
which can be excreted in the lungs. The last half of the equation H2CO3 <-> H+ + HCO3- is linked to
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the kidneys. The kidneys can either excrete or reabsorb bicarbonate or H+, as needed. Because the
concentrations of both carbon dioxide and bicarbonate can be regulated via the lungs and kidneys,
this buffer system becomes the centerpiece of the body’s mechanisms for maintaining proper pH.
Although the bicarbonate system is the most important blood buffer, other buffer systems play
important roles in other parts of the body. Acid-base changes inside cells are buffered by the
intracellular proteins as well as the phosphate buffer system. The phosphate buffer system also plays
an important role in the urine, along with the ammonia/ammonium ion buffer system.
Respiratory System
As mentioned above, the respiratory system plays a key role in regulating the body’s pH due to its
ability to alter the levels of carbon dioxide in the blood and excrete volatile acids. Like buffers, the
respiratory system reacts quickly to changes in pH and can bring about a response within a few
minutes. Its limitation is that it cannot restore the components of the system to their normal values.
For example, suppose the concentration of non-volatile acids increased, causing the pH to go down.
Bicarbonate ions would combine with the excess hydrogen ions to buffer the pH change resulting in
the production of more carbon dioxide. The extra carbon dioxide would then be excreted via the
respiratory system and the pH change would be minimized. However, the respiratory system cannot
replace the bicarbonate that was used to buffer the acid. Even though the pH may have been
maintained within the normal range, bicarbonate levels are now low. The only way to restore all
parameters to their normal levels is through the third component of our defenses, the kidneys.
Kidneys
Our most powerful long term defense against changes in pH is the urinary system, specifically the
kidneys. Of our three lines of defense, the urinary system is the only one that can restore all of the
components to their normal values. It does this by either excreting or reabsorbing bicarbonate ions
and hydrogen ions or through the production of new bicarbonate ions. Also, the kidney is responsible
for excreting the non-volatile acids that are produced in the body each day. Unlike the blood buffers
and the respiratory system which can respond within seconds or minutes to acid-base disturbances,
the response of the kidneys takes more time, ranging from hours to days. The kidneys perform
several important tasks in terms of regulating acid-base balance. First, they must reabsorb all of the
bicarbonate that is filtered each day (see the first image below). In the cells of the kidney tubules,
carbon dioxide reacts with water in the presence of the enzyme carbonic anhydrase resulting in the
formation of hydrogen ions and bicarbonate ions. The hydrogen ion is secreted into the kidney tubule
in exchange for sodium. Once in the tubule, the hydrogen ion can combine with the filtered
bicarbonate and be converted to carbon dioxide and water. The carbon dioxide diffuses into the
tubule cell and combines with water, producing hydrogen ions and bicarbonate. The bicarbonate can
then be reabsorbed into the blood. The end result is the reabsorption of the filtered bicarbonate.
Under normal conditions, virtually all of the filtered bicarbonate can be reabsorbed back into the
blood. This process takes place primarily in the proximal convoluted tubules.
The kidneys are also able to produce new bicarbonate from carbon dioxide in the blood using
carbonic anhydrase, or from the metabolism of the amino acid glutamate.
The other important functions of the kidneys pertain to their ability to either excrete hydrogen ions
while reabsorbing bicarbonate ions or excrete bicarbonate ions while reabsorbing hydrogen ions. The
newly formed HCO3- can then buffer the non-volatile acid. In the collecting ducts of the nephrons,
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there are two types of cells that are involved in regulating acid/base balance designated as Type A
and Type B intercalated cells (bottom two images below). The type A cells are able to secrete H+
while absorbing HCO3-. The Type B cells do just the opposite, they absorb H+ while secreting HCO3-.
If you look closely at the two diagrams below you will notice that there is a difference in the location
of the carriers that transport the various ions across the membranes. The factor that determines
which cell is active is the pH of the blood. In conditions of acidosis, the cells that secrete H+ into the
nephron lumen are active, while in conditions of alkalosis, the cells that reabsorb H+ into the blood
vessels are active. Notice that as H+ is moving across the membranes, K+ is moving the opposite
direction. Another consequence of acid-base imbalances is that it can cause a disruption of normal
K+ concentrations in the body. Acidosis can result in hyperkalemia (too much extra cellular K+) and
alkalosis can result in hypokalemia (too little extracellular K+). Either condition can have tragic
effects due to their effect on membrane potentials. It is important that the excreted H+ be buffered
in the urine. This is accomplished either by phosphate buffer or by ammonia. This prevents the pH of
the urine from becoming too low, which could damage the cells of the kidney tubules.

Image by J. Shaw at BYU-Idaho Spring 2014

BIO 461 Principles of Physiology

328

4.3.2
Acid/Base Disturbances

So far, we have alluded to the fact that acid-base imbalances can have devastating effects on the
body. Since all proteins, particularly enzymes, are very sensitive to changes in pH, normal body
functions can be altered by small changes in pH. For example, the activity of the enzyme
phosphofructokinase, an important enzyme in glycolysis, can be reduced by as much as 90% by a
change in pH as small as 0.1 pH units. The general effect of acidosis is depression of the central
nervous system. This can lead to disorientation, coma and even death. Conversely, the main problem
associated with alkalosis is hyper excitability of the nervous system. This can lead to muscle spasms,
tetany and death due to paralysis of the respiratory muscles. Fortunately, the mechanisms discussed
above do an admirable job of maintaining blood pH within the normal range under most conditions.
As we examine acid-base imbalances there are two factors that we must pay close attention to. We
must closely monitor the concentrations of carbon dioxide and HCO3- in the arterial blood. Recall
that these are both components of the bicarbonate buffer system.
Normally, we don’t measure the concentration of CO2 in the blood but express it in terms of its partial
pressure (PCO2), normal arterial PCO2=40 mm Hg. To determine the actual CO2 concentration, we
can multiply the PCO2 by its solubility coefficient which is 0.03. Therefore, the concentration of CO2 in
arterial blood is 1.2 mmol/Liter (40 X 0.03).
The normal concentration of HCO3- in arterial blood is 24 mmol/liter (24 mM). It can be shown that as
long as a ratio of 20:1 is maintained, then the pH will be 7.4. Based on this reasoning, if the HCO3concentration were to decrease to 20mM due to the addition of some non-volatile acid, normal pH
could be maintained if the CO2 concentration decreased to 1.0. (20/1 = 20). Even though both the
HCO3- and the CO2 concentrations are lower than their “normal” levels, arterial pH would be
maintained at 7.4.
For those curious as to why this is, we must employ the Henderson-Hasselbalch equation. This is an
important equation used to define buffer systems.
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This is the Henderson-Hasselbalch equation. Notice the 20:1 ratio of bicarbonate to carbon dioxide.

Acid-base disturbances can be classified according to the underlying cause of the problem. If the
disturbance is due to a problem with respiration, we classify the problem as either respiratory
acidosis or respiratory alkalosis. Respiratory disturbances would manifest as changes in PCO2.
Respiratory acidosis would be caused by anything the depressed the respiration, such as damage to
the respiratory centers of the brain or, more commonly, COPD, and would result in a PCO2 greater
than 40. Respiratory alkalosis would be caused by any activity that causes an abnormal increase in
respiration. Although less common, it can also be caused by hyperventilation associated with
heightened anxiety. Clinically, respiratory alkalosis can be the result of over ventilation of a patient
who is on a ventilator. Respiratory alkalosis would be manifest by a PCO2 that is less than 40. Acidbase imbalances that are not due to altered respiration are classified as metabolic imbalances and
are manifest by changes in HCO3-. Metabolic acidosis can be caused by renal failure, excessive
diarrhea, ingestion of acids not normally found in foods such as aspirin or methanol, or by excessive
production of ketoacids (diabetic ketoacidosis) or lactic acid (circulatory shock). Metabolic acidosis
would be manifest by a HCO3- of less than 24. Metabolic alkalosis can be caused by vomiting,
ingestion of alkaline drugs (sodium bicarbonate), certain diuretics or excessive secretion of
aldosterone. Metabolic alkalosis would be manifest by a HCO3- of greater than 24.
As described above, as long as the HCO3- / PCO2 ratio is 20, arterial pH will be normal. Because of
this, if there is a respiratory disturbance that causes the pH to drop (respiratory acidosis, PCO2
greater than 40), it can be compensated by an increase in the HCO3-. In other words, the respiratory
acidosis is being compensated by a metabolic alkalosis. On the other hand, if a person is suffering
from metabolic acidosis (HCO3- less than 24) it can be compensated for by a respiratory alkalosis
(PCO2 less than 40). These mechanisms attempt to allow the body to maintain pH within the safe
range until the underlying problem is remedied, either by the body healing itself or by medical
intervention. A visual way to see how the body trys to help itself can be seen in a small change to the
Henderson-Hasselbalch equation:
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When it comes to medical intervention, it is important to treat the underlying problem and not the
compensatory mechanism. If you treat the compensatory mechanism, you could kill your patient.
Let’s look at an example and see if we can determine what the underlying problem is so that proper
treatment can be administered.
A patient presents at your clinic because she has been experiencing nausea for several days. As you
perform your initial evaluation you note that her hands are shaking. She also explains that she feels
light-headed and has experienced some periods of confusion. You run some routine labs and observe
the following values. Red blood cell count and hemoglobin concentrations are within the normal
ranges. Differential blood cell count reveals that white blood cells are also within normal ranges.
Blood tests reveal the following values: HCO3- = 35 mmol/Liter; PCO2 = 47 mmHg; Arterial pH =
7.49. What is your diagnosis?
If you look at the HCO3- it suggests a metabolic alkalosis while the PCO2 suggests a respiratory
acidosis. The question is which is the underlying cause? If we look at the pH we note that it is greater
than 7.45, suggesting a state of alkalosis. Your diagnosis should therefore be that the patient is
suffering from a metabolic alkalosis that is being compensated by a respiratory acidosis. Your next
step is to determine the cause and treat metabolic alkalosis.
Up to this point in our understanding and diagnosis of acid/base disorders we have assumed that only
one primary abnormality is present. However, in reality, patients often suffer from more than one
disorder at a time. There are extensive diagrams and mathematical equations that have been
developed to try and find all the possible disorders, but here we will present a much easier, yet still
comprehensive approach to helping you diagnose “mixed” disorders. This practical approach was
published by Richard Haber (Haber RJ: A practical approach to acid-base disorders. West J Med 1991
Aug; 155:146-151). With acid/base problems, the first approach (already explained above) is to
identify the pH to determine the primary issue (and accompanying CO2 and HCO3- values).
To help us identify additional underlying issues we will also measure the serum electrolyte values of
sodium, chloride, and HCO3- and use them to calculate a value known as the anion gap. The anion gap
is the difference between the cations and anions in blood plasma.
Anion Gap = Na+ - (Cl- + HCO3-)
The magnitude of the difference (gap), as will be explained, helps us to determine the cause of
metabolic acidosis. The body goes to great lengths to ensure electrical neutrality, that is, the total
number of cations has to be equal to the total number of anions. In the body, ions are not created
equal, in fact there are four ions that outnumber the rest, they are: Na+, K+, Cl- and HCO3-. Within
blood plasma, Na+ is by far the most abundant of all cations and so it is used solely to determine the
cation amount. Anions are not so easily distinguished, even if we include Cl- and HCO3- in our
calculations, we still don’t have enough negative charges to balance Na+. Thus, the anion gap is a
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number that represents the “unmeasured” anions that are needed to balance out the Na+. This is
why the value is called the anion gap. In normal individuals, the cations that are measured still
outnumber the measured anions (even including Cl- and HCO3- and other anions) so that gap is
positive. Since we know that the body has to be electrically neutral, we deduce that the anion gap
represents the unmeasured anions.

Graph to show contributions of positive and negative ions in the plasma.
Image by JS at BYU-I W18

The current acceptable normal anion gap is around 12 mEq/L. The anion gap is classified as large,
normal or low. Since the anion gap is affected by an increase in the unmeasured anions, a large anion
gap will indicate acidosis. For example, in diabetes type I, patients can produce large volumes of
ketoacids which then bind to and convert bicarbonate ions to form CO2. Since the bicarbonate is
decreased, the anion gap is increased.
Low anion gaps can be caused by hypoalbuminemia (low levels of albumin). Albumin is negatively
charged and thus acts as a major “unmeasured” anion. However, if albumin levels drop, anions like
Cl- must increase to maintain electrical neutrality. Since Cl- is a “measured” anion, the gap will
decrease.
Acid-Base and potassium
Potassium (K+) homeostasis is of vital importance, but mostly extracellular K+. Since about 98% of
potassium resides intracellularly, adding or subtracting K+ from intracellular stores is hardly
noticeable. In contrast, altering extracellular K+ concentrations, because the amounts are so small to
begin with, results in major changes, especially regarding membrane potentials. This creates an
interesting conundrum because normal daily loads of dietary K+ being absorbed from the intestine
into the extracellular spaces should be lethal. To prevent this, the body deals with increasing
extracellular loads of K+ in two ways; by immediately shifting K+ intracellularly and by excreting K+
by the kidneys (visited in the kidney section). Under normal physiological conditions, these two
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systems handle K+ very effectively, but under nonphysiologically conditions, especially those dealing
with alterations in pH, K+ homeostasis is greatly affected.
Why is K+ homeostasis tied to pH? In brief, the buffering mechanisms for K+ and H+ into or out of
the cell seem to be linked together. For example, to buffer the effect of hyperkalemia, cells (mainly
skeletal muscle cells) take in K+ to help maintain extracellular concentrations. In doing so,
extracellular H+ ion concentrations increase, inducing a state of acidosis. Thus, hyperkalemia is
associated with acidosis. Vice versa, in metabolic acidosis, excess hydrogen ions are buffered by cells,
but in doing so extracellular potassium ions increase, causing hyperkalemia. The opposite is true for
states of hypokalemia and alkalosis. Unfortunately, this “exchange” effect for H+ and K+ is not as
easy as a single transport protein (ie., H+/K+ exchanger), instead, it is the effect of at least four
indirect exchange mechanisms.

1. Na+/H+ antiporter. The Na+/H+ antiporter is the predominant transporter in skeletal
muscle to help regulate pH. The transporter brings in Na+ and takes out H+ and then the Na+
that enters is extruded by the Na+/K+ ATPase pump. This pump is crucial in helping to
maintain intracellular pH during muscle contraction, however, during acidemia (extracellular
acidosis), the increased extracellular concentration of H+ ions will slow down (most likely due
to acidic effect on the protein pump) the Na+/H+ exchanger, causing slight decreases in
intracellular Na+ and slight increases in intracellular H+. The Na+/K+ ATPase pump will also
be affected, experienced a reduced activity, thereby increasing extracellular K+ (hyperkalemia
in response to acidosis).
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2. Na+/HC03- cotransport. The Na+/HCO3- cotransporter works by bringing Na+ in as well as
HCO3-. Thus, during conditions of acidosis, or low HCO3-, the cotransport of Na+ and HCO3will be reduced, slightly decreasing the intracellular Na+, reducing the activity of the Na+/K+
ATPase pump, and increasing extracellular K+ (hyperkalemia in response to acidosis).
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3. Cl-/HCO3- antiporter and K+/Cl- cotransporter. The Cl-/HCO3- antiporter works by
pumping HCO3- out and Cl- in and the K+/Cl- cotransport by pumping Cl- out and K+ out.
Thus, during acidosis, the low extracellular HCO3- would drive the movement of HCO3- out,
and Cl- in, which in turn would drive Cl- back out with K+ (hyperkalemia in response to
acidosis).
4. Intracellular anion competition. In response to acidosis, the increase of H+ movement into
the cell binds to non-diffusible anions, competing for binding with K+, and thereby increasing
the intracellular gradient for free (unbound) K+ to diffuse out of the cell (hyperkalemia in
response to acidosis).
These transporters and conditions can also work opposite in cases of hypokalemic induced alkalosis.
In brief, alkalosis would stimulate the Na+/H+ co-transporter and the Na+/K+ ATPase pump,
increase the Na+/HCO3- co-transporter and the Na+/K+ ATPase pump, decrease Cl-/HCO3exchange and the K+/Cl- exchange, and reduce competitive binding (Hypokalemia that results in
alkalosis).
Understanding these transporters can help explain how hormones can have dramatic effects on acidbase balance. For example, excess Aldosterone can induce a state of alkalosis because of the effects
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on the Na/K ATPase pump. Since 3 Na+ ions are exchanged for 2 K+ ions, increasing pump activity
will increase intracellular K+ concentrations, which can then induce a hypokalemic state. In
response, cells will begin to release the K+ to the extracellular space, but in doing so will use the
mechanism explained to shift H+ out of the extracellular to the intracellular space, thereby inducing
alkalosis. Insulin also increases the activity of the Na+/K+ pump but usually does not induce
hypokalemia because insulin release follows meals when the K+ load is already beginning to
increase. The importance of this role for insulin is seen in type I diabetics (lack insulin) who can
become severely hyperkalemic following a meal if their insulin is not injected properly.
Epinephrine/norepinephrine may contribute to hypokalemia and subsequent alkalosis as they also
stimulate the Na/K ATPase pump, through interactions with autonomic receptors.
Not all types of metabolic acidosis are associated with hyperkalemia. In the case of lactic or
ketoacidosis, the conjugate base (anion) can move into the cell, making a smaller driving force for K+
to exit, although some mild forms of hyperkalemia in ketoacidosis will still be observed, mainly due to
the lack of insulin. Still, for some general rules, consider this table of K+ interactions.
Metabolic Acidosis

↑ K+

Metabolic Alkalosis

↓ K+

Respiratory Alkalosis

↔ K+

Respiratory Acidosis

↔ K+

Both respiratory alkalosis and acidosis induce small or even no changes in K+, perhaps because the
respiratory system doesn’t deal directly with HCO3-, but the mechanisms as to why the change is so
subtle is not yet understood.
Acid-Base and The Nervous system
In terms of the nervous system, acidosis is often (but not always) associated with hypo-excitability
and alkalosis with hyper-excitability (always). This is due to the effect of protons on albumin and
calcium homeostasis. Recall that the voltage-gated Na+ channel conformation is highly dependent on
extracellular calcium (hyper or hypocalcemia). In hypercalcemia the voltage mechanism is inhibited
so that the channel doesn’t respond well (hypo-excitable), whereas in hypocalcemic states, the
channel becomes over sensitive (hyper-excitable). Finally, extracellular calcium concentrations are
highly dependent upon how much calcium is bound to albumin. Thus, in acidosis, the increased
proton concentration will compete with the binding of calcium on albumin. This competition will
result in an increase binding of H+ ions and subsequent decrease binding in Ca++ ions thereby
inducing a state of hypercalcemia and hypo-excitability. However, if the acidosis is associated with
hyperkalemia, the increased K+ concentrations will alter membrane potentials, thereby inducing
hyper-excitable states. This is why acidosis can be observed to be associated with hyper and hypoexcitable states. In contrast, the lack of H+ ions will cause albumin to “soak” up, or bind more
calcium ions, inducing a state of hypocalcemia and a hyper-excitable state.
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4.4
The Respiratory System
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4.4.1
Respiratory System Structure and Function

The main function of the respiratory system is to provide cells with sufficient oxygen and to remove
carbon dioxide from the body. This process is referred to as respiration and can be divided into four
processes. 1) ventilation or breathing: moving air in and out of lungs; 2) external respiration:
oxygen going from the lungs into the blood and carbon dioxide going from the blood into the lungs;
3) gas transport: oxygen traveling to the cells and carbon dioxide traveling to the lungs both by way
of the circulatory system; 4) internal respiration: oxygen leaving the blood and entering the cells
and carbon dioxide leaving the cells and entering the blood.
Additionally, the respiratory system plays a role in other important areas including:
1) Maintaining blood pH homeostasis. Recall the reversible reaction CO2 + H2O <> H2CO3 ß à
H+ + HCO3-. By altering ventilation rate, the respiratory system can change blood pH
2) Blood pressure regulation. The lungs produce the majority of an enzyme called angiotensin
converting enzyme (ACE) which when produced, leads to increased blood pressure.
3) Sound production. Air is forced past the vocal cords and folds causing them to vibrate and
produce sound waves. Oral and nasal cavities and the tongue, teeth, and lips affect the final sound
product.
4) Sense of smell. Chemoreceptors for olfaction are located in the superior region of the nasal
cavity.
5) Defense. Foreign material such as dust and bacteria are filtered and trapped by hair and mucus
and also are removed by the mucociliary escalator system and phagocytes.
The paired lungs are housed inside the thoracic cage with their surfaces in close proximity with the
ribs. Pleural membranes line the outer surface of the lungs (visceral pleura) and the walls of the
thoracic cavity (parietal pleura). The space between these membranes is the pleural cavity. This
cavity is filled with a thin layer of serous fluid produced by the epithelial cells of the serous
membranes. As the elastic lung tries to recoil (get smaller), it pulls away from the ribs. This increases
the volume of the pleural cavity and a negative pressure is created in the pleural cavity that pulls or
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sucks on the lungs to keep them from collapsing. This enables the lungs to inflate or deflate with
changes in thoracic cavity volume. Think of two wet microscope slides abutted up against one
another when one attempts to pull them apart. The water in between them creates a negative
pressure, making it very difficult to pull them apart. But they are easily able to slide past one another.
It is the same with the parietal pleura of the thoracic cavity and the visceral pleura of the lungs - they
strongly adhere to one another and are difficult to pull apart. But they will easily slide past one
another because of the friction-reducing serous fluid that is in between them.
The functional unit of the lung is the alveolus (alveoli pl.). Think of the alveoli as being little pieces of
fruit on the end of the very small branches (see image below). Gas exchange between air and blood
takes place in these small, air-filled chambers. Together, both lungs house 300-400 million alveoli.
They act to greatly increase the surface area for gas exchange.
The tubes leading to the alveoli are called bronchioles and are lined with smooth muscle. Relaxation
and contraction of this smooth muscle changes the diameter of the bronchioles, affecting the volume
of air that moves down the passages. During intense physical activity, smooth muscle lining
respiratory tubes relax, resulting in decreased airflow resistance and increased airflow volume. An
acute asthma attack is characterized by increased contraction of smooth muscle in the bronchi and
bronchioles, decreasing air flow to the lungs. In extreme cases, airflow may become so restricted that
an attack may be life threatening.
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4.4.2
Respiratory Membrane

Respiratory Membrane in the Alveoli
Image drawn by BYU-Idaho student: Jared Cardinet

There are two cell types that make up the wall of the alveoli. Type I alveolar cells (also called type
I pneumocytes) predominate (95%) and are simple squamous cells having the primary function of
gas exchange from the alveoli to the blood. The internal surface of alveoli is moist because of the high
humidity of the air coming in. These water molecules on the interior surface of the alveoli attract one
another (cohesion) and cause the alveoli to collapse. Fortunately, however, the more cuboidal type II
pneumocytes (also called type II pneumocytes) secrete surfactant - a detergent-like substance
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(amphipathic molecule) that decreases surface tension caused by the water molecules.
The respiratory membrane is what separates the inside of the alveolus from the blood. It consists of
six layers that gases must cross to enter the blood from the alveoli or vice versa. Imagine molecules
of oxygen and carbon dioxide that must pass through the following six layers.
1) fluid covering the inside of the alveoli (surfactant)
2) squamous cells (alveolar epithelium) lining the alveoli
3) basement membrane of alveolar epithelium
4) small space between two basement membranes (interstitial space)
5) basement membrane of capillary endothelium
6) squamous cells that make up the wall of the capillaries (capillary endothelium)
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4.4.3
Respiratory pressures and
Inspriation/Expiration

Ventilation or breathing is the movement of air into and out of the lungs. In order for air to move,
there must be differences in air pressure. An area of high pressure and an area of low pressure is
often referred to as a pressure gradient. Air will always flow from a region of high pressure to a
region of low pressure (P1 and P2 in the equation below represent the two different pressures).
Additionally, the rate of airflow through the respiratory passages is affected by the amount of
resistance of the passageway.
Recall when we studied the mean arterial pressure (MAP) of blood that total peripheral resistance
was dependent on the diameter of the blood vessels and that if you constricted a blood vessel it would
increase MAP. The same principles apply to air flow in our respiratory passages. According to the
formulas below, the diameter of the tube has the greatest influence on resistance: they are inversely
proportional - as diameter goes up, resistance goes down.
Flow = (P1 - P2)/R
R α 1/r4
The greater the difference between the two pressures and the lower the resistance in the tube, the
faster air will flow. Upon inhalation of air, the atmospheric pressure is greater than the pressure
inside the lungs so air enters the lungs.
Under quiet resting conditions, the respiratory rate is about 12 breaths per minute. This air
movement or ventilation is necessary from moment to moment to sustain life. The process of moving
air from the external environment into the lungs is called inspiration (this is where we get our
oxygen). Expiration is air moving from the lungs out of the body into the environment (this is where
we get rid of carbon dioxide). As described previously, air will always move from a region of high
pressure to a region of lower pressure. But what actually brings about the pressure differences to
ensure air movement into and out of the lungs? The answer lies in the relationship between pressure
and volume described by Robert Boyle.
Boyle’s Law
Boyle’s law is P = k/V, where P is the pressure of a gas, V is the volume of the gas, and k is a
constant. This equation shows that there is an inverse relationship between pressure and volume. It
shows that if the volume of a container of gas decreases, the pressure exerted by that gas will
increase.
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Boyle’s Law.
Author: OpenStax CNX. License: Creative Commons Attribution License 4.0. https://cnx.org/contents/FPtK1zmh@8.80:u67b9E14@8/The-Process-of-Breathing

A good example is a bicycle tire. If you pump air into a bicycle tire (container) you are forcing air into
a much smaller volume than the same number of air molecules would occupy if they were floating in
the atmosphere. You have increased the pressure in the tire by confining the molecules to a much
smaller space. The body allows ventilation or air movement to happen by changing the volume of the
thoracic cavity. Think for a moment. For inspiration to happen, there would have to be a lower
pressure inside the lungs compared to the atmosphere. This can be achieved by increasing the
volume of the thoracic cavity. To do this we use muscles to change the size of the internal space
inside the thoracic cavity.
The two main muscles of quiet inspiration are the diaphragm and the external intercostal. The
diaphragm, in its relaxed state, is dome-shaped. When it contracts it moves inferiorly and assumes a
flattened shape pushing down on abdominal organs. This inferior movement of the diaphragm,
increases the volume inside the thoracic cavity by increasing the height or vertical dimension of the
cavity. Under resting conditions, about 2/3 of the volume increase leading to inspiration is due to
depression of the diaphragm. The rest comes from contraction of the external intercostals. This
action elevates the ribs and sternum, increasing thoracic cavity volume in the anterior-posterior
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dimension, as well as the medial-lateral dimension.

Muscles of Respiration.
Image created by BYU-I student Nate Shoemaker Spring 2016

Thoracic cavity dimensions increase when the ribs and sternum elevate. Increases in dimensions in
these previously mentioned planes results in increased lung volume of about 500 ml under quietbreathing conditions. Alveolar pressure is now negative ( ≈ -1 mmHg) relative to the atmosphere, so
air rushes into the lungs and inspiration happens (see image below). Inspiration stops when the
pressures are equalized and alveolar pressure is equal to atmospheric pressure. Accessory muscles
including the sternocleidomastoid, scalene muscles, and pectoralis minor are additionally important
during more labored, intense breathing with exercise or in certain lung diseases to more fully, and
rapidly elevate the ribs and sternum to increase inspiration rate and volume. Are you a little out of
breath after reading this paragraph? Take a deep breath because we're not done yet.
During quiet expiration, the movement of air out of the lungs is mostly due to the relaxation of the
muscles of inspiration, which allows the natural elasticity of the lung tissue to recoil and assume its
natural “more collapsed resting position”. The diaphragm relaxes and reassumes its dome-shape and
the external intercostals relax, and the assume a smaller volume. This makes alveolar pressure now
slightly greater than atmospheric pressure causing the higher-pressure gases inside the lungs to
move out resulting in expiration. Forced expiration involves contraction of the internal intercostals
and the oblique and transverse abdominal muscles. The internal intercostals cause more rapid rib
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depression and contracting abdominals push the internal organs against the diaphragm to cause it to
more rapidly assume its resting dome-shape.
Pressure Differences in the Thoracic Cavity
Respiratory pressures are always given in relation to atmospheric pressure (Patm) which is the
pressure exerted by the atmosphere around the body. Atmospheric pressure is always considered to
be zero. It doesn't matter whether you are in Rexburg at nearly 5000 ft. where atmospheric pressure
is about 630 mm Hg or at sea level which is 760 mm Hg. A negative pressure such as -5 mm Hg,
describing any area in the respiratory system, means that the particular respiratory area being
described is 5 mm Hg lower than Patm. With alveolar pressure (Palv), the pressure inside the alveoli is
-1 mm Hg. During inhalation, due to the negative pressure, air will flow into the lungs until alveolar
pressure is zero (same as atmospheric pressure). Remember, there must be a pressure difference to
have air flow. When Palv is +1 mm Hg air will flow the opposite direction and exhalation will occur.
Pressure inside the pleural cavity or pleural pressure (also known as intrapleural pressure) is
usually -4 mm Hg. Where does this negative pressure in relation to atmospheric come from? The fact
that lymphatic vessels constantly pump fluid out of the pleural cavity, essentially creates a partial
vacuum and contributes to a lower pleural pressure compared to alveolar pressure. There are also a
couple of forces that attempt to pull the lungs away from the thoracic cavity wall and cause the lungs
to assume the smallest size possible. The first is the lungs inward elastic force. Think of a stretched
rubber band - it would like to return to its resting state of not being stretched. The lungs are elastic
and would like to be as small as possible. Secondly, there is surface tension exerted by water
molecules inside the alveoli that are attracted to one another. This force attempts to make the alveoli
as small as possible. If you imagine these forces trying to collapse the lung, you can see how the
space between the surface of the lung and the chest cavity wall would tend to increase. This
increasing volume lowers pressure until it is negative enough to “suck” or pull on the lung surface
which keeps the lung from fully collapsing.
The fact that our alveoli are placed in an environment that has a negative pressure, makes it much
easier for them to expand. Imagine filling a balloon with air. In order to make it expand, it would be
necessary to vigorously blow up the balloon or attach it to a compressed air hose. This would be an
example of how positive-pressure ventilation works, in which you must force air in. In cases
where a person is on a ventilator positive-pressure ventilation is used to force oxygen into the lungs.
But is it also possible to get a balloon to expand by decreasing the pressure around it? Yes, it is. Put a
balloon in a vacuum or take the balloon out to space and see if it expands (as long as the opening to
the balloon is at atmospheric pressure). In the same way, it is easier to inflate the alveoli when they
are surrounded by a partial vacuum like that in the pleural cavity. If it weren't for this lower pleural
cavity pressure compared to alveolar pressure, the lungs would collapse. This is known as negativepressure ventilation.
The difference between the pleural pressure and alveolar pressure is called transpulmonary
pressure. The larger the transpulmonary pressure (more negative) the more the alveoli and the
lungs will be inflated at any given moment.
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Boyle’s Law and Pressures of Ventilation
Author: T. Orton, BYU-Idaho, Winter 2017. Image modified from OpenStax, Anatomy &
Physiology. https://cnx.org/contents/FPtK1zmh@8.80:u67b9E14@8/The-Process-of-Breathing#fig-ch23_03_02 License: Creative Commons Attribution License 4.0
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4.4.4
Alveoli and Surfactant

Surfactant is made from amphipathic lipoproteins that have one hydrophilic phospholipid, or ‘waterloving” end, and one hydrophobic protein, or “water-repelling” end. This surfactant is critical for
adequate ventilation.
In order to breathe, the alveoli must be inflated with inhalation and deflated with exhalation, which
means there needs to be a balance in pressure and surface tension in order to inflate the alveoli.
Surface tension is the strong attraction of water molecules on the outer surface to want to bind to
each other. This is what causes beads of water to form on the side of a glass or plant. There is water
within the lining of the alveoli and surface tension is constantly pulling on the alveoli to want to resist
distension and cling together. While this force can aid in exhalation, this surface tension raises the
pressure of the alveolar air and there is risk that surface tension could push the air out and cause the
alveoli to collapse.
Additionally, some of the alveoli are larger and some are smaller. According to the Law of Laplace,
the larger the vessel radius, the larger the wall tension required to withstand a given internal fluid
pressure. In other words, the pressure is directly proportional to surface tension and inversely
proportional to the radius of the alveolus. What this means for the lungs is that if the pull of the
surface tension is the same, the large alveoli would have a lower internal pressure and smaller alveoli
would have a higher internal pressure. Since air flows from a high to lower pressure – large alveoli
would be at risk for over-inflating and small alveoli would be at risk for not being inflated at all and
collapsing (called atelectasis).
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Law of Laplace and Alveoli, Without Surfactant.
Author: BYU-Idaho T. Orton Winter 2017

When surfactant is added to the alveoli, it coats the fluid lining the alveoli and reduces the surface
tension with inspiration. This surfactant is more concentrated in the smaller alveoli and the end
result is that pressure equalizes between the large and small alveoli so that they can be inflated
equally.
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Law of Laplace and Alveoli, With Surfactant.
Author: BYU-Idaho T. Orton Winter 2017

When a baby is born, their first breath depends upon surfactant being present in the lungs. During
pregnancy at about 30-32 weeks gestation an increase in cortisol (a steroid hormone also known as
hydrocortisone) in the fetus will stimulate the production of surfactant by the Type II pneumocytes.
By 34-35 weeks gestation there is adequate surfactant naturally produced in the lungs to keep the
alveoli from collapsing. If a baby is born prematurely it will not have had time to develop adequate
levels of surfactant and may have significant difficulty with oxygenation and ventilation. This
difficulty causes respiratory distress syndrome (RDS). Treatment for RDS includes using a ventilator
to accomplish positive-pressure ventilation and provide surfactant replacement therapy where
surfactant is administered through a breathing tube directly into the baby’s lungs. If there is concern
that a mother will deliver an infant prematurely, she can be given corticosteroids during pregnancy
to help to speed up the production of surfactant in the developing fetus.
Here is a very helpful video on surface tension and surfactant
https://books.byui.edu/-vGHe
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4.4.5
Pneumothorax

There are clinical emergencies when the important negative pressure inside the pleural cavity
becomes compromised. If air is introduced into the pleural cavity from a stab wound or a gunshot, the
lungs will also collapse. Air may also be introduced internally such as when a rib cuts the surface of
the lung or when an alveolus ruptures.
Air in the pleural cavity is called a pneumothorax. A tension pneumothorax occurs when air is
allowed to enter the pleural cavity during inspiration but not exit during expiration. A one-way valve
forms from damaged tissue. Pressure builds up in the thoracic cavity and may put pressure on veins
returning blood to the left side of the heart for a decrease in venous return and the decreased cardiac
output may be life-threatening. In an ER environment, a large needle is inserted between the ribs into
the pleural cavity to relieve the pressure from a tension pneumothorax. In the movie "Just Like
Heaven", a doctor played by Reese Witherspoon saved a man suffering from tension pneumothorax in
a restaurant. She made an incision into the thorax with a kitchen knife and then shoved the tube part
of a pen between his ribs to relieve the pressure.

Pneumothorax
By National Heart Lung and Blood Institute, License: Wikimedia Commons Link: https://commons.wikimedia.org/wiki/File%3APleurisy_and_pneumothorax.jpg
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Pleuritis is an infection of the pleura and may cause excess fluid to build up in the pleural cavity.
With too much fluid, the visceral and parietal layers are no longer attracted to each other and the
lung may collapse.
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4.4.6
Pressure-Volume Loops and the Work of
Breathing

Breathing requires a substantial amount of energy expenditure, which can be equated as work, but
the work involved in breathing is a very difficult thing to measure. Placing values on things like
elasticity, air flow resistance, or the force generated by the respiratory muscles is a complex process.
To simplify the process, the work involved in breathing can be estimated by measuring changes that
occur in lung volume and pressure during inspiration and expiration. These changes can be graphed
to create a pressure-volume curve which can then be used to estimate work output and give us an
idea of energy expenditure during breathing. The pressure-volume curve is essential in helping to
properly diagnose compromises in lung function, so let’s see if we can explain the graph!
To make a pressure-volume curve we start with a lung, but one that is no longer in the body… so
yeah, let that thought settle in, in this case we use a rabbit lung. At any rate, once the lung is
obtained all the air is removed out of it (collapsed). The lung is then slowly filled with air and the
change in lung size (volume) is measured and recorded on the Y-axis. The X-axis records the “airway
pressure” or pressure build up in the airways of the lung as the air is pumped in. In a normal lung,
the pressure-volume curve will resemble the green tracing below. The open arrows represent
inflation (or inspiration) and the closed arrows represent deflation (or expiration).
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Image by JS S22

Inspiration
Notice that the loop takes a fair amount of pressure to get a small volume change during the first
part of inflation (flattened slope) but then the slope becomes more steep allowing for a large change
in volume with very little change in pressure. This is believed to be because of the way that alveoli
work. As explained previously, Laplace’s Law states:

P = 2T/r
Where “P” is the pressure generated in the alveoli as the spheres try to close or get smaller. It is this
pressure that must be overcome to allow air to enter the alveolus during inspiration. The smaller the
radius of the alveolus, the more pressure there will be to overcome as the air is inspired. The graph
above shows air introduction from a fully collapsed lung and so the alveoli at first are very small,
even collapsed themselves requiring more pressure to force them open (flattened slope). As air is
introduced, pressure in the airways builds up and eventually forces the alveoli to open. At the point
the alveoli open, the inspiratory loop changes suddenly to a much steeper slope, called the point of
rapid alveolar recruitment. Thus, during the beginning flat part of the loop we describe the lung as
more elastic but less complaint. During the vertical part of inspiration loop, we describe the lung as
less elastic but more compliant. At the top of the green inspiratory loop line (near the end of
inspiration), the slope flattens out again indicating a need for a higher pressure to change the
volume. This upper inflection point represents the alveoli reaching their fully inflated state so that
further volume change requires more extreme stretching of respiratory tissues and structures. The
lung would once again be described as less compliant.
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Expiration
The expiratory curve shape is also dictated by surface tension and Laplace’s Law. Since water
molecules are attracted to each other at the air moisture interface of the alveoli, and since the alveoli
are spherical, this attraction forms a type of “tension curve” around the alveoli which works to close
the alveoli. As previously mentioned, at the end of inspiration, the alveoli spheres are at their largest
size, making the “r” value (alveolar radius) in Laplace’s Law large. Since “r” is the denominator, it
results in a small “P” which indicates that less pressure is needed to push air out. However, if we look
close at the green expiratory curve, we see that there is an upper deflection point where the slope
becomes suddenly more vertical. This inflection point is the place where most alveoli are
simultaneously reaching a smaller “r” value which favors more rapid closure of the alveoli. The
resultant pressure pushes air out quickly. This inflection point is called alveolar decruitment.

Surface Tension
To further tease out the importance of surface tension for inspiration and expiration experiments
were performed on lungs controlling for surface tension effects. To isolate the effect of surface
tension the lung is subjected to a post-lavage air inflation experiment and to remove the effects of
surface tenson lungs are subjected to a saline inflation experiment.
Post-Lavage Air Inflation
The post lavage air inflation experiment is performed by washing the inside of the lung with a
solution that removes surfactant. The lung is then inflated and deflated again as before. Without
surfactant, surface tension is much higher (remember that surfactant lowers surface tension). The
extra high surface tension (according to Laplace’s Law) increases “T” and creates higher pressures
that must be overcome for before the alveoli can be forced open. This causes the inspiratory
inflection point to shift to the right, suggesting that a much higher pressure is required to inflate the
lung. Clearly, a lung without surfactant is much less compliant (more elastic) and it would take a lot
of work to generate pressures high enough to ventilate the lung.
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Image by JS S22

Saline Inflation
For this experiment, the lung is inflated with a saline solution. As the alveoli fill with fluid, the air
moisture interface is removed. In other words, there is no more surface tension because there is no
more “surface”. Essentially “T” = 0 in Laplace’s Law making the law irrelevant as the lung fills.
Thus, there are no inflection points representing recruitment or decruitment. Additionally, it takes
very little pressure to expand the lung to a larger volume (suggesting that without surfactant, the
lung is very compliant).
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Image by JS S22

Elasticity
The saline inflation experiment reveals an additional truth about the lungs and that is elastic recoil. If
LaPlace’s law is essentially voided out in a saline filled lung, a question might be: Why then does the
lung deflate at all? The observation led to the discovery that in addition to surface tension lungs have
an intrinsic property of elasticity. In other words, the lung is like a weak rubber band and will recoil
when stretched. An important take home message here is that surface tension greatly increases the
elasticity of the lung (i.e., effect of the rubber band), but even without surface tension, the lung has
intrinsic elastic properties that make it “want” to collapse if it is allowed to. This is no doubt
important as elasticity helps exhale air faster, allowing faster breathing rates. However, too much
elasticity would make it hard to expand the lung to functional volumes. Too little elasticity would
make expiration last a long time and decrease the potential to raise ventilatory rates to move more
fresh air into the lung. To help modulate elasticity, the alveoli are coated with thin sheets of water.
Then to regulate surface tension, the alveoli produce surfactant. It should now be possible to imagine
disease states that increase or decrease elasticity of the lung. If we were to make pressure volume
loops of these diseased lungs, we would find that more compliant lungs have a loop that tilts to the
left (more toward the saline loop) and more elastic (less compliant) lungs have loops that tilt toward
the surfactant absent lung (blue line).
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Clinical Pearl - Infant RDS
Respiratory Distress Syndrome (RDS) in a newborn occurs when the baby is born before the cells of
the lung are developed enough to synthesize and secrete surfactant. Without surfactant, the alveoli
are much more elastic and pressure-volume loops reveal a loop that tilts to the right of normal. The
infants must expend a lot of energy to try and inflate the lungs. Infants struggling to overcome the
decreased compliance of the lung will often show flaring nostrils and skin that sucks in between the
ribs with every inspiration. These babies have faster breathing rates as well. These babies are truly
working hard to get air in and even so, will often have a blue tint, especially in the face.
Treatments include administration of surfactant like substances to help increase lung compliance.
The infants may also be put on a breathing assistant machines or ventilators where positive pressure
will be used to help the baby expand the lung during inspiration.

Image by JS S22

While the experiments discussed in the previous graph reveal pressure – volume loops in excised
isolated lungs that could be inflated ad collapsed fully, “real-life” lungs should never be completly
inflated or deflated. The regular breathing done in a real live person achieves volumes called “Tidal
Volumes”. Regular breathing involves inhaling and exhaling a volume of air that is considerably less
than our isolated lung experiment. The image above shows an ellipse superimposed on our excised
lung loop. Tidal volume loops are often drawn as a nearly perfect ellipse and you will see this
frequently in the literature, but technically speaking, the ellipse is likely to have some subtle
recruitment and decruitment inflection points such as shown on the right. This is especially true if the
breathing rate increases which tends to amplify these points.
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Pressure-Volume loops and work
Consider the following derivation of the concept of “work”. Work is defined as the amount of energy
expended to apply a force to move an object a certain distance. You may see it defined as:
Work = Force * Distance
Now consider the following:
Pressure = Force / Area
So, Force = Pressure * Area
Therefore, Work = Pressure * Area * Distance
Volume = Area * Distance
And so…
Work = Pressure * Volume
What this means is that if we multiply Pressure * Volume in our pressure – volume loop, we can
visualize the amount of work done to ventilate by observing the “area under the curve”.
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Image by JS S22

The graph above is tracking tidal volume and the X-axis has been changed. The change represents
intrapleural pressure instead of the air way pressure. Instead of artificially “blowing up” or inflating
the lungs as done previously, actual breathing in the body is done by creating more and more
negative pressure in our intrapleural space to “suck” the lungs out towards the expanding rib cage
which increases lung volume. Thus, intrapleural pressure is measure as a negative standardized
value. During a normal tidal wave inspiration, intrapleural pressure starts somewhere around -5 (cm
H2O) and becomes more negative to be close to -8 (cm H2O) at the end of inspiration. The amount of
work that is done to expand the lung volume is equal to force times volume or the area shaded in
green.
There are really three areas that work can be considered separately to create the total work done.

Image by JS S22

Together, the area that is colored red and green represent a triangle (circumscribed by a dashed
line). This area is the elastic work done by the lung. Elastic work refers to the work done to stretch
the elastic tissue. The Blue area represents the work against resistance to inflate the lung. As stated
previously, airway resistance arises through the difficulties encountered to move air through the
passageways of the lungs and into collapsed or very small alveoli. Since inspiration requires the
addition of muscle to overcome resistance, the blue area will “bulge” out beyond the dashed triangle.
The red area represents the work against airway resistance to move air out of the lung and since this
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is mostly a passive process during rest, the area is contained within the dashed triangle.

Image by JS S22

Using Work to Interpret Lung Diseases
In the image above, we see three depictions of different lung states. Image “A” represents a normal
pressure volume loop. The gray area represents the work done to overcome the airway resistance of
the lung during inspiration. The triangle area circumscribed by the dashed line represents the work
done to overcome the lungs elastic resistance. Image “B” shows a lung that has decreased
compliance. The hypotenuse of the elastic work triangle is tilted to the right (revealing a decrease in
the overall slope of the curve). Since the slope represents the amount of pressure that is required to
get a volume change, the lung in “B” requires more work to reach the same tidal volume as “A”. This
more resistant lung can also have an increased airway resistance which can be noticed as a larger
bulge in the inspiration stage. Thus, a lung with a restrictive lung disease requires a lot more work to
ventilate.
Sometimes, the elastic forces generated during inspiration are not enough to passively move all the
air out of the lungs instead requiring “extra” work for exhalation. A lung with increased compliance
will have a slope tilted more left and will have less stored energy as elastic work (smaller triangle)

BIO 461 Principles of Physiology

360

and may require a person to use extra energy to engage muscles to move the rib cage during the
expiratory stage. A graph of this would look like image “C” above. Since elastic recoil was not enough
to exhale the air, muscles were recruited to help. As this energy was expended to push the air out,
the rib cage closed in on the lung more quickly and the pleural space volume decreased. Boyles law
tells us that as volume decreases, pressure rises, which in this case means a less negative value. So,
this effort of the body to exhale caused the pleural space to reach a value less negative than -5 cm
H2O and may even rise past 0 to a positive integer. This extra work of exhaling beyond what elastic
recoil can do alone is shown as the area under the curve (gray area) to the left of the starting line for
the normal loop.

Work vs Breathing Rate
In these final graphs, we see that elastic work tends to decrease as respiratory frequency increases.
This is because an increased respiratory rate overcomes some of the friction of tissue molecules
sliding over each other and because viscosity of lung tissue decreases as temperature rises through
frequent cycles of inspiration and expiration.
On the other hand, air flow resistance increases with a faster respiratory rate. This happens when
increased breathing causes air to move faster and bounce around and become turbulent. It becomes
more difficult to move air efficiently through the many small passageways and alveoli of the lung.
The sum of the two types of resistances that require work to breath is labeled at the top as “total”.
The graph shows that in a normal lung the most efficient breathing rate is about 12-13 breaths per
minute (requires the least amount of total work). Indeed, if you relax and count your natural resting
breath, it will probably be close to this. Notice the graphs to the right of the normal depiction. The
middle graph shows that elastic work increases when the lung is more “stiff” (resistive lung disease).
This is also seen in the black and white graph above that reveals a larger triangle area when the lung
is less compliant. Notice that when the elastic work increases, the new “most efficient” breathing
rate is higher. Often when this happens, a person begins to decrease their tidal volume as they get
tired from breathing so fast. The decreased tidal volume may stimulate “air hunger” and a desire to
take a deeper breath, but a deeper breath will require more total work. Notice how the total work
would change to a higher value if the black dashed line moved to the left to reflect a slower breathing
frequency. This extra work can make a person even more tired and in severe cases, the work of
breathing can cause respiratory failure if the person cannot maintain the energy output.
In the black and white graph before, we see an obstructive lung disease in Graph “C”. Obstructive
lung diseases tend to cause lungs to be more compliant and they do not store enough elastic energy
to recoil all the air out. Expiration requires extra effort to overcome the airway resistance to get air
out and the total airway resistance work increases. The graph below indicates that if this airway
resistance work is increased, the most efficient breathing rate gets slower. The slow breaths may not
ventilate enough air and so after some time, a person may feel the need to breath faster, but as
indicated in the graph, breathing faster will move the dashed line to the right and require more total
work to breath. Again, this can tire a patient out because of the increased work of breathing.
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4.5
Gas Exchange and Transport
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4.5.1
Gas Laws

Four main factors, also known as Fick’s Law, influence the rate at which gases will diffuse across the
layers of the respiratory membrane. They are: 1) thickness of the membrane; 2) surface area of the
membrane; 3) diffusion coefficient of gases in relation to the membrane; and 4) partial pressure
differences of the gases.
The thicker the membrane the slower gases will diffuse across it. For example, fluid buildup inside
the alveoli can happen with pulmonary edema when the left side of the heart doesn't pump
adequately. Blood backs up into the pulmonary capillaries and excess fluid remains in the alveoli.
Inflammatory processes and infections such as pneumonia can also cause fluid buildup in the alveoli.
The alveoli greatly increase the surface area for gas exchange. If some become damaged or
destroyed in cases such as emphysema, lung cancer, or tuberculosis, the surface area available for
gas exchange can be dramatically reduced.
The diffusion coefficient of a gas is determined by molecule size and solubility of the gas in water.
Taking these into account, carbon dioxide will cross the respiratory membrane 24 times more readily
than oxygen.
Hopefully you have a solid understanding of the law of diffusion by now. Higher concentrations or
pressures will seek to move toward the lower. Gases will flow from a region of higher partial
pressure to lower partial pressure. This determines which direction the gases will go when crossing
the membrane - always remember high to low. Oxygen partial pressures are higher in the alveoli
compared to inside the pulmonary capillaries and carbon dioxide is the opposite. With increased
ventilation rate, partial pressures inside the alveoli change even more - oxygen increases and carbon
dioxide decreases. The gradients have been increased for both, so oxygen moves into the lung
capillaries faster and carbon dioxide leaves the capillaries faster.
Oxygen is inhaled into the lungs and then moves into the blood stream for transport and eventually
out of the blood stream and into the tissues. Carbon dioxide is released by the tissues and travels the
reverse route and is ultimately exhaled. To understand how these gases move through the different
areas in the body it is important to discuss Dalton's and Henry's gas laws.
Dalton’s Law
Dalton's law states that individual gases in a mixture of gases exert partial pressures and that by
adding each partial pressure of the mixture, the total pressure exerted by the mixture of gases can be
determined.
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Dalton’s Law: The total pressure of air is the sum of the partial pressure of each gas
By Max Dodge (Own work) [CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0)], via Wikimedia Commons
Link: https://commons.wikimedia.org/wiki/File%3ADalton's_law_of_partial_pressures.png

At sea level, the total pressure of the different gases in the atmosphere pushing down on us is 760
mm Hg or 1 atm. Nitrogen makes up 78.6% of this gas, oxygen 20.9%, carbon dioxide 0.04%, and
water 0.46%. Each one of these gases contributes a portion to the total atmospheric pressure. We
can determine their partial pressure by multiplying their percentage by 760 mm Hg.
Atmosphere
Nitrogen partial pressure = 78.6 % X 760 mmHg = 597 mmHg
Oxygen partial pressure = 20.9 % X 760 mmHg = 159 mmHg
Carbon dioxide partial pressure = 0.04 % X 760 mmHg = 0.3 mmHg
Water partial pressure = 0.46 % X 760 mmHg = 3.5 mmHg
Partial pressures in the alveoli for air is different than those of the atmosphere for several reasons
including: 1) the air is humidified by respiratory structures on the way to the alveoli so the partial
pressure of water becomes greater; 2) oxygen readily enters the blood at the alveoli so it is
decreased; carbon dioxide enters the alveoli from the blood so it is increased; 3) and alveolar gases
are only partially replaced by air from the atmosphere with each inhalation.
Alveoli
Nitrogen partial pressure = 74.9 % X 760 mmHg = 569 mmHg
Oxygen partial pressure = 13.7 % X 760 mmHg = 104 mmHg
Carbon dioxide partial pressure = 5.2 % X 760 mmHg = 40 mmHg
Water partial pressure = 6.2 % X 760 mmHg = 47 mmHg
Gases are transported to and from the lungs by the blood which is a liquid.
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Henry’s Law
Henry's law describes the influences that determine whether or not a gas will dissolve in a liquid.
For instance, carbon dioxide gas dissolving in blood. The following two factors determine how
readily a gas will enter a liquid.
1. The partial pressure of the gas surrounding the liquid. If the pressure of the gas around the
liquid is high, movement of the gas into the liquid will be favored.
2. The solubility of the gas in a particular liquid or the tendency of the gas to "dissolve" in a
liquid. Carbon dioxide is about 24 times more soluble in water or plasma compared to oxygen.
And nitrogen is half as soluble as oxygen.
To summarize Henry's Law:
Gas Pressure X Coefficient of Solubility = Dissolved Gas Concentration
During respiration, Henry’s law predicts how gas is exchanged in the alveoli and the bloodstream.
The amount of oxygen that will dissolve is proportional to the partial pressure of oxygen. Because the
partial pressure of oxygen is greater in the alveolar air than in deoxygenated blood, oxygen will
dissolve into the blood. Carbon dioxide is just the opposite and has a greater partial pressure in the
deoxygenated blood than in the alveolar air, so it will diffuse out of the solution and back into a gas in
the alveoli. Because carbon dioxide has a much higher solubility in the blood than oxygen (24 times
more), the difference in the partial pressures between the bloodstream and the alveoli can be much
smaller. Because there is a wider difference in partial pressure gradients for oxygen, it’s lower
solubility isn’t a problem during gas exchange.
Patients suffering from carbon monoxide poisoning are sometimes put in a hyperbaric oxygen
chamber where oxygen pressures may be three times atmospheric pressure. This forces more oxygen
into the blood, and greatly reduces the half-life of carbon monoxide.
Atmospheric pressure increases by about 760 mm Hg for each 33 feet below the water line. Upon
descending 100 feet, the partial pressure of each gas is 4 times that at sea level, so according to
Henry's law, nitrogen will more easily dissolve in the blood at these depths. As a diver ascends,
nitrogen becomes less soluble and bubbles out of the blood and may cause clots or damage tissue.
This is sometimes referred to as the “bends”.
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4.5.2
Partial Pressure Gradients in the Lung

At sea level, atmospheric pressure is 760 mm Hg. As we learned from Dalton’s Law, this pressure is
the sum of the partial pressures of all of the gases in the air. The most abundant gas in air is
nitrogen, making up about 78% of the air. Oxygen, on the other had makes up about 21% of the air
and carbon dioxide about 0.04%. Each of these gases contributes to the total pressure of the air, the
pressure that each gas contributes to the total is the partial pressure of that gas. For example, at
sea level the total pressure is 760 mm Hg and oxygen makes up 21% of the gas, the partial pressure
of oxygen in the atmosphere is 160 mm Hg (760 X 0.21 = 159.6).

Partial pressure of Oxygen in the Atmosphere Compared to Alveoli
Image created at BYU-Idaho by T. Orton Fall 2017
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Partial Pressure of Oxygen in the Atmosphere Compared to Alveoli.
Image created at BYU-Idaho by T. Orton Fall 2017

The partial pressure for oxygen in the alveoli is 104 mm Hg and its partial pressure in the arterial
end of pulmonary capillaries coming from the right side of the heart is 40 mm Hg.
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Partial Pressure Gradient of Oxygen and Carbon Dioxide throughout body.
Image created by BYU-Idaho student Spring 2015

Because of this gradient, oxygen passes from the alveoli into the blood. Blood leaving the pulmonary
capillaries has a partial pressure of 104 mm Hg, but some deoxygenated blood of the bronchial veins
gets mixed in and by the time the blood leaves the lungs, oxygen's partial pressure has been reduced
to ≈ 95 mm Hg. It then travels in pulmonary veins to the left side of the heart where it is pumped to
the tissues of the body.
When it reaches the arterial end of capillaries supplying the tissues, it still has a partial pressure of
95 mm Hg. In contrast, the partial pressure for oxygen in the tissue interstitial spaces or
extracellular fluid is about 40 mm Hg and maybe even 20 mm Hg in cells, so oxygen follows its
gradient and moves out of the blood and into the tissues and cells where it is used in cellular
respiration. Deoxygenated blood with an oxygen partial pressure of 40 mmHg travels back to the
lungs and the exchange process is repeated all over again.
Carbon dioxide is a byproduct of cellular respiration, so it is released from the cells (46 mm Hg) and
has a lower concentration in the tissues (45 mm Hg) compared to arterial ends of tissue capillaries
(40 mm Hg). Therefore, carbon dioxide passes from the tissues into tissue capillaries. The
cardiovascular system transports it back to the lung capillaries (45 mm Hg) where it can then pass
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into lower partial pressured alveoli (40 mm Hg) and then be exhaled.
Notice that the gradients for oxygen are much steeper compared to those of carbon dioxide. This is
necessary because of oxygen's low water solubility compared to carbon dioxide. In the end, partial
pressure and solubility differences balance out and equal amounts of carbon dioxide and oxygen are
exchanged.
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4.5.3
Alveolar Gas Equation

In terms of clinical application, an important equation is the alveolar gas equation. Since it is
impractical to stick a probe into the lungs and sample the alveolus to determine the amount of oxygen
present, we turn to math. The alveolar gas equation is used to calculate the expected partial pressure
of oxygen in the alveolus (PAO2) using the variables expressed in the equation:

PAO2 = Partial pressure of oxygen in the alveolus
FiO2 = the fractional concentration of inspired oxygen (expressed as 0.21 for atmospheric air but can
be higher if supplemental oxygen is used)
Patm = the atmospheric pressure (sea level = 760 mmHg)
PH2O = the water vapor pressure (usually 47 mmHg at body temperature)
PaCO2 = arterial pressure of carbon dioxide (40 mmHg)
R = the respiratory exchange ratio (0.8)
The respiratory exchange ratio is expressed as:
R = VCO2/VO2
This ratio comes from the interactions of O2 and CO2 and the assumption that inspired air contains no
CO2. Although not exactly true, the amount found in normal atmospheric air is so low that it can be
considered negligible. This means that any CO2 that is found in the alveolus must have come from
metabolism. In reality, the amount of CO2 found is dependent upon the type of fuel the body is
burning. For example, if the fuel is carbohydrates than it works out that one molecule of C02 will be
produced for one molecule of O2 consumed. This can be seen in the balanced equation below:

BIO 461 Principles of Physiology

371

However, most western diets are not completely composed of carbohydrates. The R value for most
western diets is less than one because the metabolism of fat results in a smaller ratio of CO2 to O2 to
metabolize the fat. This can be seen in the balanced reaction for a common fatty acid called Palmitic
acid which is 16 carbons long.

Protein metabolism also yields a ratio smaller than 1 and so when we consider human metabolism of
simultaneous carbohydrates, proteins and fats, we find that the true respiratory exchange ratio or
“R” averages out very close to .8.
Once we have used the alveolar gas equation to determine the expected alveolar partial pressure of
oxygen in the alveolus, we can measure the actual concentration of oxygen in the arterial blood. If the
values are remarkably different, we know that there must be a pathology present that is affecting gas
exchange.
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4.5.4
Oxygen and Carbon Dioxide Transport in the
Blood

Gas Exchange
Drawn by JS at BYU-Idaho, Winter 2014

The image above shows how oxygen and carbon dioxide move at the
tissue level and the alveolus of the lung. Notice that oxygen is carried
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either dissolved in the plasma or attached to hemoglobin (really only a
small amount of the total oxygen is dissolved in the plasma at any
given time). Carbon dioxide is carried either dissolved in the plasma (a
small amount), or attached to the hemoglobin (but not at the same
binding spot as oxygen) or converted to bicarbonate (this is what
happens to most of the carbon dioxide that is carried in the blood).
Oxygen Transport
In the alveoli, oxygen crosses the respiratory membrane by diffusing down its pressure gradient to
pass into the blood where it is mostly transported bound to hemoglobin (98.5%). Since oxygen is not
very soluble in water, only a small portion dissolves in the plasma (1.5%). In capillaries feeding the
tissues, oxygen is released from hemoglobin and diffuses into the tissues where it is used for cellular
respiration. Since oxygen is mostly transported by hemoglobin, the majority of our discussion will be
about factors that influence how tightly hemoglobin binds to oxygen (hemoglobin’s affinity for
oxygen) including oxygen partial pressures, pH of the blood, partial pressures of carbon dioxide,
temperature, and effect of 2,3-diphosphoglycerate, sometimes referred to as 2,3 BPG (This may also
be called 2,3 DPG).
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Oxygen-Hemoglobin saturation curve
Drawn by J. Shaw at BYU-Idaho Winter 2014

The Oxygen Hemoglobin Dissociation Curve
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Oxygen-Hemoglobin saturation curve shift to right
Drawn by J. Shaw at BYU-Idaho Winter 2014
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Oxygen-Hemoglobin saturation curve shift to the left.
Drawn by J. Shaw at BYU-Idaho Winter 2014

The graphs above show the oxygen hemoglobin dissociation curve. Things such as pH, CO2,
temperature and 2,3 DPG can change the affinity of hemoglobin to bind oxygen.
This has the effect of shifting the curve to the right or the left.
Let's first consider the effect of oxygen partial pressures. The percent oxygen saturation of
hemoglobin at different partial pressures of oxygen is represented by the oxygen-hemoglobin
dissociation curve shown in the images above. A hemoglobin molecule has four heme groups, each of
which can bind to one molecule of oxygen. The partial pressure of oxygen in the alveoli is normally ≈
104 mm Hg (sea level) and as the blood leaves the pulmonary capillaries, the hemoglobin is very near
100% saturated with oxygen. Notice that even if PAO2 drops into the 80s, our hemoglobin would still
be more than 95% saturated.
Imagine an asthma attack where our ability to ventilate is compromised and maybe our PAO2 drops to
60 mm Hg. Oh no, this isn't good. Luckily, viewing the curve, you can see that even with this extreme
drop, hemoglobin is still able to become almost 90% saturated. This isn't the best but you can see
that it would be a lot worse if the curve was steep at higher partial pressures for oxygen. A flatter
curve at the top ensures that even with relatively large decreases in partial pressures for oxygen,
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hemoglobin is still able to become almost completely saturated. But notice what happens to the curve
at about 50 mm Hg - it becomes much steeper. This means that at these lower partial pressures for
oxygen, even small changes in partial pressures will result in big decreases in hemoglobin's ability to
bind oxygen. Such is the case in the tissues where the goal is to release oxygen from the hemoglobin
so it can enter the cells that need it. With metabolically active tissue like skeletal muscle where tissue
levels of oxygen can get down to 15 mm Hg, an even greater percentage will be released to resupply
oxygen-starved tissue. To sum up, in the lungs where the partial pressures for oxygen is high,
hemoglobin binds more tightly to oxygen so that more can be picked up. In the tissues, where partial
pressures are low, hemoglobin's affinity for oxygen greatly decreases so that more oxygen can be
released.
The reason that hemoglobin works this way has to do with its molecular structure. Hemoglobin is
often described as having two “states” it can exist in. It can be in the Tense or T-state and the relaxed
or R-state. This terminology refers to intramolecular forces that position the heme group to have
more attraction to oxygen (R-state) or less attraction for oxygen (T-state). The binding of oxygen to a
heme group alters these intramolecular forces to increase affinity for oxygen on nearby heme groups.
So, you can imagine in the lungs that oxygen is entering the blood and progressively increasing
hemoglobin oxygen binding affinity (the flat part of the curve). This works the opposite as well. As
oxygen leaves a heme group, intramolecular forces shift in a way that nearby heme groups decrease
affinity for oxygen. This happens in the tissues (the steeper part of the curve).
As an interesting side note, this oxygen hemoglobin association curve illustrates why climbers who
climb higher than 15,000 feet have oxygen saturation that drops below 90% and begin to experience
acute altitude sickness. At 30,000 feet, the height of Mt. Everest, the pO2 mmHg drops to 31, which
is only 60% O2 saturation on the curve. At this level, oxygen dissociates from hemoglobin so quickly
that downstream tissues will not be able to get enough oxygen and organs of the body will be
impacted. The muscles, including the heart, lungs and brain, will be weak and it is hard to even think
straight. If hypoxia (low oxygen) is prolonged it can lead to death. This is why climbers at high
elevations may temporarily begin to hyperventilate. They are attempting to increase alveolar
ventilation and thus increase PAO2, However, hyperventilation decreases carbon dioxide levels, and
puts their body into a state of respiratory alkalosis.
The second factor influencing hemoglobin's affinity for oxygen is pH of the blood. Hydrogen ions
binding to hemoglobin cause it to move toward the T-state (lower binding affinity for oxygen). So,
lower pH of the blood means lower oxygen affinity. Lactic acid production increases in certain cells
that are starved for oxygen. This acts as a signal to the hemoglobin that it needs to release more
oxygen to these cells. The lower pH of the tissues will shift the oxygen-hemoglobin dissociation curve
to the right. Hemoglobin now has a lower affinity for oxygen at any given oxygen partial pressure.
The opposite shift happens if pH increases. The effect of pH on hemoglobin binding to oxygen is
known as the Bohr effect. Increasing the partial pressures of carbon dioxide can result in changes in
pH.
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The enzyme carbonic anhydrase found inside red blood cells catalyzes the above reaction. Increasing
levels of carbon dioxide will bring about increases in hydrogen ion and drop the pH. Cells that are
metabolically active, such as during exercise, are producing lots of carbon dioxide. Elevated
hydrogen ions and increased carbon dioxide both cause right shifts.
Increased temperature and 2,3-bisphosphoglycerate (BPG) binding to hemoglobin also decreases
hemoglobin's affinity for oxygen. Temperature is elevated in metabolic active tissues. 2,3 BPG is
produced by red blood cells in glycolysis. This process is stimulated to increase during periods of
hypoxia. Decreased affinity caused by elevated temperatures and 2,3 BPG ensures that metabolically
active tissues receive higher amounts of oxygen. The acronym “CADET” is an easy way to remember
which factors will shift the oxygen-hemoglobin curve to the right: ‘C’ – Carbon Dioxide; ‘A’ – Acidic
pH; ‘D’ – DPG; ‘E’ – Exercise; ‘T’ – temperature. A decrease in these factors would shift the curve to
the left.
Carbon Dioxide Transport
See image below. Carbon dioxide is released in the tissues as a byproduct of cellular respiration and
diffuses into the blood. It is transported to the lungs via the blood in three ways: directly dissolved in
the blood (7%), bound to the amino acids of the globin portion of hemoglobin (23%), or dissolved in
the plasma as bicarbonate ion (HCO3-) (70%).
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Drawn by J. Shaw at BYU-Idaho, Winter 2014

In the tissues, carbon dioxide levels elevate, so it diffuses into blood and enters the red blood cells to
be converted to carbonic acid by the enzyme carbonic anhydrase. Hydrogen ions are released and
bind to hemoglobin causing more oxygen to be released to the tissues (Bohr effect). Hydrogen ions
are buffered since they bind to hemoglobin, so pH changes of blood is blunted. Bicarbonate ions
produced in the reaction leave the red blood cell in exchange for chloride ions. This process is called
the chloride shift. Carbon dioxide more easily binds to hemoglobin that has released its oxygen (See
"Haldane Effect below).
In the lungs, carbon dioxide diffuses down its gradient into the alveoli. This shifts the equation to the
left and bicarbonate and hydrogen ions are more readily converted to carbonic acid which then
breaks down into carbon dioxide that can cross into the alveoli. In the lungs, oxygen enters the red
blood cells and binds to hemoglobin causing hemoglobin's affinity for carbon dioxide to decrease. The
effect that oxygen has on carbon dioxide transport is called the Haldane Effect. Specifically, the
Haldane effect can be explained like this. Oxygen leaving the hemoglobin at the tissue level increases
the affinity that hemoglobin has for carbon dioxide. But, oxygen binds to hemoglobin in the lungs and
this causes a decrease in affinity for carbon dioxide. The additional released carbon dioxide diffuses
across the respiratory membrane into the alveoli to be exhaled.
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Carbon Monoxide and Fetal Hemoglobin
Carbon monoxide is released from fires and other forms of combustion (i.e., automobiles). It is an
odorless, colorless gas and its toxicity arises from its strong affinity, up to 300 times that of oxygen,
for hemoglobin. Carbon monoxide attaches to the same binding site as oxygen and severely reduces
hemoglobin's ability to carry oxygen. When carbon monoxide binds to hemoglobin it forms a complex
called carboxyhemoglobin. Carboxyhemoglobin can revert back to hemoglobin but it takes time, and
time is not something that the person suffering from carbon monoxide poisoning has. Thus, to speed
up the rate of recovery, treatment consists of giving 100% oxygen in a hyperbaric (high pressure)
oxygen chamber. The higher pressure and 100% oxygen can work as antidotes by increasing the
PaO2. Carbon monoxide poisoning is the most common type of fatal poisoning. The Symptoms of
carbon monoxide poisoning include lightheadedness, confusion, headache and flu-like symptoms.
The fetus is obviously unable to inhale oxygen, so a couple of cool modifications in design allow it to
steal oxygen from the mother. Fetal hemoglobin is more concentrated in red blood cells and it is also
missing the ability to bind 2,3 BPG. The placenta tissue makes a lot of 2,3 BPG which acts on the
maternal red blood cells and causes the maternal oxygen hemoglobin dissociation curve to move right
of the fetal curve. Therefore, fetal hemoglobin has a greater affinity for oxygen compared to
maternal hemoglobin. Its oxygen-hemoglobin dissociation curve is to the left of that for maternal
hemoglobin. This allows fetal blood to "grab" oxygen from maternal blood when they mix in the
placenta. When oxygen attaches to fetal hemoglobin, more CO2 is released (Haldane effect).
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4.5.5
Alveolar Ventilation

PAO2 is also dependent on sufficient alveolar ventilation. In order to understand alveolar ventilation,
it might be helpful to first introduce total pulmonary ventilation. Total pulmonary ventilation is the
amount of air moved into and out of the respiratory passages per minute. This is generally calculated
by taking the volume of air moved in and out of the lungs in a single breath (tidal volume) and then
multiplying this by the breathing rate per minute. It is assumed of course that the volume of each
breath remains the same for each minute.
Total Pulmonary Ventilation = Breaths/min * Tidal Volume
Alveolar ventilation is similar but considers only the fresh oxygenated air that reaches the alveoli.
The larger respiratory branches, bronchi and trachea contain air that does not reach the alveoli. This
air is called Anatomical Dead Space because it does not participate in gas exchange. Try not to
confuse this with Alveolar Dead Space which is alveolar air that does not contribute to gas
exchange (usually because of a lung pathology that interferes with gas crossing the respiratory
membrane. There is a third term called Physiologic Dead Space which is the total of anatomical
and alveolar dead space. Because of “dead space”, only a portion of air entering the alveoli is fresh
oxygenated air which can participate in gas exchange. The image below and the following table help
explain how we calculate total pulmonary and alveolar ventilation differently.
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Alveolar Ventilation
Drawn by J. Shaw at BYU-Idaho Winter 2014

Tidal Volume
(ml)

Ventilation Rate
(breaths / min)

Total Pulmonary Fresh Air Entering
Ventilation
the Alveoli per
(ml/min)
Breath (ml/breath)

Alveolar
Ventilation
ml/min)

500 (normal)

12 (normal)

6000

350

4200

300 (shallow)

20 (rapid)

6000

150

3000

750 (deep)

8 (slow)

6000

600

4800

In the table above, notice how total pulmonary ventilation can be the same with normal, shallow and
deep breaths. However, alveolar ventilation is highest when the breaths are slower and deeper.
Higher alveolar ventilation maximizes PAO2. This is why we tell people to breathe deeply and more
slowly when they are hypoxic.
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4.5.6
Ventilation/Perfusion Ratio

Gas exchange is dependent on ventilating the alveoli. It is also dependent on proper perfusion of the
lung with capillary blood. This relationship is expressed as the ventilation/perfusion ration or V/Q
ratio. V = the air that reaches the alveoli and Q = the blood that reaches the alveoli. Stated another
way, the ratio defines the amount of air that reaches the alveoli per minute to the amount of blood
that reaches the alveoli per minute, two variables that ultimately determine the final blood
concentrations of both O2 and CO2.
One liter of alveolar air holds about 200 ml of oxygen and 1 liter of arterial blood contains about 200
ml of oxygen. Therefore, if the ratio is optimized the oxygen provided should be able to saturate the
blood as it passes by. Thus, the ideal V/Q ratio would be 1. However, not all alveoli and capillaries
need to or are able to exchange O2 at any given moment. Also, gravity tends to pull blood more to the
inferior lung and perfusion of the upper lung is less. The body will try and match the most ventilated
alveoli to areas with the most blood flow. This is accomplished by altering blood flow or air flow.
Ultimately the true physiologic value of the V/Q ratio is ≈ .8.
Alterations in blood flow are the result of arteriole constriction or dilation and associated capillaries
and their ability to collapse. Capillaries in the lungs are extremely sensitive to blood flow and
pressure. If blood flow through a capillary falls to a certain level because of “upstream” arteriole
constriction, the resultant decrease in pressure will cause the capillary to collapse and divert blood
somewhere else. Resistance in the pulmonary arterioles is regulated by the oxygen content of the
surrounding fluid. If the PO2 drops in a given area, the arteriole will constrict which then results in
diversion of blood away from the under-ventilated area of the lung. Note that this response is exactly
opposite that of the systemic arterioles.
Alterations in ventilation are regulated by bronchiole diameter which in turn is regulated by exhaled
CO2. Increases in PCO2 of expired air causes bronchioles to dilate while decreases in expired CO2
cause constriction.
Lower V/Q ratios imply that there is relatively less ventilation than perfusion. An example of this
would be chronic bronchitis, asthma or pulmonary edema which would create an airway blockage in
such a way that ventilation would decrease substantially. However, blood flow would remain
relatively normal. These scenarios would lower the V/Q ratio.
High V/Q ratios imply that there is more ventilation relative to the perfusion. An example of this
would be a pulmonary embolism. An embolism in the pulmonary circulation would block normal blood
flow through the lung and Q would decrease relative to V which stays close to normal. Another
example of something that could cause a high V/Q ratio is emphysema. Emphysema causes the alveoli
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to stretch and fuse in such a way that the available capillaries must be dispersed over a larger area.
This would lower the blood flow that is available to a region of the lung and the amount of air (V) on
the other side of the capillaries would be relatively higher.
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4.6
Chronic Bronchitis and Emphysema

A Common disease that affects the lungs is COPD. Smoking causes 80% of the cases of chronic
obstructive pulmonary disease (COPD) which includes both emphysema and chronic bronchitis.
In emphysema, smoking, other chemicals, or hereditary factors damage the walls of the alveoli,
making them less elastic and enlarged. Remember that exhalation relies on the natural elastic recoil
of the lungs to decrease volume and increase pressure. If the elastance decreased, then the
respiratory passageways are more likely to collapse before the normal amount of air is exhaled and
air is trapped in the lungs. Inspiration becomes much easier than exhalation and “air hunger” causes
a person to do big breaths in and smaller / labored breaths out. This leads to the development of a
"barrel chest". You might imagine how much extra energy it would take to constantly force yourself
to expire - this becomes extremely exhausting.
Chronic bronchitis comes from long-term exposure of air passageways to irritants, especially
cigarette smoke. The ciliated pseudostratified epithelium that lines the lower respiratory airways
becomes damaged from smoke, pollution, or other irritants. The cilia become fewer and blunted and
can no longer adequately clear mucus. Consequently, the mucus and debris build up and obstruct
the air passages compromising one’s ability to ventilate. The chronic hacking cough seen in smokers
is evidence of this damage. Increased resistance to air flow also comes from a permanent thickening
of bronchial walls resulting from hyperplasia of goblet cells. The resulting narrowed airway lumen
makes it more difficult to breathe. The labored breathing is called dyspnea.
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Blue Bloater and Pink Puffer representing chronic bronchitis and emphysema.
Image drawn by BYU-Idaho student Austin Dean, Spring 2016

In the past, those with emphysema have been referred to as "pink puffers". They spend a lot of
energy "puffing" in an effort to exhale and are often thin from burning so many calories. Their main
problem isn't inhaling so they are able to deliver sufficient oxygen to their blood giving their skin a
pink appearance.
The term "blue bloaters" on the other hand, refers more often to those with chronic bronchitis.
Since they are unable to inhale sufficient amounts of air, their arterial oxygen levels are often low so
they become cyanotic. This gives their skin tone a blue appearance.
Hypoxia, or having tissue that is deprived of oxygen, causes constriction of pulmonary vessels which
increases the workload for the right ventricle posing a strong risk for developing right-sided heart
failure. Failure of the right side of the heart causes venous back up which leads to edema and thus
the “bloated” appearance.
Most patients with COPD don't fall exactly into the category "pink puffer" or "blue bloater" but are
usually some combination of the two. It makes sense because smoking leads to both chronic
bronchitis and emphysema.
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4.6.1
Respiratory Control by the Medulla Oblongata

Brainstem areas in the medulla oblongata and pons contain groups of neurons that are particularly
important in regulating ventilation. The ventral respiratory group (VRG) and the dorsal
respiratory group (DRG) are located in the medulla oblongata and make up the medullary
respiratory center.

Respiratory Centers of the Brain
Author: Open Stax College, License: CC BY 3.0 via Wikimedia Link: https://commons.wikimedia.org/wiki/File%3A2327_Respiratory_Centers_of_the_Brain.jpg

The DRG helps maintain a constant breathing rhythm by stimulating the muscles of inspiration to
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contract at regular intervals after a passive exhalation. The DRG is not active during passive
exhalation. A normal and regular stimulating signal to inspiratory muscles will create a breathing
rate that falls somewhere between 12-15 breaths/minute.
With alcohol and opioid narcotic overdose, these medullary centers may become suppressed to the
point of complete breathing cessation. The drug BIMU-8 has the opposite effect and will stimulate
medullary neurons to increase respiratory rate.
The DRG receives information coming from peripheral chemoreceptors (monitor blood gas levels)
and mechanoreceptors (monitors movement of muscles and joints). The DRG also receives
information from the pontine respiratory group. All of this information is assessed and then signals
are sent to the VRG to modify its actions on ventilation to either breath more rapidly or deeply or less
frequently depending on the need of the muscles and body.
The pontine respiratory group (PRG) receive information from chemoreceptors and
mechanoreceptors in the body. The PRG also receives signals from higher areas of the brain and acts
to modify activities in the DRG. The PRG is in the pons of the brain and includes both the
pneumotaxic center (which inhibits the DRG to slow down the respiratory rate) and the apneustic
center (which controls deep breathing or gasping). The PRG helps adjust breathing rate and patterns
for activities like sleep or exercise.
When we take a very large breath, what prevents us from over inflating the lungs? There are
pulmonary stretch receptors in the lungs. Once these stretch receptors are activated, action
potentials travel through the Vagus nerve to the inspiratory areas of the medulla and turns off or
inhibits the signal of inspiration and begins expiration. This is known as the Hering-Breuer
Inspiratory Reflex.

BIO 461 Principles of Physiology

389

Image by BYU-Idaho Winter 2015
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4.6.2
Chemicals that Regulate Ventilation

Carbon Dioxide
Carbon dioxide is the most influential and tightly controlled chemical regulator of ventilation. Carbon
dioxide crosses the blood brain barrier (H+ can't cross the blood brain barrier) and H+ levels elevate
by the same reaction catalyzed by carbonic anhydrase in red blood cells as discussed previously and
shown below.
Elevated brain extracellular fluid (or Cerebral Spinal Fluid) H+ concentrations are detected by
chemoreceptors in the medulla oblongata. About 80% of carbon dioxide homeostasis at rest is
maintained by this central detection. There are many neural connections from the chemoreceptors to
the medullary regulatory center. High levels of carbon dioxide in the blood (hypercapnia) and
consequently H+ ions in the brain, will result in increased rate and depth of ventilation while low
levels (hypocapnia) will have the opposing effect. This way, arterial blood traveling from the heart
to the tissues is always maintained in the normal PaCO2 range of 37 - 43 mm Hg. A change of 5 mm
Hg in the partial pressure of carbon dioxide will have a profound effect on ventilation - essentially
doubling the breathing rate. Peripheral chemoreceptors in the carotid arteries and aortic arch also
respond to changes in carbon dioxide levels but are only responsible for about 20% of carbon dioxide
response under resting conditions. Peripheral chemoreceptors play a larger role during exercise.
Let’s test your understanding. While sitting in the library reviewing about chemicals that regulate
ventilation, you notice your friend Richie across the room. Richie wished he would have studied more
and now is stressed about his BIO 461 respiratory exam coming up. Becoming more anxious, he
starts to hyperventilate. As he does so, you consider what will happen to the carbon dioxide blood
levels in his blood and brain. You have studied diligently and know that hyperventilation may lead to
hypocapnia which can cause vasoconstriction of cerebral vessels, cutting off some blood supply,
possibly leading to dizziness and fainting. As he complains of dizziness you tell him to breath into a
paper bag. You understand that this will increase the amount of carbon dioxide in his inhaled air and
help bring his blood carbon dioxide levels back up. Congratulations! You saved the day. Now back to
work.
Oxygen
There are also chemoreceptors for oxygen in the carotid arteries and aortic arch. The oxygen partial
pressure in arterial blood under normal conditions is 95 mm Hg. Low levels of oxygen in the blood is
known as hypoxemia. As discussed previously, the manner in which hemoglobin was created to bind
to oxygen is truly magnificent. Remember the oxygen-hemoglobin dissociation curve. The top of the
curve is quite flat. Even if oxygen partial pressures drop to 80,70 or even 65, hemoglobin is still
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highly saturated (see the table 1 below). It is not until levels drop to around 60 mm Hg, that oxygen
on its own really starts to stimulate an increased breathing rate. Supplemental oxygen for patients
(i.e. COPD patients) doesn't generally need to be given until partial pressure levels go below 65 mm
Hg. Due to the unique way hemoglobin binds to oxygen, 70-100 mmHg can be considered "normal".
Oxygen partial pressure (PO2)

Oxygen Saturation

100 mm Hg

98%

80 mm Hg

95%

60 mm Hg

89%

Table: Percent saturation of hemoglobin with oxygen at certain arterial blood oxygen
partial pressures.

Oxygen Saturation Moniter
By Thinkpaul (Own work) [CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons

A pulse oximeter (Pictured above) is a noninvasive method to quickly determine oxygen saturation
(Note: this device does NOT measure PaO2). The device is placed on a translucent part of the body
like a fingertip or earlobe and utilizes differences in light absorbance between oxyhemoglobin and
deoxygenated hemoglobin to determine percent oxygen saturation of hemoglobin. A saturation of
90-95% is considered the normal range for patients without a pulmonary disorder or disease.
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Module 5.0
Digestive, Endocrine and Reproductive
Systems
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5.1
Functional Anatomy of the Digestive System

BIO 461 Principles of Physiology

394

5.1.1
Layers of the Digestive Tract

The digestive system is comprised of a series of hollow organs stretched from mouth to anus.
Although subtle differences exist, the anatomy of the digestive tract is very similar among all
sections. In cross section the layers of the digestive tract, starting from the lumen, are identified as
the: mucosa, submucosa, muscularis and serosa layers.
Layers of the Digestive Tract.Image by Nate Shoemaker Spring 2016
Mucosa

Layers of the Digestive
Image by Nate Shoemaker Spring 2016
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The mucosa is comprised of an epithelial layer and an underlying loose connective tissue layer called
the lamina propria and a thin layer of smooth muscle called the muscularis mucosae. The
epithelial cells are organized in a single layer with the most abundant type being the enterocyte. The
enterocyte is in turn divided into absorptive enterocytes, those that express different proteins
important for digestion and absorption, and endocrine enterocytes (enteroendocrine cells), or those
that release hormones necessary for the regulation of digestion. The epithelium of the mucosa varies
greatly from one part of the digestive system to the next. For example, the esophageal epithelium is
non-keratinized stratified squamous designed solely for transportation, whereas the intestinal
epithelium is columnar designed for absorption. In addition, the available surface area also varies
being arranged into villi and crypts. Villi are finger-like projections which are designed to increase
surface area and crypts are invaginations designed to house the enteroendocrine cells, as well as
stem cells that replace the epithelial cells every 4 to 5 days. The lamina propria is rich in lymph
tissues and vessels, capillaries and nerve fibers. The folds and ridges of the mucosa are a result of
contractions of the muscularis mucosae.
Submucosa
The submucosa, as the name implies (sub) is below the mucosa and consists of loose connective
tissue full of interweaving large blood vessels. In addition, the submucosa in some sections contains
large glands that secrete material into the lumen of the digestive system. The submucosa also
contains one of the two neural plexuses of the enteric nervous system, the submucosal plexus,
which primarily directs the glandular secretions.
Muscularis
The muscular layer contains two layers of smooth muscle, an inner circular layer and an outer
longitudinal layer. Within these two layers is the second nerve plexus called the myenteric nerve
plexus that controls the contraction of these layers. An important action of this layer is its ability to
generate peristalsis contractions which propel the food through the tract.
Serosa
The serosa is connective tissue that envelops the tubes and maintains lubrication. Imagine what
might happen to the tubes following a good trampoline jumping without the serosa to keep them from
sticking together.
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5.1.2
Enteric Nervous System

The digestive system has its own nervous system known as the enteric nervous system (ENS). While
the ENS is connected to the autonomic nervous system, it can operate independently of the brain and
spinal cord and even influence behavior which is why it has sometimes been referred to as the second
brain. The ENS includes two types of ganglia that were described above: the ganglia of the
myenteric plexus and the ganglia of the submucosal plexus. It is connected to the central nervous
system through the Vagus nerve for parasympathetic control and through the prevertebral ganglia
for sympathetic control.

Enteric Neural Control of the Gut
Author: By Boumphreyfr (Own work); License: [CC BY-SA 3.0 https://creativecommons.org/licenses/by-sa/3.0) via Wikimedia Commons;Link:
https://commons.wikimedia.org/wiki/File%3ANeural_control_gut.png

The neurons of the ENS not only control muscle contractions and release of digestive enzymes, but
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the ENS also monitors pH levels and immune cell response, such as detecting histamine release from
immune cells if pathogens are present in the digestive system and can trigger diarrhea or signal the
body to initiate vomiting if needed.
The ENS also produce several neurotransmitters, such as acetylcholine, dopamine and serotonin.
These neurotransmitters influence our feelings of well-being by sending signals of being satisfied,
preventing depression, regulating sleep, appetite and body temperature. This is why hunger impacts
our mood so much and leads us to find the food we need. When under stress, the feeling of
butterflies in your stomach is a result of blood being diverted away from the digestive system during
the fight or flight or sympathetic nervous system response. During times of sympathetic stimulation,
the digestive system is inhibited. The parasympathetic nervous system (“Rest and digest”) stimulates
digestion by increasing blood flow to the digestive tract, simulates the salivary glands to aid in
chemical digestion, and increases peristalsis which aids in moving things through and the elimination
of wastes.
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5.1.3
Organs of the Digestive System

The overall function of the digestive system design is to take food into the body by ingesting it,
digesting that food by mechanically and enzymatically convert complex substances such as
carbohydrates, proteins and fats (or lipids) to simpler forms that can be absorbed to provide energy
to the cells, assimilating those nutrients the body needs through absorption, and eliminating the
unnecessary remaining wastes. The organs involved in this process are illustrated below. Each of
these hollow organs is separated throughout by strategically placed sphincters.
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Digestive System
Author: Open Stax. License: [CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)], Labels added.
Link:https://cnx.org/resources/be99b5de127eabcdb09445e384d5a47a9564eeeb/2401_Components_of_the_Digestive_System.jpg

Mouth
The mouth has three structures which aid in digestion; teeth, salivary glands and the tongue. The
teeth begin the process of mechanical digestion by grinding (mastication) of the food and breaking
it in to smaller pieces. These smaller pieces allow the nutrients from food to more easily be dissolved
during chemical digestion. The salivary glands secret saliva and the tongue aids in swallowing.
Saliva helps form a bolus (definition: small rounded mass of substance) which can be swallowed into
the esophagus to pass to the stomach. Saliva also contains an enzyme (alpha amylase) that starts the
breakdown of carbohydrates, or the process known as chemical digestion. Chemical digestion is
the breaking down of food using enzymes or acids, and both mechanical and chemical digestion occur
all throughout the digestive system. The saliva also plays an important role in mucosal immunity as
it cleanses the teeth and mouth and contains IgA antibodies. Saliva also contains lysozymes, which
are enzyme that breaks down the cell wall of bacteria that can also be found in the tears, breastmilk
and mucous and assists in protecting the body from bacterial infection. Saliva secretion into the
lumen from salivary cells (acinar cells) involves specific basal and apical proteins. The basal proteins
include: Na+/K+ ATPase pump, a Na+/H+ antiporter, and the Na+/K+/2Cl- transporter. The apical
proteins are: a K+ leak channel and a Cl-/HCO3- symporter. The apical secretion of anions drives the
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movement of Na+ paracellularly which also results in the secretion of water.
Esophagus
The bolus of food is diverted to the stomach through the esophagus by the epiglottis. The epiglottis
is a flap of elastic cartilage that guards the entrance to the trachea and prevents food from entering
the trachea. Once in the esophagus, the bolus of food will continue to move through the digestive
system via rhythmic muscular contractions called peristalsis. The mouth is separated from the
esophagus by the upper esophageal sphincter. The esophagus is a conduit to the stomach and is
separated from the stomach by the lower esophageal sphincter also known as the cardiac
sphincter. Irritation of the lower esophageal sphincter and esophagus by stomach acid can causes the
uncomfortable symptoms of acid reflux or heartburn.
Peristalsis in action.

Author: unshineconnelly at en.wikibooks; License: CC BY 3.0;Link: https://commons.wikimedia.org/wiki/File%3AAnatomy_and_physiology_of_animals_Peristalis.jpg

Stomach
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The Stomach.
Image by BYU-Idaho Student, Nathan Fall 2015

The stomach is a temporary storage chamber and churning apparatus that contains hydrochloric
acid and the enzyme pepsin which together initiate protein breakdown. As the bolus of food mixes
with the digestive juices of the stomach it becomes chyme, a thick, highly acidic semifluid material
that moves through the rest of the digestive system. The stomach is a distensible (Definition: can be
extended) chamber that can range in size from 50ml to 1000ml (1liter). This is accomplished by
gastric folds, also known as rugae. The surface area of stomach is greatly enhanced by the presence
of gastric glands that contain several cell types including: mucous secreting cells, parietal cells,
chief cells and various endocrine cells. The epithelium creates divots or indentations (like wells) in
the surface called gastric pits. This is where the gland cells release substances. These substances
help aid in both chemical and mechanical digestion and are described in a future section. The
stomach is separated from the small intestine by the pyloric sphincter.
Small Intestine
The small intestine is the primary site of enzymatic digestion and absorption. In fact, 95% of
absorption of nutrients into the blood occurs in the small intestine. Also, most of the water that we
absorb happens in the small intestine. The small intestine is divided into three sections;
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the duodenum (length: 20-25cm), the jejunum (length 2.5m) and ileum (length 3 m), with each
section specializing in different types of absorption. The duodenum is the shortest section but also
the most important section for digestion as it receives secretions from accessory organs such as
gallbladder and the pancreas. The duodenum is also the site where local hormonal feedback
regulates the process of stomach emptying.
The surface area of the small intestine is increased 600-fold by several modifications in its structure.
The first is a series of folds in the walls of the organ called circular folds. Second, the walls
contain villi which are finger-like projections that protrude from the mucosa. Finally, each intestinal
cell (enterocyte) has microvilli that project from the apical surface of the cell. Due to their
appearance in micrographs of these cells they are also referred to as the brush border of the
epithelial cells. Each structure is essential for increased absorption.

.

(a) Small Intestines (b) Circular Folds (c) Villi (d) Brush border or Microvilli

Author: By OpenStax College; License: CC BY 3.0
(http://creativecommons.org/licenses/by/3.0); Link: https://commons.wikimedia.org/wiki/File%3A2418_Histology_Small_IntestinesN.jpg

Liver & Gallbladder
Not only does the liver filter the blood and synthesize plasma proteins such as albumin and clotting
factors, but the liver also plays a critical role in the digestive process. The digestive functions of
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the liver are mainly associated with processing of the nutrients it receives from absorption by the
small intestine. The liver can store carbohydrates, lipids, vitamins and minerals as well as synthesize
various kinds of carbohydrates, proteins and lipids from substrates that arrive from the blood. For
example, the liver takes the glucose and stores it as glycogen, or takes in amino acids and converts
them to glucose. Depending on the metabolic needs or demands of the body, the liver can store or
provide substrates needed to maintain nutrient homeostasis. In addition, the liver produces bile
which is essential for the digestion of lipids in the small intestine. The bile produced by the liver is
stored in a hollow organ called the gallbladder that sits just beneath the liver. The gallbladder, when
activated to contract by cholecystokinin, will propel bile into the duodenum through the common bile
duct. The common bile duct joins with the pancreatic duct and enters into the duodenum of the small
intestines through the sphincter of Oddi.
Pancreas
The pancreas has both an exocrine, or digestive function, as well as an endocrine, or hormonal
function. Via the pancreatic duct and through the sphincter of Oddi, the pancreas secretes a plethora
of digestive enzymes and buffers into the small intestines. The digestive enzymes secreted by the
pancreas are vital for carbohydrate, protein and lipid breakdown. These enzymes are produced by the
exocrine acinar cells of the pancreas and include pancreatic amylase, pancreatic lipase, and
trypsin. Bicarbonate, a buffer produced and secreted by the epithelial cells lining the pancreatic
duct, reduces the acidity of the chyme entering from the stomach into the small intestine. The
production of bicarbonate is regulated by secretin, a hormone we will learn about later in this
module.
Another critical role of the pancreas is the secretion of hormones from the islets of Langerhans cells.
There are five different types of endocrine cells in the pancreas and each secretes a different
hormone. Alpha cells produce glucagon, a hormone that raises blood glucose levels by stimulating
the liver to convert glycogen to glucose. Beta cells produce insulin and amylin. Insulin lowers blood
glucose levels by stimulating cells to take up glucose from the blood, and amylin slows gastric
emptying which prevents the blood glucose levels from spiking. Delta cells produce somatostatin,
which is a hormone that suppresses the release of other hormones of the pancreas. Gamma cells
produce pancreatic polypeptide which regulates the endocrine and exocrine pancreas secretions.
The last hormone producing cell is the epsilon cells which produce ghrelin, a protein that stimulates
hunger. We will discuss insulin and glucagon in further depth as we study the endocrine system.

BIO 461 Principles of Physiology

404

Pancreas delivers pancreatic juice to the duodenum through the pancreatic duct.
Author: OpenStaxLicense: [CC BY 4.0
(http://creativecommons.org/licenses/by/4.0)], Link: https://cnx.org/resources/65de80fe9396d266a09772aa978551d22566f5d8/2424_Exocrine_and_Endocrine_Pancreas.j
pg

Large Intestine
The large intestine is separated from the small intestine by the ileocecal sphincter. The large
intestine absorbs fluids and stores fecal matter before expulsion from the body (note: expulsion, not
explosion, although in some instances they may be one in the same). Because digestion of food is
completed in the small intestine, no further breakdown of food occurs in the large intestine. Instead,
the main function is to absorb salts and some remaining water and convert the chyme to fecal matter.
In addition, the large intestine is necessary for the absorption of vitamin K that is important for blood
clotting processes in the blood. Vitamin K is produced by "friendly" bacteria that reside in the large
intestine. Expulsion brings us to the final two sphincters, the internal and external anal
sphincters. The internal sphincter is reflexively controlled but the external anal sphincter is
voluntarily controlled.
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5.2
Digestion
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5.2.1
Carbohydrates

The digestive process can be initiated by sight, smell, taste, and even the thought of experiencing
those things. Although some enzymatic digestion begins in the mouth, most of this process occurs in
the small intestine. We will begin our discussion of digestion by starting with the carbohydrate, which
provides 45% of the total energy needs of the American diet. Carbohydrates are classified into thre e
groups:
monosaccharides, disaccharides and polysaccharides. The small intestine has the ability to
absorb monosaccharides but not disaccharides or polysaccharides. Therefore, enzymes are necessary
to convert the disaccharides and polysaccharides to monosaccharides prior to absorption. About 50%
of dietary carbohydrate is in the form of starch which is the storage form of carbohydrates in plants.
The storage form of carbohydrates in animals is the polysaccharide glycogen. Both plants and meat
are polymers of glucose molecules. Most of the dietary carbohydrates that are disaccharides are
ingested as sucrose or lactose (40%). Dietary monosaccharides are fructose and glucose, and make
up the remaining 10%.
Remember, only monosaccharides can be absorbed from the small intestine into the blood, therefore
all carbohydrates must be enzymatically digested to their simplest form (monosaccharide) before
transport can take place. Some polysaccharides cannot be broken down at all because our bodies lack
the necessary enzymes. These polysaccharides are known as fiber. Fiber is found in all kinds of
plants, for example, the outer covering of corn kernels is composed of fiber, thus, if you don't chew
the corn it can move through the entire digestive system without receiving a single scratch, in fact it
won't even change color. Still, fiber is a very important component for the digestive system as it helps
keep the stool loose and moving. Stool that doesn't move through the digestive system can be very
unpleasant.
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Carbohydrate Concept Map
Image created by BYU-I student Hannah Crowder, 2013

Carbohydrate Digestion
The process of digestion is really a discussion of enzymes and their ability to cleave or break bonds.
Polysaccharides are put together using three different kinds of bonds between the monomers, these
bonds are called: alpha 1- 4, alpha 1- 6 and beta 1- 4 linkages. The first enzyme that a carbohydrate
will encounter is found in the salivary secretions of the mouth and is known as salivary amylase.
Salivary amylase can hydrolyze (break) alpha 1- 4 bonds but is quickly inactivated by the stomach
acid. The majority of carbohydrate digestion occurs in the small intestine through the actions of
pancreatic amylase. Pancreatic amylase is also specific for most alpha 1- 4 bonds but since
carbohydrates are a combination of all types of bonds the digestion is incomplete.
Amylase only acts on internal bonds in the polysaccharide chain, it cannot cleave individual glucose
molecules from the chain. To complete digestion the small intestine has specific enzymes that are
located on the apical membranes of the enterocytes (small intestinal epithelial cells), called brush
border enzymes. These enzymes are able to hydrolyze alpha 1- 4 bonds left by amylase as well as
alpha 1- 6 bonds and some beta 1-4 bonds. You have probably heard of some of these brush border
enzymes as they are named after the carbohydrate that they are most specific for, for
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example, lactase, sucrase and maltase. Lactase is specific for the disaccharide lactose, and sucrase
is specific for the disaccharide sucrose. Maltase digests maltose, which is a product of the action of
amylase on starch and glycogen. The end result is that all of the ingested carbohydrates are
converted to their simplest form; glucose, galactose or fructose.
Most animals do not contain enzymes that can break beta 1- 4 bonds. These bonds are found in fiber,
however, certain types of bacteria can breakdown the bonds. Cows or animals that eat grass (high in
fiber) have large amounts of bacteria in different chambers of their stomachs that help them break
down the fiber to usable sources of monosaccharides. Even though we cannot breakdown fiber, it is
still an important component of a healthy diet to help keep the stool loose and moving. High fiber
diets have also been shown to reduce the risk of colon cancer and to decrease absorption of
cholesterol. Individuals that are lactose intolerant have stopped making the brush border enzyme
lactase and therefore have lost the capacity to digest lactose. This is actually the normal process
since most mammals do not consume milk as adults. It is only humans that are descendants of groups
that have domesticated cattle and goats that are not predominantly lactose intolerant. Undigested
carbohydrates that are washed down to the large intestine can cause a plethora of unwanted side
effects, such as diarrhea, cramping and extreme flatulence, the latter is only desirable at a few
unique events like scout camp or when you stay up too late with your friends.
Carbohydrate Absorption
Following digestion and, in order to be moved from the lumen to the blood, the three
monosaccharides, glucose, galactose or fructose, must first enter in through the apical membrane of
the enterocyte and then exit through the basal membrane to complete absorption. Glucose and
galactose are brought through the apical membrane through a Na+ co-transporter known as the
sodium-glucose transport proteins (SGLT). This co-transporter is a secondary active transporter that
is driven by the Na+ gradient established by the primary active transporter Na+/K+ ATPase.
Fructose cannot be transported with Na+ but instead is moved through the membrane by facilitated
diffusion through a transporter called GLUT 5. Once inside the cell a single basally located
transporter is used to transport glucose, galactose or fructose called GLUT 2.
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Absorption of Carbohydrates
Author and ed., illustrator Kirsten McCord. License: CC BY-NC-ND-4.0 Creative Commons Attribution-Noncommercial-No Derivatives 4.0 International.
Link: https://books.byui.edu/-jsje
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Clinical Pearl - (Fructose Metabolism)
The metabolism of macronutrients like proteins, carbohydrates and fats are used to produce energy
in the form of ATP. However, in the case of the monosaccharide fructose, metabolism can cause a
rapid depletion in ATP. This is because the enzyme that uses ATP to phosphorylate fructose during
metabolism (fructokinase) does not slow down as ATP levels drop. Thus, consuming high amounts of
fructose can lead to rapid ATP depletion. With the rapid decrease in ATP there is a correlated
increase in ADP and AMP. So much so, that ADP and AMP begin to overwhelm the enzymes trying to
rebuild ATP. Whenever enzymes begin to be overwhelmed, they often turn to shuttle pathways to
remove the buildup. In the case of AMP, this shuttle pathway leads to the activation of another
enzyme called AMP deaminase, which breaks down AMP to uric acid. Uric acid can then be extruded
from the cell and excreted in the urine, but if uric acid builds up to quickly it results in oxidative
stress which effects the mitochondria by inhibiting the citric acid cycle. This inhibition leads to the
accumulation of citrate, and this accumulation leads to another shuttle pathway that stimulates fat
production.
Stated as simply as possible, the consumption of fructose can lead to excess accumulation in fat, but
not in all cases. In the case of fructose there seems to be two possible pathways: a caloric pathway
and a non-caloric pathway. In the caloric pathway, fructose gets metabolized to CO2 and water, just
like glucose and adds a net gain of ATP to the system. However, in the non-caloric pathway, the
metabolism of fructose activates an additional reaction that produces uric acid, which leads to fat
accumulation. The non-caloric pathway appears to be activated when the animal is constantly in
caloric excess. Consider a grizzly bear that is preparing for hibernation. The bear eats everything in
sight, keeping itself in an overfed state, so that any fructose (berries, fruits) that enter the system will
go through the non-caloric pathway, increasing fat storage in preparation for hibernation. It is an
amazing system to help hibernating animals, but in our current culture of caloric excess, the high
consumption of fructose, in addition to high calories, appears to be a major factor in metabolic
syndrome and obesity.
It gets worse! Apparently, there is another enzyme that is turned on during high glucose states that
converts the excess glucose (shuttle pathway, i.e., polyol pathway) to sorbitol and then fructose. This
is best measured by the glycemic load of the food, where the higher the glycemic load of the food the
higher the level of glucose and the increased chance of the polyol pathway being activated. Thus, as a
lead researcher in this area says: “But now we know that it isn’t just the fructose you drink, it’s the
fructose you make.” (Rick Johnson).
These effects seem to be exacerbated by age. In other words, youth have very healthy, even
hyperactive mitochondria that are almost resistant to the non-caloric pathway of fructose. As a
person ages, especially without a lot of exercise, the mitochondria become less and less efficient, and
more susceptible to oxidative stress. Interestingly, there are some people born with what is called
fructosuria meaning they lack the enzyme fructokinase. These individuals pee out 10% of the fructose
they eat and the rest is metabolized through the caloric pathway. Currently, no one with this
condition has been shown to be obese or to struggle with diabetes and, most importantly, they can
eat all the sugar they want! If only!! You can imagine that research to develop a fructokinase
inhibitor is a hot item ticket!
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5.2.2
Proteins

Protein Digestion
The recommended dietary amount of protein is based on a person’s weight. It is 0.8 grams/kilogram
of body weight. For a girl that weights 140lbs the conversion would be as follows:
140 lbs (weight)/2.2 = 63.6 kilograms
Now to get her protein needs we simply multiply that number by 0.8
63.6 x 0.8 = 51 grams (this is the protein need)
For elite level athletes this process changes a little bit, instead of using a factor of 0.8 g/kilogram we
typically pick a factor between 1-2 grams per kilogram depending on the athletes sport and goals.
(Note: It is unlikely there are many athletes exercising hard and long enough at BYUI to justify
protein levels in the higher ranges, most will be adequately nourished with intakes around 1 g/kg).
Digestion and absorption of proteins presents some interesting problems for the human body, for one,
proteins are an integral part of membrane structure. Thus, how do we digest dietary proteins without
digesting our own cell membranes? The answer lies in the structure of protein digesting enzymes
or proteases. Proteases are secreted as inactive proteins called zymogens that require conversion
to their active forms. For example, stomach cells secrete pepsinogen (an inactive protease) that is
converted to pepsin (the active protease) in the presence of acid. Once pepsin is activated in the
lumen of the stomach, the enterocytes of the mucosa are protected by a thick mucus layer produced
by goblet cells in the epithelium. Pepsin is irreversibly inactivated by the change in pH when it moves
from the stomach (pH 1.8 to 3) to the small intestine (pH 6-7). Pepsin is responsible for the digestion
of about 10% of dietary proteins.
Once in the small intestine a new set of enzymes is necessary to continue protein digestion. These
enzymes come from the pancreas and are secreted in the inactive form. There are 5 proteolytic
enzymes from the pancreas. The first of these is an inactive protease called trypsinogen.
Trypsinogen is converted to its active form, trypsin, by the brush border enzyme enteropeptidase.
Trypsin then activates the other four enzymes (chymotrypsin, elastase, carboxypeptidase A
and carboxypeptidase B). This chain of activation ensures that the enzymes are only activated
when needed and when there are plenty of other dietary proteins to keep them busy. Trypsin,
elastase and chymotrypsin are endopeptidases capable of cleaving proteins at internal bonds within
the peptide chain. They are quite specific and target certain sequences of amino acids. The peptides
that result from actions of the endopeptidases are further acted on by the exopeptidases
(carboxypeptidases A or B). These enzymes along with a brush border carboxypeptidase cleave off
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single amino acids from the carboxy-terminus of peptide chains. Meanwhile the brush border
enzyme aminopeptidase cleaves single amino acids from the amino-terminus.
Protein Absorption
Similar to carbohydrate absorption, individual amino acids in the lumen are transported across the
apical membrane of the enterocytes by a Na+ co-transporter. However, in contrast to carbohydrate
absorption in which only monomers can be absorbed, proteins can be absorbed through the apical
membrane as amino acids or as di and tripeptides by a H+ co-transporter (PepT1). However, to be
transported across the basal membrane the proteins must be broken down to single amino acids.
Once inside the cell, the di and tripeptides are subjected to further digestion by intracellular
proteases in the lysosomes. In terms of the different sections of the small intestine, although the
duodenum is by far the most active for both single amino acids and di and tri peptides, the ileum is
more active reabsorbing single amino acids while the jejunum is more active with di and tri peptides.
In young infants, before the age of 6 months, whole proteins can be brought into the cell through the
process of endocytosis. This is one of the ways that immunity is transferred from mother to child as
antibodies from the mother’s milk are taken into the baby’s blood. Even adults can absorb small
amounts of intact proteins and although these proteins are not dietary significant they do play
important roles in providing the immune system with a sample of the luminal contents. In fact, many
food allergies are caused by an overactive immune system responding to intact proteins that it thinks
are bad, examples being celiac sprue (gluten intolerance) or nut allergies.
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Absorption of Proteins
Author: New Human Physiology, Paulev-Zubieta 2nd ed., illustrator Kirsten McCord. License: CC BY-NC-ND-4.0 Creative Commons Attribution-Noncommercial-No
Derivatives 4.0 International. Link: http://www.zuniv.net/physiology/book/images/22-12.jpg
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5.2.3
Lipids

Lipid Digestion
The digestion and absorption of lipids presents a whole new set of complexities because most lipids
are hydrophobic and the entire digestive tract is full of watery secretions. You could say lipids have a
love/hate relationship with our intestinal system. Most of the lipids we eat (> 90%) are in the form
of triacyclglycerols (triglycerides). Triacyclglycerols are composed of two molecular building
blocks - glycerol and fatty acids. Fatty acids are chains of carbons that vary in length and the
number and type of double bonds between carbons.
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Bonding of Glycerol and Three Fatty Acids by Dehydration Synthesis Reaction to Form Triglyceride
Image created by JS at BYU-Idaho 2014

Fatty acid chains with no double bonds are referred to as saturated. This means that every carbon carbon bond in the chain is a single bond which allows the linking of 2 hydrogen atoms to every
carbon in the chain and 3 hydrogen atoms bonded to the last carbon. If a double bond occurs
between two carbons in the hydrocarbon chain, then the carbon atoms connected by a double bond
will each bond with one less hydrogen atom in order to maintain 4 bonds per carbon atom. We could
say that because of the double bond, the fatty acid hydrocarbon chain is no longer "saturated" with
hydrogen atoms at every carbon. Therefore, an unsaturated fatty acid will contain one or more
double bonds. A fatty acid with one double bond is referred to as a monounsaturated fat and fatty
acids with two or more double bonds are polyunsaturated fats. Additionally, some fats are named
after the location of the double bond, such as omega 3 or omega 6 fats. This nomenclature refers to
the location of the double bond on the carbons counting from the bottom of the chain up. All lipid
containing foods have a specific mixture of saturated and unsaturated fatty acids. Saturated fatty
acids tend to be straight and do not have "kinks" or angles that would make "packing" or "stacking"
together more difficult. The more tightly packed molecules of fat are, the more likely to be a solid at
room temperature. Unsaturated fats can have either "cis" or "trans" double bonds in the hydrocarbon
chains. "Cis" bonds allow for a kinked or angled geometry that makes it more difficult to "pack"
together. Unsaturated fats with "cis" bonds include vegetable oils.
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(a) Cis & Trans Double Bond in Monounsaturated Fatty Acid; (b) Cis Double Bond in Unsaturated Fatty Acid creating kink.
Image created by JS at BYU-Idaho 2014: Modified File: Oleic-acid-3D-ball-&-stick.png; Author: Benjah-bmm27; Site:
https://commons.wikimedia.org/wiki/File:Oleic-acid-3D-ball-%26-stick.png; License: Public Domain

Trans Double Bonds in Unsaturated Fatty Acid.
Title: File: Tridecylic-acid-3D-balls.png; Author: Jynto and Ben Mills; Site: https://commons.wikimedia.org/wiki/File:Tridecylic-acid-3D-balls.png; License: public domain

Unsaturated fats with "Trans" bonds contain a geometry that resembles the straight line of a
saturated fat. This geometry allows for trans unsaturated fats to pack together tightly enough that
they will be found as a solid at room temperature. Products like Crisco and Margarine often have
substantial quantities of "trans fats". Cis fats are the most common type found in nature, although

BIO 461 Principles of Physiology

417

there are some naturally occurring trans fats. Although trans fats are rare in nature they have
appeared in the American diet as a product of oil processing. Food manufacturers take naturally
occurring oils and use high pressures, high temperatures and hydrogen gas to artificially
"hydrogenate" unsaturated fats, making them a creamy solid. A byproduct of this process is the
formation fats with rearranged double bonds (trans fats). This type of fat is usually listed as "partially
hydrogenated oil" in the food ingredients list. Food companies are interested in the "hydrogenation"
of oils so that they might get fat that has the texture, flavor and chemistry necessary for many of the
food products we enjoy (i.e. many pastries, puddings, sauces, creamers, and confectioneries).
Unfortunately, this switch of hydrogen arrangement has been shown to increase the risk of coronary
heart disease (discussed further below).
The hydrophobic nature of lipids presents problems for the digestive process. Because lipids do not
interact well with water they tend to form large fat droplets. These droplets make it difficult for the
enzymes to access the molecular structure of the fat. To alleviate this problem the fats
are emulsified (dispersed) by the actions of bile released from the liver and gallbladder into the
small intestine. Components of bile act like detergents and help to break up the large masses of fat
into smaller more manageable pieces. The emulsified products form small vesicles called micelles.
Micelles increase the surface area for digestion but a side effect is that the bile salts inhibit
the digestive enzymes (Lipases) need to breakdown the fat. As a result, the pancreas secretes
colipase in addition to various lipases. The colipase helps the lipases overcome the inhibitory action
of the bile salts.
Lipid Absorption
Because the partially digested products inside the micelles are lipophilic, absorption across the lipid
bilayer of the small intestinal cell occurs primarily through diffusion.
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Lipid Absorption
Author: OpenStax License: License: Creative Commons Attribution License
4.0 Link: https://cnx.org/resources/ee5d4d78da8a6418debe94999ced693451cd30c0/2431_Lipid_Absorption.jpg

However, once inside the cell, the lipids are again forced to interact with water. This issue is solved
through the use of intracellular proteins called fatty acid-binding proteins that bind the digested
lipids and transport them to the smooth endoplasmic reticulum. Once inside the smooth endoplasmic
reticulum the fats are "reassembled" into triacyclglycerols, phospholipids or cholesterol esters. The
newly re-synthesized fats are packaged into new vesicles called chylomicrons that are formed from
the smooth endoplasmic reticulum and modified in the Golgi apparatus. The chylomicron vesicles are
then exocytosed from the basal portion of the small intestinal cell. Because of the rather large size of
the chylomicrons they cannot be directly absorbed by the capillaries of the lamina propria, therefore
they must pass through the larger channels of the associated lymphatic capillaries found in the center
of the villi and enter the lymphatic system. The chylomicrons will eventually enter the blood
circulation through the left subclavian vein. Once in the blood, chylomicrons will go through a
complex regulatory pathway illustrated below.
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Absorption of Lipids
Image by BYU-I Student Tabitha D. 2015
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5.2.4
Lipoproteins

Image by BYUI student Tabitha D. 2015
Image by BYU-I student Tabitha D. 2015

5.2.4 - Lipoproteins
To interpret the image above, match the numbers below
① Lipoproteins known as chylomicrons are made by enterocytes in the small intestine. They are made
up of primarily triglycerides (80%) from dietary consumption. Contain Apo B48.
② Apo E and Apo CII are attached to the chylomicron in circulation from HDLs. Apo CII activates
lipoprotein lipase receptors and the chylomicron is able to release a portion of its triglycerides into
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the body cell.
③ After the chylomicron releases a certain percentage of triglycerides (about 20%), Apo CII
dissociates and the chylomicron has only Apo B48 and Apo E. This is called a chylomicron remnant.
④ Apo E recognizes the LDL-R on the hepatocytes and is then taken up where the rest of the lipids are
used by the cell.
⑤ VLDLs are made in the liver and secreted with Apo B100.
⑥ VLDLs interact with HDLs and get Apo E and Apo CII.
⑦ Apo CII on VLDLs activate LPL-R on body cells and the VLDL releases triglycerides.
⑧ After dumping triglycerides into cells, VLDLs get smaller and are called IDLs. About 50% of the
IDLs will loose even more triglyceride by interacting with another type of lipoprotein lipase called
hepatic lipase (HL) on the liver. The other 50% of the IDLs will not interact with HL but will interact
with receptors for APO E and will get absorbed by the liver cells. The 50% of the IDLs that interact
with HL will get smaller and will lose their Apo CII and their Apo E and will have only their Apo B 100
left. These will now be called LDLs. LDLs interact with LDL receptors on body cells that need
cholesterol. This interaction triggers endocytosis which pulls the LDL into the cell where it is
dismantled to release cholesterol to the cell interior.
⑨ Lipoprotein Apo AI is made by enterocytes in the digestive tract and the liver. Apo AI attaches to
membrane receptor ABCAI and gather free cholesterol from the cell’s cholesterol pool.
⑩ Phospholipids begin to form around the Apo AI as it circulates.
⑪ Apo AI activates LCAT from the liver. The LCAT enzyme converts free cholesterol to cholesterol
esters. This makes the cholesterol much more hydrophobic and it falls to the center of the growing
HDL and is carried as a lipid core and the HDL becomes spherical.
⑫ The circulating HDLs meet up with VLDLs and chylomicrons and exchange cholesterol for
triglycerides. The VLDLs receiving cholesterol esters grow in size and the HDLs that receive
triglycerides shrink.
⑬ The HDL is then absorbed into the liver.
The two major types of lipoproteins listed above are low-density lipoproteins (LDL, IDL, vLDL) and
high-density lipoproteins (HDL). In common literature these proteins are referred to as "good" (HDL)
cholesterol and "bad" (LDL) cholesterol. Although not exactly accurate, the names have stuck and
seem to be an effective way of transmitting information to the general public. The good and bad refer
to the effects of the lipoproteins on cardiovascular health. At the most basic level, HDLs take lipids
(i.e. cholesterol) from the tissues to the liver so that the liver can modify the cholesterol for excretion
(a good thing). The LDLs take lipids from the liver for delivery to the tissue, also a good thing,
because cells need lipids to repair membranes etc.
However, the stigma "bad" comes when there is an overabundance of the LDLs in the blood. If the
blood concentration of LDLs is too high, then when cells signal for lipid delivery they get
overwhelmed with LDLs. The excess LDLs accumulate in the walls of the blood vessel and become
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oxidized. To help clear out the excess LDLs white blood cells are recruited and engulf the LDL's.
Once these cells phagocytose the LDL they have a foamy appearance and are thus called foam cells.
These foam cells release cytokines which triggers an inflammatory response, attracting other
macrophages and eventually resulting in the formation of a plaque in the wall of the blood vessel.
These plaques bulge into the lumen of the blood vessel and restrict blood flow. If they become too
extensive they can rupture initiating the coagulation cascade and completely stop blood flow through
the vessel. This is the most common cause of a heart attack. What is the take home message? While
both HDLs and LDLs are required for normal cardiovascular health, excess LDLs can be very
detrimental.
Still, not everyone agrees with the high LDL to high cardiovascular risk disease hypothesis. Scientists
arguing against the hypothesis cite data suggesting that high LDL or low LDL are not always
correlated with cardiovascular disease. Consider these examples:
Some patients that have heart attacks have low LDLs
Elderly people with high LDLs live the longest
Statin (cholesterol lowering drugs) are highly variable on their effectiveness against
cardiovascular disease, but all of them lower LDLs
Recently a stronger correlation with a modified type of LDL called lipoprotein a (Lpa) has been
strongly implicated in cardiovascular risk. Lpa is an LDL variant the consists of an LDL particle
covalently attached to a glycoprotein called apolipoprotein B. This modification causes Lpa to last
longer in the blood and gives the molecule the ability to interfere with blood clotting cascades. The
enzymes responsible for this modification are determined genetically and don’t appear to be
correlated with other risk factors (ie obesity, smoking). Simply put, the amount of Lpa particles
floating around in your blood is determined by genetics, but one thing appears to be sure, if you have
lots of them, your chances of developing early cardiovascular diseases is greatly increased,
independent of your good or bad cholesterol levels! As you can imagine, therapeutic drug treatment
to target the production of Lpa molecules is a hot ticket item!
Back to traditional LDLs, there seems to be a trend in the literature connecting increased LDL’s to
trans fat consumption. This is most likely due to the effects of trans-fats on the liver. The liver
produces lipoproteins and it does so in response to dietary triacylglycerol.
Thus, consuming trans-fats decreases the amount of "good" HDLs and increases the amount of "bad"
LDLs, a lethal combination. But wait, aren't manufactures required to label the amount of trans-fat in
their products? Yes, but this labeling can be misleading because the government regulations require
that if a serving size as less than 0.5grams of trans fat it can be labeled as 0 grams trans-fat. Here is
a general rule, if the ingredient list shows partially hydrogenated or fully hydrogenated in it, then the
product has some amount of trans-fat.
The next item you should check is the serving size. If the serving size says 1 then the product should
contain less than 0.5g. If the serving size is 35 and you eat 25 servings…. well…you may have other
issues. At any rate, the table below shows some common foods and their estimated trans-fat
amounts. Why use trans-fat in your product? Well try having a competition at home making a pie
crust or baked homemade cookies with Butter vs Crisco. There is really no competition, Crisco laden
cookies and pie crust simply taste better, their texture is better and they never go bad. This is why we
use trans-fats, they make food taste better and last longer.
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Here are some videos made in our department that walk through the stories of lipoproteins. Spending
some time with these videos can really help:
https://youtu.be/NoupEo5eB5U
https://youtu.be/B2rOqe8e75E
https://youtu.be/PQcJRvbBI8M
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5.3
Regulation of Digestive Secretions

The regulation of digestive secretions results from a complex interplay between cells, hormones
signals and enzymes. Perhaps a series of teleological questions will help set the stage to explain this
interplay:
1. Why does the stomach produce acid, and how does it "know" when to produce acid?
2. How the does the pancreas "know" when to secrete digestive enzymes and bicarbonate into the
small intestine?
3. How does the gallbladder "know" when to secrete bile to help emulsify lipids?
To explain the answers to these questions we'll start with a population of epithelial cells in the
stomach. We'll identify six cell types of the stomach: chief cells, mucus-secreting cells,
enterochromaffin-like cells, G cells, D cells and the parietal cell.

Gastric Glands of the Stomach
Author: By OpenStax College [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia
Commons; Link: https://commons.wikimedia.org/wiki/File%3A2415_Histology_of_StomachN.jpg

Chief Cells
Chief cells secrete pepsinogen, the inactive form of the protease pepsin, into the stomach lumen.

BIO 461 Principles of Physiology

425

Pepsinogen is converted to pepsin in the presence of acid, thus the stimulus that increases acid
production also increases pepsinogen secretion. Chief cells also secrete gastric lipase which can help
break down fat, but it is relatively unimportant as most lipid digestion will require pancreatic
enzymes that come after the stomach.

Enterochromaffin-like cells (ECL cells)
Enterochromaffin-like cells release histamine that is important in stimulating acid production.
Histamine is released locally into the interstitial spaces and stimulates the histamine receptor located
on the parietal cell.
G-cell
G-cells produce a hormone called gastrin that they release into the blood which circulates around in
the blood until it interacts with receptors found on various cells. Ironically, most of the cells that
respond to gastrin are in the stomach, but because gastrin is a protein, secreting it into the stomach
acid would render it useless. G-cells are stimulated to release gastrin in response to stomach stretch
(distension), acetylcholine from the nervous system through the Vagus nerve, food products like
amino acids and pH changes that are greater than 3. Gastrin essentially turns the digestive system
“ON” and stimulates the production of acid and the secretion of pepsinogen.
D-cell
D-cells are found in the stomach, intestine and the Islets of Langerhans in the pancreas. D-cells
release somatostatin which has inhibitory actions on the parietal cell, G cell and the ECL cell. This
inhibitory action acts as a type of negative feedback which slows down the digestive system.

Parietal cell
The parietal cells secrete acid and intrinsic factor into the stomach lumen. Intrinsic factor is
required for vitamin B12 absorption later on in the ileum of the small intestine. Without intrinsic
factor, a person will become severely anemic because vitamin B12 is very important to the production
of red blood cells.
As may be evident, many of these cells have actions on the hydrochloric acid production of the
stomach. The parietal cell is one of these and therefore a detailed explanation of acid secretion is
illustrated below:
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Formation of Hydrochloric (HCl) Acid in Parietal Cells
Image by BYU-Idaho student Nate Shoemaker, 2017

The parietal cell contains a number of important proteins that help regulate acid production. On the
basal side is a HCO3-/CL- exchanger and on the apical side is a H+/K+ ATPase pump and a Cl- channel.
When a parietal cell is stimulated the H+/K+ pumps extrude H+ into the lumen of the stomach in
exchange for K+. The Cl- that is absorbed from the blood in exchange for HCO3- is then secreted into
the lumen through the Cl- channel. The H+ used for the pump is provided by the entry of C02 and its
conversion to HCO3- and H+ by the actions of the enzyme carbonic anhydrase. Stimulation of the
parietal cells occurs directly through the actions of gastrin and histamine binding to their specific
membrane receptors on the parietal cell.
In addition, the brain can regulate secretion by releasing acetylcholine, from enteric neurons, which
also binds to specific receptors on the parietal cell. Acetylcholine and gastrin can also regulate
secretion indirectly by acting on the enterochromaffin-like cell to release histamine. All kinds of
drugs have been developed to help reduce acid production; these include histamine receptor blocker
drugs (cimetidine) or drugs that selectively block the H/K+ ATPase activity (omeprazole).
Mucus-secreting cells
Mucus-secreting cells secrete mucus…. surprise! Finally, something in biology that is named after
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what it actually does. The mucus is very important to help protect the sensitive cells from the acidic
environment of the stomach. The mucus barrier is so effective that ulcers caused by acid damage of
the stomach are very rare; in fact, 95% of stomach ulcers are caused by bacterial infections from
Helicobacter pylori which destroys the protective mucous membrane and provokes excess acid
secretion.
Ulcers

Besides H. pylori infections, peptic ulcer disease can also develop as a result from situations that
disturb the balance of digestive hormones, stomach mucosal lining or pH, such as:
1. Taking medications that destroy at the lining of the stomach, such as NSAIDs (example:
ibuprofen) and corticoid steroids
2. Hyperparathyroidism where the high calcium levels in the blood stimulate increased gastric
acid secretions.
3. Gastrin-producing tumors of the pancreas which increase the production of acid
4. Anything that causes a decrease in the production of pancreatic secretions which buffer
stomach acid in the small intestines.
5. Increased pepsinogen from chief cells which increase the likelyhood that pepsin could digest
gastric tissues.
6. Reduced somatostatin production from the D-cells which reduces the signal to turn down acid
production in the stomach.
Now we will move our discussion on to cells of the small intestines and pancreas. How the does the
pancreas "know" when to secrete digestive enzymes and bicarbonate into the small intestine? This
answer requires identifying a few more cell types, but these cells are located in the small intestinal
epithelium. Within the small intestine are specific cells known as S-cells, I-cells and K-cells.
S-cell
The cell releases a hormone into the blood stream called secretin. Secretin is released by the S-cell
in response to acid from the stomach. Secretin acts in a number of ways:
1. Secretin will bind to receptors on pancreatic cells and induces the release bicarbonate or HCO3-.
HCO3-is released into the ductal system of the pancreas which eventually empties into the small
intestine. HCO3- will help buffer the acidic pH from the stomach make a pH of around 7 in the small
intestine. This pH is essential for the activity of the pancreatic enzymes.
2. Secretin will also interact with the G-cell reducing the secretion of gastrin, thus slowing the rate of
acid production.
3. Secretin stimulates bile production by the liver.
I Cell
The I-cell releases a hormone into the blood stream called cholecystokinin (CCK). Cholecystokinin
release is regulated by acid as well as the presence of lipids in the chyme entering the duodenum.
Cholecystokinin will act in the following ways.
1. Cholecystokinin will interact with pancreatic cells inducing the release of digestive enzymes.
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2. Cholecystokinin will interact with cells of the gallbladder and induce contraction of the
gallbladder, thus releasing bile into the small intestine. Cholecystokinin (CCK) if broken down
into its medical terminology means: chole = ‘bile’; cysto = ‘sac’; kinin = ‘move’ or activate; so,
all together the term means a hormone that moves or activates the bile-sac or gallbladder. CCK
relaxes the sphincter of Oddi while releases pancreatic and gallbladder secretions into the
small intestines.
3. Cholecystokinin will interact with the pyloric sphincter, causing the sphincter to contract,
resulting in a reduced gastric (stomach) emptying.
4. Cholecystokinin also has some interactions with the brain in interacting with the satiety
(feeling of fullness) centers.

Actions of Secretin and Cholecystokinin
By Boumphreyfr (Own work) [CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0) or GFDL (http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons;
Link: https://commons.wikimedia.org/wiki/File%3AGallbladder1.png

K-cell
Another important cell is the K-cell which releases glucose-dependent insulinotropic
polypeptide also called Gastric inhibitory peptide (GIP) that binds to pancreatic beta cells and
stimulates the release of insulin. This insulin release is in preparation for the glucose that will start to
enter the blood from the small intestine. The effect of GIP is called the incretin effect. Incretins are
hormones that induce the release of insulin, in fact, up to 70% of insulin release is due to the effect of
incretins, while only 30% is due to the effect of rising blood glucose. GIP is also lipogenic, meaning
that it promotes fat storage.
L-Cell

BIO 461 Principles of Physiology

429

In addtion to GIP another important incretin is called glucagon-like peptide (GLP-1) and it is
released from L-cells. Both GIP and GLP-1 induce the release of insulin and they stimulate more
insulin production by the beta cells, but GLP-1 also decreases glucagon production. GLP-1 reduces
gastric emptying and reduces appetite. In fact, agonists to the GLP-1 receptor have shown benfits in
obesity treatments.

Cells of the Digestive System
BYU-Idaho J. Shaw image Spring 2014

Perhaps a story about a hamburger might help in our understanding of these processes. In our
experiences, stories about hamburgers always help.... As we walk into the hamburger joint, our
olfactory system is stimulated and immediately our brain sends out signals (acetylcholine) to various
parts of the digestive system to "prime" the system. These parts include the salivary glands and the
stomach cells (G-cell, ECL-cell, Parietal cell, chief cell). You many have noticed that you begin to
salivate even before food enters your mouth. This process is called the cephalic phase of digestion.
As you begin to eat the hamburger the distension of the stomach as well as a reduction in acid, due to
the food "soaking" it up, will stimulate additional gastrin release from the G-cells. During this gastric
phase of digestion, the gastrin further stimulates production of acid by the parietal cell as well as
pepsinogen production by the chief cell. The D-cell will also become involved by the release of
somatostatin to serve as a type of brake, to help modulate the system, not stopping it, but rather
slowing it down a bit. Partial digestion of the carbohydrate portion of the hamburger begins in the
mouth through the actions of salivary amylase, but as the pH in the stomach changes back to a more
acidic environment, the amylase will be inactivated. In contrast, the enzyme pepsin will become more
active in the presence of acid and begin breaking down proteins. It will take between 3 to 5 hours for
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the hamburger to completely clear the stomach. This time is dependent on how many hamburgers
you ate and the amount of material already present in the intestines.
As the partially digested hamburger chunks begin to move from the stomach to the small intestine
the S-cell will respond to the acid (pH <4) releasing secretin and the I-cell and the K-cell will respond
to the partially digested food products releasing cholecystokinin and GIP respectively. CCK will in
turn stimulate the pyloric sphincter to contract, slowing gastric emptying. It will take 3 to 6 hours to
pass all the way through the small intestine. The remaining material that was not absorbed in the
small intestine will move to the large intestine where it can take anywhere from 30 to 60 hours to
clear.
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5.4
Endocrine System

Two important systems work together to regulate body functions, the nervous system and
the endocrine system. We have studied the nervous system and learned how it uses
electrical signals to regulate both voluntary and involuntary activities in the body. The other
key regulatory system, the endocrine system, uses chemical signals to regulate body
functions. These two systems function hand-in-hand to ensure that our bodies function
properly and to maintain homeostasis.
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5.4.1
Overview of the Endocrine System

Perhaps more than any other discipline, the study of endocrinology is dependent upon observation.
Observation is essential in science. Observation is something we do instinctively. Scientific
observation involves the collection and recording of data in order to construct a hypothesis and
eventually a theory. The first recorded endocrine experiment was published in 1849 by the French
scientist Arnold Berthold. Berthold observed that castrated roosters failed to develop their combs and
wattles and they failed to exhibit typical male rooster behavior. He formulated a hypothesis that the
testis had something to do with his observations so he tested his hypothesis by transplanting a testis
back into the abdominal cavity of a castrated bird. With the transplanted testis in the abdominal
cavity, the birds developed their comb and wattles, showed a renewed interest in hens and started
being aggressive towards the other males. Perhaps most interesting was the fact that the
transplanted testis was functional, and seemed to function independent of the nervous system. Thus,
began the birth of endocrinology, the study of internal secretions, for it was later discovered that the
testes secreted testosterone (a hormone) into the blood which helps regulate the physiology of the
body.
In contrast to the nervous system that controls tissue functions through neurons and synapses, the
endocrine system uses chemical messengers, or hormones, to regulate metabolic processes,
contraction, relaxation and metabolism of smooth and cardiac muscle, reproductive processes,
cellular proliferation, even behavior. In short, the endocrine system affects whole body homeostasis.
At the simplest level the endocrine system consists of several glands that secrete hormones into the
blood. The major glands of the endocrine system are: the hypothalamus, the pituitary gland,
the thyroid gland, the parathyroid glands, the pancreas, the adrenal glands and the gonads
(testes and ovaries).

BIO 461 Principles of Physiology

433

Glands of the Endocrine System
Image created by BYU-Idaho Student Jared C. Spring 2015

These organs have the primary function of producing and secreting hormones and are considered the
classic endocrine glands. However, it is now recognized that nearly every organ in the body has the
capacity to produce and release hormones. Interestingly, control of the endocrine system is often a
complex process in which several glands function in concert, one endocrine gland controlling the
activity of another. Hormones that regulate the secretion of another hormone are called tropic
hormones. A great example is the relationship between the hypothalamus and the anterior pituitary.
The hypothalamus secretes tropic hormones that regulate the anterior pituitary. These hypothalamic
hormones are referred to as releasing hormones. The anterior pituitary, in turn, releases other tropic
hormones that control the actions of peripheral endocrine glands which then release hormones that
act on target tissues. It may seem odd to have such a complex regulatory mechanism but it provides
multiple levels of control for precise regulation of body functions.
The classical definition of a hormone is a chemical produced by a group of specialized cells, released
into the blood in minute quantities, and transported to act on distant target tissues. This definition
was coined in 1902 and still holds true for many hormones. Today we refer to this type of signaling as
endocrine signaling.
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Other signaling pathways include Paracrine and autocrine signaling. These are both local, short
distance signaling. In paracrine signaling, the hormone is released into the extracellular space and
regulates nearby cells of a different type without ever entering the blood. For example, endothelial
cells send signals that regulate smooth muscle activity in the walls of a blood vessel. Autocrine
signaling refers the action of a hormone on the same cell that secreted it or on another cell of the
same type that produced the hormone. For example, a lymphocyte releases signals that affect itself as
well as other lymphocytes.

Endocrine, Autocrine, Paracrine Signaling
Author: By CNX OpenStax License: (http://creativecommons.org/licenses/by/4.0)], via Wikimedia
Commons Link: https://commons.wikimedia.org/wiki/File%3AFigure_09_01_01.jpg
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5.4.2
Hormone Receptors

Hormones act by binding with specific receptors on the target cells. Receptors associated with cells
are located in three areas:
On the plasma membrane
In the cytosol of the cell
In the nucleus.
The majority of plasma membrane receptors are G-protein-coupled receptors. Other types include
receptor tyrosine kinases and receptor serine/threonine kinases. Activation of these receptors
leads to an intracellular cascade that produce second messengers like cAMP, cGMP, or inositol
triphosphate (IP3). These second messengers activate other enzymes such as those that
phosphorylate or dephosphorylate proteins. Adding a phosphate to an enzyme is like flipping a light
switch, sometimes that switch turns off the enzyme (inactive) and sometimes the switch turns on the
enzyme (active). Additionally, the second messenger may increase intracellular calcium. Calcium can
also act as a messenger that turns on events in the cell. Remember the role of calcium in muscle
contraction.
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Water-Soluble (Hydrophilic or Amino Acid Derived) Hormone Receptors: G-protein-coupled receptors. Synthesized by cell receptors on cell surface. Examples include
Insulin, Growth Hormone, and Epinephrine
Author: OpenStax College; License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons;
Link: https://commons.wikimedia.org/wiki/File%3A1804_Binding_of_Water-Soluble_Hormones.jpg

Intracellular and nuclear receptors interact with DNA and affect mRNA synthesis. Nuclear receptors,
or receptors on the nucleus of the cell, when activated stimulate transcription of various genes,
resulting in the production of new proteins. The new proteins result in a change in the cell. Having
different kinds of receptors such as membrane receptors and intracellular receptors accommodates
both hydrophilic and hydrophobic hormones. Hydrophilic hormones easily dissolve in water, but do
not easily enter the cell due to the phospholipid bilayer of the cell membrane and therefore act via
membrane bound receptors, while nonpolar or hydrophobic hormones like testosterone that can
easily cross the plasma membrane bind to cytosolic and nuclear receptors. In addition, membrane
receptors typically induce short term and rapid responses, while intracellular receptors tend to
produce slower but prolonged responses.
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Lipid-Soluble (Hydrophobic or Cholesterol-derived) Steroid Hormone Receptors: Cytosolic and Nuclear Receptors. Synthesized inside the nucleus of the cell. Examples
are Testosterone and Estrogen
Author: By OpenStax College; License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons;
https://upload.wikimedia.org/wikipedia/commons/a/a9/1803_Binding_of_Lipid-Soluble_Hormones.jpg

It is truly the receptor, not the hormone that ultimately determines the cellular response. Most
receptors are highly selective to their particular hormone, that is, even similar hormones don't bind
to the receptor with the same affinity. The receptor recognizes subtle differences in hormone
structure which allows the receptor to distinguish between hormones. This concept has allowed
pharmaceutical companies to design drugs (hormone analogs) that can interact with specific
receptors to provide medicinal intervention. Drugs that bind to and stimulate a receptor are
called agonists, while those that bind to a receptor and block its effects are called antagonists.
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Agonist and Antagonist Ligands. Agonists fit hormone receptors and activate them. Antagonists occupy hormone receptors and do not activate them but block them from
activation.
Author: By Dolleyj (Own work) [CC BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons
Link: https://commons.wikimedia.org/wiki/File%3AAgonist_%26_Antagonist.jpg

Approximately 60% of prescription drugs act by either activating or blocking specific receptors. The
term ligand is a general term used to describe any substance that interacts with a receptor. The
specificity of receptors allows hormones to be released at any site in the body and circulate
throughout, but only affect the tissue that contains the particular receptor for the hormone.
Receptor numbers are constantly being changed within a given cell, thus, depending on the number
of receptors present, a cell may become less or more responsive to a given hormone. These receptor
numbers can be regulated by hormones in a positive (up-regulation, more) or negative (downregulation, less) manner.
For example, an increased blood level of the hormone prolactin induces an up-regulation of prolactin
receptors in the cells of the liver.
In contrast, prolonged exposure of cells to the hormone insulin results in a down-regulation of the
insulin receptor. In some instances, a hormone binding to its receptor may enhance the actions of a
separate hormone on a different receptor of the same cell, a process called synergism.
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5.4.3
Hormones of the Body

Regulation of Release
Hormone release is controlled by three general mechanisms:
Secretion can be regulated by another endocrine gland. As explained above, the anterior
pituitary gland releases tropic hormones that control the release of other hormones.
Secretion can be regulated by some other substance in the blood. Insulin secretion is regulated
by the amount of glucose in the blood.
Secretion can be regulated by the nervous system. Epinephrine release from the adrenal gland
is controlled by the autonomic nervous system.
Regardless of the mechanism of control, hormone release is typically regulated through negative
feedback loops. For example, if blood glucose levels increase, insulin secretion will increase which
will lower the levels of glucose in the blood. As glucose levels return toward normal insulin secretion
will decrease.
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Negative Feedback Loop using example Glucocorticoids. When hormone levels become elevated, a negative signal is sent to the pituitary gland and hypothalamus to turn
down the release of further hormone
Author: Open Stax; License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia
Commons Link: https://cnx.org/resources/531ca03c11f2ff25b845d1dfd86993c058f3424c/1805_Negative_Feedback_Loop.jpg

Transport: Endocrine hormones are transported to their target tissues via the blood plasma. Since
the plasma is mostly water this presents a problem for some hormones. Hydrophilic hormones easily
dissolve in the plasma and pose no major problem for transport. Hydrophobic hormones, on the other
hand, cannot dissolve in the plasma and so this presents a challenge for their transport. These
hormones must bind to plasma proteins produced by the liver in order to be transported. These
"carrier" proteins have hydrophobic cores that shield the hormones from the aqueous plasma.
However, even for these hydrophobic hormones a small fraction does circulate free in the plasma. We
distinguish between the two forms as "bound" and "free" hormone. It is the ratio of bound to free that
determines the overall potency of the hormone. The free hormone is the biologically active form and
as the levels of free hormone drop, more bound hormone will be released from the transport proteins
to maintain the equilibrium ratio of bound to free.
Life span of a hormone: The only way to turn off an endocrine response is to remove the hormone
from the circulation. There are several mechanisms for removing the hormones. These include:
removal by the kidneys, removal by the liver, enzymatic destruction of the hormone, and re-uptake
and recycling of the hormone. Steroid hormones, for example, are usually removed from the blood by
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the liver while protein hormones often end up in the urine. We express the life span of a hormone in
the blood as its half-life (T ½). Recall that one half-life is the amount of time necessary to remove
50% of the hormone from the circulation. Half-lives for hormones range from a few minutes to several
days. The concentration in the blood of hormones with short half-lives tend to fluctuate markedly
while the concentrations of hormones with longer half-lives tend to be more constant. Since
hormones bound to carrier molecules are shielded from the mechanisms that remove them from the
blood their half-lives tend to be longer and their concentrations do not fluctuate as rapidly.
The concentrations of hormones in the blood are typically very low, ranging from 10-11 to
10-9 moles/Liter. Thus, hormone receptors must have very high affinities for their particular hormone.
The affinity of a hormone for its receptor is a measure of how easily and strongly it binds to the
receptor. Hormone affinities are expressed as the dissociation constant (KD) for the hormone. The
units of the dissociation constants are molar units (M) and correspond to the concentration of the
hormone required to bind exactly one-half of available receptors. The lower the KD number the higher
the affinity of the receptor to the hormone.
There are many different hormones in the body, and making an accurate count is nearly impossible as
new hormones are discovered every year. However, there are general groupings that can help
distinguish the characteristics of the vast arrays of hormones. One common method of classifying
hormones is based on their chemical structure, this type of classification results in three main classes
of hormones: peptide/protein hormones, steroid hormones, and amino-acid derived hormones.
The hormones within each class have similar functional properties. The table below describes the
characteristics of each class of hormones based on the 5 properties define below.
1. Synthesis: How is the hormone synthesized? It may be produced on demand or stored for
later release.
2. Mode of release: Is the hormone released from vesicles through exocytosis or simply
produced and allowed to diffuse out of the cell.
3. Transport: How is the hormone transported in the blood? It may circulate free or it may be
bound to carrier proteins.
4. Half-life: How long does the hormone circulate in the blood before being broken down. It may
be broken down quickly or it may stay in the circulation for hours or even days.
5. Receptor: Which kind of receptors does it interact with (See Table below)
Classes of Hormones
Peptide/Protein

Steroid

Amino-Acid Derived
Catecholamines

Thyroid

Synthesis

Produced as inactive
forms and stored in
vesicles

Made on demand Produced and stored
from cholesterol in vesicles

Produced and
stored as
precursor

Release

Exocytosis

Diffusion

Exocytosis

Facilitated
diffusion using a
carrier

Transport

Dissolved in plasma
(water-soluble)

Bound to carrier
proteins (lipidsoluble)

Dissolved in plasma
(water-soluble)

Bound to carrier
proteins (lipidsoluble)
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Peptide/Protein

Steroid

Amino-Acid Derived

Circulatory
half-life

Minutes

100s of minutes

Receptor
type

Membrane bound
receptors

Cytosolic or
Membrane bound
nuclear receptors receptors

Nuclear receptors

Examples

Insulin, Growth
Hormone

Estrogen,
Testosterone

Thyroxine

Less than a minute

Epinephrine,
Norepinephrine

Days

As the name suggests, peptide/protein hormones are produced from amino acids and range in size
from three amino acids to hundreds of amino acids. This is the most diverse and abundant type of
hormone group and is made by tissues located throughout the body. Steroid hormones are always
derived from cholesterol (and therefore hydrophobic) and are made by only a few organs, specifically
the gonads and adrenal cortex. Hormones categorized as amino-acid derived are created from the
amino acid tyrosine (catecholamines and thyroid hormones) or tryptophan (melatonin and serotonin).
The tables below list the major endocrine glands, the hormones they produce and the major actions of
the hormones.
Major Endocrine Glands and the Hormones They Secrete
Hypothalamus
Hormone

Target
Tissue

Primary Action

Gonadotropin-Releasing Hormone Anterior
(GnRH)
Pituitary

Stimulate secretion of Follicle Stimulating
Hormone (FSH) and Luteinizing Hormone (LH)

Thyrotropin-Releasing Hormone
(TRH)

Stimulate secretion of Thyroid Stimulating
Hormone (TSH)

Anterior
Pituitary

Corticotropin-Releasing Hormone Anterior
(CRH)
Pituitary

Stimulate secretion of Adrenocorticotrophic
Hormone (ACTH)

Growth Hormone-Releasing
Hormone (GHRH)

Anterior
Pituitary

Stimulate secretion of Growth Hormone (GH)

Growth Hormone-Inhibiting
Hormone (GHIH, somatostatin)

Anterior
Pituitary

Inhibit secretion of GH

Prolactin-Inhibiting Hormone
(PIF, dopamine)

Anterior
Pituitary

Inhibit secretion of Prolactin (PRL)

Anterior Pituitary
Hormone

Target Tissue

Primary Action

Thyroid-stimulating Hormone
(TSH)

Thyroid Gland

Stimulate secretion of Thyroxin (T4) and
Triiodothyronine (T3)

Follicle-stimulating Hormone
(FSH)

Ovaries and Testes Male: Sperm production Female: Follicle
development and Estrogen secretion

Luteinizing Hormone (LH)

Ovaries and Testes Male: Testosterone production Female:
Ovulation, Progesterone secretion

Adrenocorticotrophic Hormone
(ACTH)

Adrenal Cortex

Stimulate secretion of Glucocorticoids
(Cortisol)

Growth Hormone (GH)

Most tissues

Stimulates tissue growth Regulation of
metabolism
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Anterior Pituitary
Prolactin

Mammary glands
and ovaries

Stimulates milk production Up-regulation of
FSH and LH receptors

Posterior Pituitary
Hormone

Target Tissue

Primary Action

Oxytocin

Uterus and mammary
glands

Stimulates uterine contractions Stimulates
release of milk Social and moral feelings (Brain)

Antidiuretic Hormone
(ADH) (Vasopressin)

Kidneys and blood
vessels

Renal water reabsorption (reduced urine
volume) Vasoconstriction

Thyroid gland
Hormone

Target Tissue

Primary Action

Thyroxine (T4)

Whole Body

Metabolism and Growth

Triiodothyronine (T3)

Whole Body

Metabolism and Growth

Parathyroid glands
Hormone

Target Tissue

Primary Action

Parathyroid Hormone (PTH)

Bone

Increase blood calcium

Pancreas
Hormone Target Tissue

Primary Action

Insulin

Lowers blood glucose levels

Skeletal muscle, Adipose
tissue, Liver

Glucagon Liver

Raises blood sugar levels by stimulating glycogen
breakdown and glucose synthesis
Adrenal glands

Hormone

Target
Tissue

Primary Action

Adrenal Cortex:
Mineralocorticoids
(Aldosterone)

Kidney

Increased Na+ reabsorption and Excretion, increased
water reabsorption

Adrenal Cortex:
Glucocorticoids (Cortisol)

Most tissues Increased protein and lipid breakdown Increased
glucose production (increased blood sugar) Antiinflammatory

Adrenal Cortex: Androgens

Many
tissues

Not as important in males In females stimulates growth
of axillary and pubic hair

Adrenal Medulla: Epinephrine Many
and Norepinephrine
tissues

Increase blood glucose (glycogen breakdown) Fight-orflight response
Gonads

Hormone

Target Tissue

Primary Action

Testosterone (Male)

Most tissues

Male sexual development Spermatogenesis

Estrogen (Female)

Most tissues

Female sexual development

Progesterone (Female)

Many tissues

Gestation Maternal behavior

Digestive Tract
Hormone

Target Tissue
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Digestive Tract
Gastrin

Parietal Cells

Gastric acid secretion

Cholecystokinin (CCK)

Gall bladder, Pancreas,
Stomach

Release of bile from gall bladder Secretion of
digestive enzymes by pancreas Decreased
stomach emptying

Secretin

Pancreas, Liver

Increased bicarbonate secretion by pancreas
and liver

Gastric Inhibitory Peptide
(GIP)

Beta cells of pancreas

Increased insulin secretion
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5.4.4
Other Hormones: Melatonin and Pheromones

Melatonin
Melatonin is produced by the pineal gland which is unique in that it is found in the brain but lies
outside of the blood-brain barrier. This anatomical location allows the pineal gland to release
melatonin into the blood stream. For years, melatonin was postulated to regulate the sleep-wake
cycle because the secretion of melatonin is highly dependent upon the light dark cycles. However, it
has now been shown that the suprachiasmatic nuclei of the hypothalamus controls drowsiness and
body temperature as well as other circadian processes and that melatonin may play a minimal role.
Melatonin plays a crucial role in mammals, other than humans, in terms of timing for reproductive
and hair growth seasonal cycles. The role that melatonin plays in humans is controversial at best. In
fact, it may be best said that we don't really understand what melatonin does in humans.
Pheromones
By definition, a pheromone is a hormone that is secreted and becomes airborne to trigger social
responses in other members of the same species. Throughout the animal kingdom, there are many
known types of pheromones, including: alarm pheromones, food trail pheromones, sex pheromones
and many others that affect the behavior of the species. Their use in plants, insects, bacteria and
some mammals is well documented; their use in humans…not so much. There are some interesting
findings that have been observed recently. Human pheromones are difficult to study because most
humans are clean and try to remain odorless, or at least cover up their natural odors. Still, female
sweat (which contains pheromones) has been shown to be perceived as pleasant to men when the
sweat is collected close to a woman's time of ovulation. Some women have noted more calm and
pleasant feelings when sniffing sweaty jerseys of certain men. Anyway, as interesting as this subject
may be, we really don't know much about pheromone activity in humans.
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5.5
The Hypothalamus and Pituitary Gland
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5.5.1
Structure and Function of the Hypothalamus
and Pituitary Gland

Pituitary Gland and Hypothalamus
Created by BYU-Idaho Fall 2014

The image just above shows the pituitary gland and how it communicates with the hypothalamus.
Notice that the posterior pituitary gland contains the axons and terminal ends of neurons that
originate in the hypothalamus. The anterior pituitary gland contains cells that respond to signaling
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hormones from the hypothalamus. Neurons of the hypothalamus release a signaling hormone
(represented by the tan balls in the image). These signaling hormones will stimulate anterior pituitary
cells to either increase or decrease their release of other hormones that will travel through the body
and act on specific target cells
The pituitary gland has been referred to as the "master gland" due to its important role in regulating
body functions. It is actually two glands in one, the anterior pituitary or adenohypophysis and
the posterior pituitary or neurohypophysis.
The anterior pituitary is derived from epithelial tissue and thus has glandular properties. The
posterior pituitary is composed of neural tissues and is actually an extension of the brain. Together,
these two structures, or lobes, compose the pituitary gland. The pituitary is located in the sella
turcica of the sphenoid bone and is connected to the hypothalamus by a stalk of tissue called the
infundibulum. Although the pituitary regulates many other endocrine glands, its activity is controlled
by the hypothalamus. Recall that the hypothalamus is the most inferior portion of the diencephalon
and sits directly above the pituitary. The hypothalamus has the essential role of functioning as the
interface between the nervous system and the endocrine system. Since these two systems are key for
regulation of body function it stands to reason that there needs to be communication between the two
and the hypothalamus is key in this interaction. It receives input from higher brain centers and,
depending on the need, conveys that information to the endocrine system. Structurally the
hypothalamus is composed of small clusters of neuron cell bodies called nuclei. Each nucleus has a
unique function, such as secreting the neurohormones that regulate the anterior pituitary or
producing hormones to be secreted by the posterior pituitary. The relationship between the
hypothalamus and the pituitary is explained below.
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5.5.2
The Posterior Pituitary

Recall that the posterior pituitary is not composed of glandular tissue, rather it is an extension of the
hypothalamus. Rather than produce hormones, its function is to store neurohormones that are
produced in the hypothalamus. The connection between the hypothalamus and the posterior pituitary
is the hypothalamo hypophyseal tract. Neurons in specialized nuclei in the hypothalamus produce
neurohormones. The axons of these neurons pass down the hypothalamo hypophyseal tract to the
posterior pituitary. The neurohormones are transported in vesicles down the axons to the posterior
pituitary where they are stored in the axon terminals. When these same neurons receive the proper
signal, they send action potentials down those same axons which stimulate release of the
neurohormones in the same way that action potentials in other neurons stimulate the release of
neurotransmitters.
The posterior pituitary doesn't actually make any hormones (note: every standardized test will have
something like this: true or false, vasopressin is made by the posterior pituitary gland. Don’t choose
true!); however, it stores and releases two neurohormones that are synthesized in the hypothalamus.
Certain neuron cell bodies located in the hypothalamus produce the hormones which are then
transported down the neuron axon the axon terminal located in the posterior pituitary (hypothalamo
hypophyseal tract). These neurohormones are then released into the blood in response to the proper
stimulus. The two hormones released from the posterior pituitary are antidiuretic hormone (ADH)
and oxytocin. Both are small peptides composed of only nine amino acids.
Antidiuretic Hormone
Antidiuretic hormone (ADH), also called vasopressin, is important in regulating the concentration of
the body’s extracellular fluids. It is released when the osmolarity of the blood is elevated and
stimulates the kidneys to reabsorb water (conserves body water). The role of ADH is discussed in the
unit on the kidneys, however, you are responsible to know the actions and effects in this material.

Oxytocin
Oxytocin plays a major role in both child birth and milk let down, both of which represent beneficial
positive feedback mechanisms. Its role in child birth is to stimulate the uterine smooth muscle to
contract. As labor begins and the baby’s head begins to push against the cervix of the uterus stretch
receptors are stimulated that signal oxytocin release from the posterior pituitary. The oxytocin
stimulates stronger uterine contractions which results in further stretch of the uterus and increased
oxytocin release. This results in a positive feedback loop. The cycle is stopped when the baby is born
and the cervix is no longer being stretched. Oxytocin's role in release of milk from the mammary
glands is similar. Stimulation of the nipples by the nursing baby triggers oxytocin release which
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results in expulsion of milk from the mammary glands. The stimulus is removed when the baby stops
nursing.
Recent studies suggest that oxytocin plays major roles in both women and men with regard to
orgasm, social recognition, pair bonding, anxiety and maternal behaviors. Oxytocin is sometimes
referred to as the "bonding hormone". In female rats it has been demonstrated that oxytocin is
responsible for triggering maternal behaviors in the new mothers. Additionally, investigators have
recently demonstrated a role of oxytocin in moral behavior, showing that oxytocin release increased
when people did moral things like: praying, giving money away or serving others. However, other
studies have shown that oxytocin release increases during amoral behavior as well, providing the
behavior benefits the group the individual belongs to. In the study if a person lied, but the lie
benefited the group, oxytocin release increased. Together these results may indicate that oxytocin is
not so much a moral hormone, but that it is released during activities that strengthen social ties, be
they positive or negative actions. It would appear that there is more to be learned about the precise
role of oxytocin as it relates to human behavior.

BIO 461 Principles of Physiology

451

5.5.3
The Anterior Pituitary

As mentioned above, the anterior pituitary is composed of true glandular tissue capable of producing
and secreting hormones. There are unique populations of glandular cells that secrete the various
anterior pituitary hormones in response to the hypothalamic hormones, for example GnRH from the
hypothalamus stimulates the secretion of FSH and LH from the anterior pituitary. This control is
mediated through a special vascular arrangement between the hypothalamus and the anterior
pituitary called the hypothalamo hypophyseal portal system. A portal system is composed of two
capillary networks that are connected in series (similar to the nephron). Neurons in the hypothalamus
secrete hormones (technically neurohormones since they are produced by neurons) that are taken up
into the first capillary network. The blood leaving these capillaries converges on a portal vein that
goes into the anterior pituitary and immediately enters the second capillary network. This system
provides a direct connection between the hypothalamus and the anterior pituitary; therefore, only
extremely small amounts of the hypothalamic hormones are required for control of the anterior
pituitary. If the hypothalamic hormones were secreted in the general circulation, they would be
greatly diluted by the 5 liters or so of blood and much larger quantities would need to be produced.
As explained earlier, the anterior pituitary produces and secretes six major hormones; Growth
Hormone (GH), Prolactin (PRL), Thyroid Stimulating Hormone (TSH), Adrenocorticotropic Hormone
(ACTH), Follicle Stimulating Hormone (FSH), and Luteinizing Hormone (LH). FSH and LH will not be
discussed in this unit but will be covered in the next unit on the Reproductive system. TSH and ACTH
will be discussed later in conjunction with the thyroid gland and the adrenal gland.
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5.5.4
Growth Hormone

Growth in the human is not controlled by a single hormone, instead, growth requires the careful
balance between growth hormone, thyroid hormones, insulin and the sex hormones, as well as proper
nutrition. Nevertheless, growth hormone appears to be especially important in children, and its
primary actions are essential for normal growth. Growth hormone is secreted by somatotrophic cells
in the anterior pituitary gland under the control of growth hormone releasing hormone (GHRH) and
growth hormone inhibiting hormone (GHIH) from the hypothalamus. Growth hormone secretion
exhibits a 24-hour (circadian) pattern with peak release occurring at night during deep sleep. In
addition, various stimuli can influence its release. For example, low blood sugar levels (hypoglycemia)
stimulate its release while high blood glucose levels inhibit its release. Stress also increases growth
hormone secretion.
Growth hormone has both direct and indirect actions. Direct actions include: increased uptake of
amino acids and production of proteins by the cells, increased breakdown of fats (lipolysis) and
release of fatty acids by the fat cells, and increased synthesis and release of glucose
(gluconeogenesis) into the blood by the liver, and decreased uptake of glucose by muscle and fat
cells. This combination ensures that muscle cells have the energy they need from fatty acids and
saves the glucose for use by nervous tissue. The overall direct effect of growth hormone is to increase
lipid utilization and the promotion of protein synthesis and growth.
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Hormonal Regulation of Growth
Author: OpenStax License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia
Commons https://cnx.org/resources/c103ed23e020805e4e23bea3706a582b3f5ce93e/1809_Hormonal_Regulation_of_Growth.jpg

The indirect actions of growth hormone are mediated via messengers released by the liver. Growth
hormone stimulates the secretion of a group of messengers called somatomedins, the most important
of which are the insulin-like growth factors. These messengers stimulate the growth of cartilage and
bone as well as increase protein synthesis in skeletal muscle.
Several growth disorders are associated with improper secretion of growth hormone. Growth
hormone deficiency occurring prior to puberty results in a condition called dwarfism or
hypopituitary dwarfism. Individuals with this disorder do not attain adult heights and depending on
the onset of the condition may only be a few feet tall. With this type of dwarfism, the individuals are
short but exhibit normal body proportions. Prior to 1985 treatment of these children required
harvesting growth hormone from human pituitaries that were collected during autopsies. Obviously,
the supply was limited and since the children needed daily injections to attain a normal height there
wasn't enough to go around. Also, the window for treatment is fairly small because once the growth
plates close after the onset of puberty, treatment is no longer effective. Thanks to recombinant DNA
technology, since 1985 human growth hormone has been produced in large quantities using bacteria
that express the human growth hormone gene.
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The other side of the issue is excess growth hormone. This is usually the result of a growth hormonesecreting tumor either in the pituitary or somewhere else in the body. If this occurs prior to puberty it
will result in gigantism. Those suffering from this condition can reach heights of well over 7 feet,
with the largest known cases approaching 9 feet tall. If the condition starts after puberty it results in
a condition known as acromegaly. Although the long bones have stopped growing, other bones in
the body can continue to grow. Individuals suffering from acromegaly exhibit large hands and feet,
large jaws and supraoptic ridges. In addition, some soft tissues are also stimulated by the excess
growth hormone such as the tongue, liver, heart and abdominal organs. Think of Andre the Giant
(Princess Bride, arguably the best movie ever made), he suffered from gigantism as well as
acromegaly.
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5.5.5
Prolactin

Prolactin is released from the anterior pituitary gland and plays a major role in mammary gland
(breast) enlargement during pregnancy in preparation for milk production (lactation). In fact, the
cells that produce prolactin can increase in number to represent over 50% of the entire pituitary
gland in response to estrogens released during pregnancy. After childbirth, prolactin levels fall but
the suckling response of an infant on the nipple produces an immediate increased in prolactin
secretion which helps promote continued milk production. Prolactin also is thought to contribute to
the stimulation of progesterone after ovulation. Prolactin isn't just the "female" hormone because it
has been implicated in over 300 different body effects in both women and men. Interestingly,
prolactin levels are elevated in fathers and expectant fathers. The control of prolactin release is not
fully understood. Prolactin inhibiting hormone (dopamine) from the hypothalamus inhibits its release
but a prolactin stimulating hormone is postulated but has not been identified yet.
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5.5.6
Thyroid Hormones

Ever notice how some people can eat all they want and never gain weight while others eat a peanut
and gain a pound. This all has to do with our metabolism and how our bodies burn the calories we
eat. The thyroid gland has the primary role of regulating our metabolism through the hormones it
secretes. The person who eats and never gains weight, is said to have a high metabolism. What this
really means is that a larger portion of the calories that he/she is burning is used to produce heat,
making him/her less efficient in handling nutrients. He/she will have an easier time maintaining a
lower weight, but in times of famine he/she will need more food to survive (I suppose there is justice
in this world!)
The thyroid gland is located in the neck. It is composed of two lobes on either side of the trachea just
below the larynx. The two lobes are connected by a small band of tissue called the isthmus.
Histologically, the thyroid is composed of millions of small, spherical follicles, think of tiny tennis
balls. The walls of the follicles are composed of simple cuboidal epithelium, follicular cells, and the
lumens serve as reservoirs for the materials used to produce thyroid hormones. These follicular cells
are responsible for the production and secretion of the thyroid hormones. Scattered between the
spaces of the follicles are the parafollicular cells which secrete the hormone calcitonin. Calcitonin
acts to reduce blood Ca2+ levels. Embedded on the posterior side of the gland are the four
small parathyroid glands. These glands secrete parathyroid hormone whose function is to
increase blood Ca2+ concentrations.
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Thyroid Hormone Synthesis.

Image done by BYU-Idaho Spring 2015
The thyroid follicles produce two hormones, Thyroxine or T4 and Triiodothyronine or T3. They are
synthesized from tyrosine, an amino acid, and iodine. The designations T4 and T3 refer to the number
of iodine atoms on the hormone. The synthesis of thyroid hormones by the follicular cells occurs as
follows:
1. The protein thyroglobulin (TBG) is synthesized in the rough endoplasmic reticulum of the
follicular cells and then secreted into the follicular lumen (the colloid space) by exocytosis.
2. At the basal surface of the follicular cell (side opposite the lumen) a sodium-iodine symport
pump actively brings iodide (I-) into the cell using Na+ to move the iodide against its
concentration gradient.
3. The iodide moves through the cell and is transported into the colloid space by another
transporter called pendrin.
0

4. As the iodide moves into the lumen of the follicle, it is oxidized to iodine (I ) by the enzyme
thyroid peroxidase (TPO). In the oxidized state, iodine is very reactive and interacts with
tyrosine amino acids located on the thyroglobulin molecule forming an iodinated tyrosine.
5. If one iodine is added to a tyrosine the resultant is monoidotyrosine (MIT). If two iodine are

BIO 461 Principles of Physiology

458

added to one tyrosine the result is diiodotyrosine (DIT). Tyrosine molecules that are adjacent
to each other can combine (conjugation) to create the thyroid hormones. For example, one MIT
and one DIT combine to form T3 whereas two DITs form T4. The newly synthesized hormones
remain attached to the thyroglobulin molecule within the colloidal space in a ratio of 9:1
(T4:T3).
6. Thyroid Stimulating Hormone (TSH), a water-soluble hormone, is released from the anterior
pituitary gland and binds to the TSH receptors on the thyroid. In response to the binding of
thyroid stimulating hormone to its receptor on the follicular cell, the entire thyroglobulin
complex is brought back into the cell via endocytosis.
7. Once inside the cell, the newly formed vesicle is fused with a lysosome which cleaves the
thyroglobulin protein, liberating the T3 and T4
8. The T3 and T4 molecules are then transported out of the cell and into the blood via plasma
protein carriers and are immediately bound to thyroid binding proteins, mostly thyroxine
binding globulin. However, albumin may also be used. Indeed 99.98% of T4 and 99.5% of T3 are
bound to carrier proteins in the blood.
Ninety percent the thyroid hormones are in the form of T4, which is the less active form. In the target
tissues T4 can be converted to the more active form, T3, by the enzyme deiodinase. This enzyme
removes an iodine from T4, producing T3. The impact of this mechanism is twofold. First, the bound
hormones act as a reservoir for the thyroid hormones greatly increasing their half-lives (days).
Indeed, thyroid hormone concentrations in the blood remain relatively constant and fluctuate little.
Second, it provides another level of control. By increasing deiodinase activity, the action of thyroid
hormones can be increased without the necessity of increased production and release. Once in the
cell, thyroid hormones interact with nuclear receptors that induce the expression of proteins directly
involved in metabolism and oxygen utilization. In short, thyroid hormones increase the metabolic
activity of tissue throughout the body.
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Regulation of Thyroid Hormone Secretion: Image by BYU-Idaho Winter 2015
Image by BYU-Idaho Jared C. Winter 2015

Regulation of thyroid hormone secretion begins at the hypothalamus (see the image above). Recall
that the hypothalamus secretes the hormone thyrotropin-releasing hormone (TRH) into the
hypothalamo hypophyseal portal system. TRH stimulates cells in the anterior pituitary to secrete the
hormone thyroid-stimulating hormone (TSH). TSH then stimulates the thyroid gland to secrete
thyroid hormones, Thyroxine (T4) and T3. Proper levels of thyroid hormones in the blood are regulated
by a classic negative feedback system. If thyroxine and T3 levels are high, they feed back on the
hypothalamus and the pituitary to decrease TSH release. At the level of the hypothalamus, the
thyroid hormones inhibit TRH production. In the anterior pituitary, they reduce the number of TRH
receptors and inhibit TSH synthesis. The overall effect is to reduce TSH levels, which in turn lowers
thyroid hormone synthesis and release. If thyroid hormone levels are low the inhibition is removed
and more TSH is secreted to stimulate production and release of more thyroid hormones. Since the
thyroid hormones have long half-lives, their concentrations in the blood remain relatively constant
and do not tend to fluctuate.
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Negative Feedback Loop regulating Thyroid Hormone Levels
Author: OpenStax License: License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia
commons Link: https://cnx.org/resources/0c75c57b179f6d45096268109e754fc2f4084022/1813_A_Classic_Negative_Feedback_Loop.jpg

Another level of control of thyroid hormone activity occurs at the level of the target tissues. T3 is
much more biologically active than thyroxine. At the target tissue thyroxine can be deiodinated (one
of the iodine is removed) to produce T3. By increasing or decreasing the activity of deiodinase thyroid
hormone activity can be modulated.
Another factor that can impact thyroid hormone secretion is caloric intake. If caloric intake is greatly
elevated (particularly increased carbohydrate consumption), T3 levels go up and metabolism is
increased. On the other hand, if caloric intake is drastically reduced as would happen during
starvation or a strict diet, T3 levels decrease and metabolism goes down. These mechanisms are
thought to be regulated at the level of the target tissues rather than in the thyroid gland, hence they
are mediated by changes in the activity of the deiodinase enzyme.
Thyroid Hormone Actions
Thyroid hormones act on virtually every cell of the body. They easily cross the plasma membrane and
bind to nuclear receptors where they stimulate transcription of various genes (especially genes
involved in cell metabolism), resulting in the production of new proteins. The end result is that the
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thyroid hormones have a major role in regulating metabolism. In terms of metabolism they play a key
role in the metabolism of carbohydrates, lipids and proteins, the overall effect is to increase oxygen
utilization. In addition, thyroid hormones are essential for normal growth and development. During
development, thyroid hormones are essential for normal growth of long bones, hair and nervous
tissue. Indeed, lack of thyroid hormones during early development results in short stature and mental
retardation, a condition known as Cretinism. Perhaps the best way to gain an appreciation for the
actions of thyroid hormones is to see what happens when they are in excess or when they are lacking.
The next section will address common thyroid disorders.
Thyroid Disorders
Next to diabetes, thyroid disorders are the most common endocrine problems. Most thyroid disorders
fall into one of two categories, hyperthyroidism (increased thyroid activity) or hypothyroidism
(decrease thyroid activity).
Hyperthyroidism
Hyperthyroidism is the result of overproduction of thyroid hormones. Listed below are possible
problems associated with excess thyroid hormone levels. As you examine the list try to relate the
problems with the normal actions of the hormones.
1.
2.
3.
4.
5.
6.
7.
8.

Increased oxygen consumption (increased metabolic rate)
Sweating, warm flushed skin
Increased heart rate and increased blood pressure
Heat intolerance
Increased appetite and weight loss
Insomnia
Increased nervous system activity, hyper-excitability, irritability, insomnia
Increased muscle protein catabolism resulting in muscle weakness and weight loss.

One common form of hyperthyroidism is Graves' disease. This condition is caused by antibodies
called thyroid-stimulating immunoglobulins (TSI). For unknown reasons, the body produces TSIs
which then circulate in the blood and bind to the TSH receptor on the follicular cells of the thyroid.
The TSIs are agonists and therefore induce thyroid hormone release and enlargement of the gland
(goiter). The TSIs are not subject to the same negative feedback mechanisms as TSH and as a result
constantly stimulate the gland. Some Graves' disease sufferers exhibit a condition known
as exophthalmos. This is an immune-mediated infiltration of the tissues behind the eye, including
the extrinsic eye muscles, resulting in double vision as well as protrusion of the eyeballs from the
sockets.
Treatments for hyperthyroidism include the use of beta blockers to decrease heart
rate, propylthiouracil (inactivates thyroid peroxidase) to reduce the production of thyroid
hormones, radioactive iodine to destroy some of the thyroid cells and thus reduce the amount of
hormones produced, and surgical removal of the thyroid gland (followed by hormone replacement
therapy).
Hypothyroidsim
Hypothyroidism results from the underproduction of thyroid hormones. The reduction in thyroid
hormones has almost the reverse effects of hyperthyroidism.
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1.
2.
3.
4.
5.
6.
7.
8.

Decreased oxygen consumption (decreased metabolic rate)
Decreased heart rate and decreased blood pressure
Decreased sweating, cold skin
Intolerance to cold
Decreased appetite and weight gain
Apathy, sleepiness
Decreased protein synthesis causing brittle hair and nails, and dry skin.
Accumulation of mucoproteins in subcutaneous skin resulting puffy appearance (myxedema).

9. Reduced nervous system activity resulting in fatigue and slower processing.
In underdeveloped countries, the most common cause of hypothyroidism is a lack of iodine in the
diet. Without iodine, thyroid hormone production is incomplete which results in a lack of negative
feedback. Thus, TRH and TSH levels increase causing the gland to increase activity, which results in
a goiter. In the United States, the most common cause of hypothyroidism is an autoimmune
destruction of the thyroid gland (Hashimoto's disease). Approximately 1-2% of all adults in the U.S.
will suffer from hypothyroidism at some time in their lives, with women being at a higher risk than
men. The treatment for hypothyroidism is administration of Synthroid, a synthetic form of thyroxine.
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5.5.7
Adrenal Hormones

Image by BYU-Idaho Spring 2015
Image by BYU-I Student Jared C. 2015

The adrenal glands are paired organs that sit atop either kidney. The adrenal gland is composed of
two distinct structures, an outer cortex and an inner medulla, both of which produce hormones. The
cortex secretes a variety of steroid hormones, including cortisol, aldosterone and androgens. The
medulla produces primarily epinephrine (80%) and norepinephrine (20%) and embryologically is an
extension of the sympathetic nervous system.
The adrenal cortex produces various hormones, all of which are derived from cholesterol. Collectively
these hormones are referred to as adrenal steroids. The adrenal cortex can be subdivided into three
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zones or layers. Starting from the outside and moving in, these zones are called the zona
glomerulosa, the zona fasciculata, and the zona reticularis. The zona glomerulosa produces a
number of hormones that are collectively known as mineralocorticoids, the most common
is aldosterone. The production of aldosterone is controlled by angiotensin II and/or extracellular
potassium. The zona fasciculata produces the glucocorticoids. The most common glucocorticoid in
humans is cortisol. The zona reticularis produces androgens such as DHEA and androstenedione,
which contribute to the male secondary sex characteristics. (androgens will be discussed in the unit
on reproduction).
Cortisol plays a role in mobilization or breakdown of carbohydrates (hence the name glucocorticoid),
fats, and proteins. Cortisol production is stimulated by adrenocorticotropic hormone (ACTH) from the
anterior pituitary gland. Like growth hormone, it is secreted in a circadian pattern with highest levels
occurring in the early morning. Other factors that stimulate cortisol secretion include hypoglycemia
and stress. The control of cortisol release by adrenocorticotropic hormone is through a pathway
called the hypothalamic-pituitary-adrenal pathway and is categorized as a classical negative feedback
pathway. The pathway begins with the release of CRH from the hypothalamus in response to
physiological stress or hypoglycemia. CRH enters the pituitary portal system and induces the release
of ACTH which acts to increase the synthesis and release of cortisol by cells in the zona fasciculata of
the adrenal cortex. Cortisol diffuses out of the cell and is immediately bound by the carrier protein
corticosteroid-binding globulin. Cortisol interacts with cytoplasmic receptors on target tissue.
Cortisol acts in a negative feedback fashion to decrease ACTH secretion. Cortisol is anabolic in the
liver and catabolic towards other tissues. The effects of cortisol are listed below:
1. Gluconeogenesis: cortisol stimulates glucose production by the liver from other sources such
as amino acids or glycerol. Some of this glucose is released into the blood and some of it is
stored as glycogen.
2. Protein catabolism: cortisol stimulates the breakdown of protein to amino acids in skeletal
muscle, mainly to provide amino acids for glucose production by the liver.
3. Lipid catabolism: Cortisol stimulates the breakdown of fat into glycerol and fatty acids. Fatty
acids will be used as energy and glycerol as a substrate for the liver. Sounds like a good weight
loss idea? Actually, probably not, as cortisol favors the breakdown of fat from arms and legs
but deposits fat in the torso.
4. Immuno-suppressant: Cortisol suppresses inflammation by decreasing antibody production,
decreasing white blood cell migration and decreasing pro-inflammatory signaling from immune
cells. Hence the logic behind a cortisol injection into an inflamed joint.
5. Brain function: Cortisol can cause mood changes and memory alterations. As may be evident,
cortisol is a hormone that is essential for life; however, abnormal levels can cause problems.
Excessive cortisol production results in hypercortisolism whereas low levels of cortisol results
in hypocortisolism.
Hypercortisolism
Excessive cortisol release can result from a tumor in the adrenal cortex which would result in
excessive cortisol secretion. It could result from a tumor in the pituitary gland that would produce
excessive amounts of ACTH or a tumor in the hypothalamus that would produce excessive amounts of
CRH. In either event the adrenal gland would secrete excessive amounts of cortisol
(Cushing's syndrome). The most common cause of Cushing's syndrome is the over-administration of
glucocorticoids prescribed to treat some other condition such as an autoimmune disorder like
rheumatoid arthritis or as an immunosuppressant after organ transplant. Looking at the actions of
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cortisol from above then you might be able to predict what excessive cortisol might do:
hyperglycemia (too much glucose), muscle breakdown, fat breakdown and re-deposition in the face
and trunk, depression and learning difficulties.

Symptoms of Cushing’s (Hypercortisolism)
By Mikael Häggström (Own work) [CC0], via Wikimedia Commons Link: https://commons.wikimedia.org/wiki/File%3ACushing's_syndrome_(vector_image).svg

Hypocortisolism
Loss of cortisol production is usually accompanied by a total loss in the function of all the layers of
the adrenal cortex. The condition is known as Addison' disease and although rare is usually due to
an autoimmune disease that destroys the adrenal cortex. Patients usually suffer from problems not
necessarily associated with cortisol like hyperkalemia (excess potassium) or hyponatremia (low
sodium) due to the loss of aldosterone. However, other symptoms associated with loss of cortisol may
also be present. These include: fatigue, muscle weakness, fever, and difficulty standing up, diarrhea,
sweating, mood changes and muscle pains. The adrenal insufficiency can also result in increased
ACTH production since the normal negative feedback control is lost. The excess ACTH is associated
with increased skin pigmentation due to the cross reactivity of ACTH with receptors for melanocyte
stimulating hormone.
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5.6
Pancreas

The pancreas is a gland with dual functions, it has both exocrine and endocrine secretions. Its
exocrine secretions are important in digesting nutrients in the small intestine, and bicarbonate
production while its endocrine functions are important in regulating the process of those nutrients
once they enter the blood. Most of the pancreas is devoted to producing digestive secretions but
scattered throughout the gland are clusters of cells, the pancreatic islets (also known as the islets
of Langerhans), that produce and secrete hormones. The most abundant cells of the islets are beta
cells (70%) which secrete insulin. Another 20% of the islet cells, the alpha cells, secrete glucagon.
These hormones play an essential role in regulating glucose levels in the blood. As you are aware,
many cells in our bodies can make ATP from multiple nutrient sources, lipids being an important
nutrient for skeletal and cardiac muscle cells. However, the cells of the nervous system are almost
entirely dependent upon glucose as an energy source, therefore a sudden drop of glucose in the blood
can have devastating effects on the nervous system. Insulin and glucagon work together to ensure
that there are sufficient quantities of glucose for proper neuron function at all times. Insulin is the
"food storage" hormone. When we have plenty of nutrients in the blood (times of feast, or right after a
meal) insulin triggers storage of the excess in the form of glycogen and lipid for times when blood
nutrient levels decline (famine). In these times of famine, like on fast Sunday or even between meals,
glucagon mobilizes those stored nutrients to provide sufficient supplies for the tissues.
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5.6.1
Insulin and Glucagon

Skeletal Muscle
Since glucose is a polar molecule, it cannot easily cross the plasma membrane and requires special
transport proteins called GLUT transporters to enter the cell. There are several different GLUT
transporters. We differentiate the different ones by giving them numbers, GLUT-1, GLUT-2, GLUT-3,
etc. To date, only one of the GLUT transporters has been shown to require insulin for its action. That
transporter is GLUT-4 and that is the one found in skeletal muscle. Therefore, in the absence of
insulin skeletal muscle cells cannot import glucose into the cell. The truth is that without insulin the
skeletal muscle cells do not even have the transporters in their plasma membrane. They are found in
the membranes of vesicles inside the cell. When insulin binds to its receptor a signal is sent to the
vesicles initiating the process of exocytosis. In this process the membrane of the vesicles containing
GLUT-4 transporters fuses with the plasma membrane, incorporating the vesicular membrane into
the plasma membrane. The GLUT-4 transporters that were in the vesicular membrane are now part of
the plasma membrane and allow glucose to enter the muscle cell. See image below.

Insertion of GLUT-4 transporters into the plasma membrane of a muscle cell. (A) GLUT transporters shown in the membrane of a secretory vesicle. (B) Vesicle move to
the plasma membrane. (C) Vescicular membrane has fused with the plasma membrane, inserting the transporters.
Image created by BYU-Idaho 2012

Once the glucose gets into the cell, insulin promotes the conversion of glucose into glycogen
(glycogenesis). Recall that glycogen is a large storage polymer made of glucose subunits. In
addition, insulin promotes the utilization of glucose for energy by stimulating glycolysis and the
oxidation of glucose.
Amino acids in the blood also stimulate insulin secretion. This is because insulin promotes the uptake
of amino acids into skeletal muscle cells where they are used to synthesize new proteins.
Due to these actions we say that insulin promotes anabolic reactions. These reactions result in the
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storage of energy sources in the form of glycogen and proteins. We will see similar actions in both
adipose tissue and the liver.
Adipose Tissue (Fat Cells)
The action of insulin in adipose tissues is similar to the action in skeletal muscle. Fat cells utilize
GLUT-4 transporters to import glucose, therefore, insulin increases glucose uptake by these cells.
Adipose cells store some energy in the form of glycogen, but most of the glucose that enters the cell
is used to make fatty acids that can then be converted to fat (triglycerides) and stored for future
energy needs. Insulin also promotes free fatty acid uptake from the blood which enhances
triglyceride formation. Additionally, insulin decreases the activity of the enzyme called hormonesensitive triglyceride lipase. This enzyme converts triglycerides back to free fatty acids.
Liver
Liver cells are a bit different from muscle and fat cells. The glucose transporters in liver cells are
GLUT-2 transporters that are always present in the membranes and do not require insulin.
Nevertheless, insulin has a big impact on liver function. When glucose is plentiful, insulin promotes
energy storage and activates the enzymes that convert glucose to glycogen. In addition, insulin
inhibits the breakdown of glycogen. The liver plays an important role in regulating blood glucose
levels, forming glycogen when glucose is plentiful and then converting glycogen back to glucose
(glycogenolysis) when glucose levels in the blood decrease. Its like food storage, we store food in
the good times and then use it in the bad. In the case of our bodies the good times are right after we
eat and the bad times are several hours later. This mechanism maintains fairly constant and
continuous supplies of glucose for our cells.
Another function of insulin in the liver is to inhibit gluconeogenesis, which is, the conversion of
amino acids to glucose.
Thus, the overall action of insulin is to promote the uptake of glucose by the cells, the result of which
lowers the levels of glucose in the blood. Also, it stimulates the storage of energy in the cells when
nutrients are plentiful. Those storage molecules can later be broken down and released back into the
blood to maintain a constant supply of energy to the cells. If it weren’t for this system we would have
to eat continually in order to maintain sufficient levels of glucose in our blood. The actions of insulin
on the cells of the body are summarized in the table below.
Target Tissue
Skeletal
Muscle

Actions
Increased number of GLUT-4 transporters in plasma membrane (increased
glucose uptake) Increased glycogen synthesis (glycogenesis) Increase
glycolysis and carbohydrate oxidation Increased amino acid uptake and
protein synthesis

Adipose Tissue Increased number of GLUT-4 transporters in plasma membrane (increased glucose
uptake) Increased conversion of glucose to fatty acids Increased free fatty acid
uptake from the blood Increased triglyceride (fat) formation
Liver

Increased glycogen synthesis (glycogenesis) Inhibition of glycogen breakdown
(glycogenolysis) Inhibition of gluconeogenesis
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Insulin attaches to insulin receptors on skeletal muscle and bone and stimulates the movement of GLUT-4 channels to the membrane to let glucose in. (BG= Blood
Glucose)
Image created by BYU-Idaho student Jenna Fransen, Spring 2017
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As blood glucose increases, this increases metabolism which increases ATP which attaches to and closes K+ channels which depolarize the cell and cause the release of
insulin.
Image created by J. Shaw at BYU-Idaho Spring 2015

Regulation of Insulin
1. Plasma glucose: The primary stimulus of insulin secretion is elevated plasma glucose levels.
If the plasma glucose concentrations increase above 100mg/dL glucose uptake through the
GLUT2 transporter in the beta cells is increased. Note: GLUT2 transporters are not dependent
upon insulin like the GLUT4 transporters. Once in the beta cell the glucose is metabolized
resulting in an increase in ATP production. Increased ATP interacts with ATP-sensitive K+
channels which causes them to close, resulting in depolarization of the cell membrane. The
depolarization results in the opening of voltage-gated Ca2+ channels allowing Ca2+ to enter
the cell. The increase in intracellular Ca2+ stimulates exocytosis of the insulin containing
vesicles. When glucose levels drop below 100 mg/dL ATP levels drop, the K+ channels open
and insulin secretion stops. This is a classic example of negative feedback control.
2. Plasma amino acids: amino acids in the blood have a similar, albeit slower effect than
glucose on the release of insulin by the beta cells.
3. Gastrointestinal hormones: Prior to any increase in blood glucose or amino acids, insulin
release will be increased 50% because of hormones released from cells in the intestines. The

BIO 461 Principles of Physiology

471

primary hormones involved are glucagon-like peptide-1 and gastric inhibitory peptide (these
hormones are known collectively as incretins). Both hormones are released from cells of the
small intestines in response to nutrient ingestion. This is a type of feed forward mechanism to
help prevent a sudden surge in plasma glucose concentrations.
4. Autonomic nervous system: Parasympathetic activity increases insulin release while
sympathetic activity decreases insulin release. It may seem odd that sympathetic activity
decreases insulin release since that would limit glucose uptake in the very tissues that need
additional energy during physical exertion, namely skeletal muscle. However, as mentioned
above, exercise results in incorporation of GLUT4 (independent of insulin) transporters in the
active muscles allowing glucose to enter those muscles.
Glucagon
Glucagon, which is secreted by the alpha cells of the islets, generally opposes the actions of insulin in
the liver. Glucagon stimulates the breakdown of glycogen to glucose and stimulates gluconeogenesis,
both of which serve to increase the release of glucose into the blood and raise plasma glucose levels.
The secretion of glucagon is stimulated by low blood sugar levels as well as increased levels of
plasma amino acids. Recall that increased levels of amino acids also stimulate insulin secretion. This
may seem as somewhat of a paradox. However, the simultaneous release of glucagon and insulin
helps to prevent hypoglycemia (low blood glucose levels), especially with low carbohydrate diets.
Thus, the ratio of glucagon to insulin plays a very important role in glucose metabolism.
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Regulation of Blood Glucose Levels
Author: Open Stax. License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons Link:
https://cnx.org/resources/0b3cfa3bdb76a7f84edab09cb2df8797735d44c7/1822_The_Homostatic_Regulation_of_Blood_Glucose_Levels.jpg
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5.6.2
Diabetes Mellitus

Diabetes Mellitus is a group of metabolic diseases characterized by high blood glucose. The high
blood glucose is a result of the absence or not enough insulin or because cells do not respond to the
insulin produced. Left untreated, diabetes can cause both acute (ketoacidosis -acidic blood pH) and
chronic complications (cardiovascular disease, renal failure, blindness, infections, and nerve
damage). There are three main types of diabetes mellitus: Type 1, Type 2, and gestational diabetes.
Diabetes Type I
Type 1 diabetes mellitus is the result of the loss of beta cells leading to severe insulin deficiency. Beta
cell loss is caused by a T-cell-mediated autoimmune attack for reasons that are not yet understood.
However, genetics and environmental factors appear to play definite roles. It is interesting to note
that if one identical twin gets diabetes type I, the other twin will only get it about 50% of the time.
This suggests that while genes are important, environmental factors have just as important of a role.
Environmental factors probably “trigger” diabetes in genetically susceptible individuals. For example,
scientists have shown that humans can experience as much as a 10 fold increase in the risk of
diabetes type I just by moving to a different area that has a documented higher incidence of the
disease. Perhaps it is diet. Some controversial claims suggest that wheat and wheat products can
increase the risk of diabetes type I. Dairy milk (particularly the milk proteins) have also been blamed.
The theory is that these dietary proteins are handled in the gut by bacteria that result in the
production of antigens that look like beta cell antigens. The result is the production of antibodies and
that accidental attack of beta cells. Lack of Vitamin D has also been blamed for development of the
disease. Vitamin D is very important for proper and healthy immune function and a lack of Vitamin D
can be associated with a host of abnormal immune responses. Viruses have also been blamed as
triggering agents for the onset of diabetes type I. This theory suggests that certain viral diseases
may stimulate a flurry of antibody production and in some cases these antibodies may accidentally
attack beta cells. Studies that look at these type of environmental risk factors are usually correlative
and lack the ability to show cause and effect. Thus, the actual contribution of environmental risk
factors to diabetes type I risk is frequently controversial.
Type 1 diabetes accounts for about 10% of all cases of diabetes mellitus and usually affects the
individual before 14 years of age. Even though the blood glucose levels are extremely high, without
insulin, many cells cannot access the glucose, and as a result, they send signals requesting more
glucose. Ironically, other hormones are released (cortisol, glucagon, epinephrine) in response to the
signals requesting more glucose, which worsens the situation. If the body "thinks" that it doesn't have
enough glucose then it breaks down other substances (proteins or lipids) to provide substrates for
glucose production (gluconeogenesis). With an increase in substrates, the liver frantically works to
convert them to glucose, and over time, the increased load overwhelms the liver enzymes and bi-
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products such as ketone bodies begin to accumulate. Ketone bodies re-enter the circulation and can
create a condition called ketoacidosis (low blood pH). To increase the movement of fat from the
adipose tissue to the liver requires the excessive use of LDLs which can build up and contribute to
plaque formation. The constant breakdown of fats and proteins results in profound weight loss or
wasting.
Acute symptoms include (*Note: these symptoms are manifested in both type I and II diabetics but
type II is more chronic and takes longer to develop).
Polyuria - (excessive urine production) because the increased plasma glucose exceeds the
renal threshold for glucose reabsorption (kidney module)
Polydipsia - (excessive thirst and drinking of water) due to the dehydration from excessive
urine production
Polyphagia - (excessive eating) due to the inability of the body’s cells to utilize the nutrients in
the blood.
Blurred vision - The excess glucose in the extracellular fluids makes them hypertonic. In the
lens of the eye this results in edema, an increase in extracellular fluid volume, and the lens
swells. This swelling results in the blurred vision.
Fatigue - If the glucose isn’t able to enter the cells there isn’t as much raw material to fuel the
processes that make ATP. If the muscles cells can’t produce sufficient amounts of ATP they will
not be able to function properly resulting in fatigue.
Hypoglycemia - With diabetics the most common cause of hypoglycemia is either taking too
much insulin or taking insulin and then not eating enough.
Diabetic Ketoacidosis - Diabetic Ketoacidosis (DKA) is a severe, acute complication of
Diabetes. About 30% of the time an episode of DKA is the first sign that someone has type 1
diabetes. Although the condition can be easily prevented the occurrence is approximately 4.6-8
cases per 1000 type 1 diabetics annually.
Cause: Recall that when blood glucose levels are low several hormones are released to
bring the levels back to normal. One of these hormones is glucagon. Glucagon raises
blood sugar levels by stimulating the breakdown of glycogen to glucose in the liver.
Another of its actions is to stimulate the oxidation of fatty acids in the liver to produce
ATP. If those fatty acids are fully oxidized abundant ATP is produced. However, if they
are only partially oxidized ketone bodies are produced. This process is called
ketogenesis and provides an important role in healthy individuals. The neurons of the
brain cannot metabolize fatty acids to make ATP but they can utilize ketone bodies for
energy production. Therefore, when blood glucose levels are low the liver, under the
direction of glucagon, partially oxidizes fatty acids to produce ketone bodies in order to
supply energy to the cells of the nervous system. In healthy individual’s low secretion of
insulin moderates the actions of glucagon by inhibiting its secretion thus preventing
production of large quantities of ketone bodies. Since type 1 diabetics do not produce
any insulin there is nothing to keep glucagon in check, thus making them much more
likely to develop DKA. With type 1 diabetics the usual cause of DKA is insufficient
administration of insulin, triggering ketogenesis and hyperglycemia which leads to
polyuria and dehydration.
Hyperglycemic, hyperosmotic, nonketotic coma (HHNC) - Those at risk for this
complication are typically elderly patients who are experiencing some other major medical
event. The onset is slower than with DKA and the mortality rate is much higher (up to 15%). As
the name implies, this condition is associated with hyperglycemia (blood glucose levels as high
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as 600-1200 g/dl) and hyperosmolarity of the extracellular fluids. HHNC is usually brought on
by some major medical event such as a heart attack, stroke, an infection, or another acute
illness. Because of the severity of the precipitating condition, HHNC often goes undiagnosed
until it has progressed to a critical stage. The relative insulin deficiency with inadequate fluid
intake seems to be the underlying causes of HHNC. Blood glucose levels are very high,
600-1200 g/dl, resulting in polyuria and dehydration. HHNC is more common in Type II
diabetics (see below).
Chronic symptoms include:
Microvascular diseases - Microvascular diseases associated with diabetes include
retinopathy, nephropathy, and neuropathy. These diseases arise from the injury or
destruction of small vessels and nervous tissue. In chronic hyperglycemia, some of the excess
glucose combines with amino acids on circulating or tissue proteins. This process is called
glycosylation. This process initially forms reversible early glycosylation products and later
irreversible advanced glycosylation end products (AGEs). The formation and accumulation of
AGEs leads to increased vessels permeability, procoagulant activity, and vasoconstriction.
These results can, in turn, lead to the destruction of the microvascular structure or peripheral
nervous tissue. This destruction may occur in the retina, kidneys, and the peripheral nervous
system.
Macrovascular diseases - The marcovascular systems consists of vessels that carry larger
amounts of blood to and from major organs. These vessels are found in the heart (coronary
arteries), the brain (cerebral arteries), and in the arms and legs (peripheral arteries).
Alteration of the macrovascular structure can lead to life-threatening events such as stroke,
myocardial infarction, and peripheral arterial disease. Diabetics are at increased risk for these
life-threatening events because of macrovascular complications associated with diabetes.
Diabetic arteriopathy (disease of the arteries) is a form of macrovascular disease that
encompasses endothelial dysfunction, changes in blood flow, hypercoagulability (procoagulant
activity), and platelet abnormalities. Each of these factors place the diabetic patient at
increased risk for major, life-threatening cardiovascular events. As previously mentioned, AGEs
are produced in patients with long-standing hyperglycemia. These AGEs increase the vessel’s
permeability, and in this increased permeability state, is more susceptible to accumulation of
low density lipoproteins within the vessel wall. This accumulation will lead to fatty streaks and
eventually plaque formation within the arterial wall. In addition to the increased permeability
of the vessel, AGEs will also decrease the vessel’s ability to dilate, placing the vessel in a fixed
stage of vasoconstriction. These results alone will put the diabetic patient at an increased risk
for a critical macrovascular event.
Hypercoagulability, Procoagulant Activity, and Platelet Abnormalities - Due to
accumulation of AGEs, platelets act inappropriately to increase hypercoagulability. This
increased platelet activity increases the patient’s risk of thrombus (clot) formation ultimately
putting the patient at risk for critical, life-threatening events such as a myocardial infarction or
cerebral vascular accident. If this hypercoagulable state leads to thrombus formation, these
blood clots can be broken off it’s original location and travel through the circulatory system.
This ‘traveling clot is considered an embolus. If the embolus lodges in a vessel, and obstructs
the vessel, the patient suffers an embolism. Due to these macrovascular complications, there is
indisputable evidence that diabetes increases one’s risk of cardiovascular and cerebrovascular
events. Cardiovascular disease is listed as a cause of death in approximately 65% of those with
diabetes, and as expected, those with diabetes have a higher risk of atherosclerotic disease
and worse prognosis when compared to non-diabetic patients. Diabetic patients 45-74 were
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found to have a two-fold increased death from cardiovascular disease and a two- to three-fold
increase in stroke.
Treatment of type 1 diabetes is administration of insulin either by injection or via an indwelling
catheter. If not treated, type 1 diabetes results in death.
Diabetes Type II
The history of diabetes type II does not really start until the 1930s. It was not until diabetes type I
began to be treated that doctors realized some people suffered high blood sugars with intact beta
cells and plenty of insulin production. Some people seemed to have a problem with insulin
sensitivity, not insulin quantity. This development of insulin insensitivity is usually slow and is
usually found in adults rather than children. This disease is called Diabetes Mellitus Type II. It is
also referred to as “adult onset diabetes” or “non-insulin dependent diabetes”. Even though there is
enough insulin, the insensitivity to the insulin creates a “relative” deficiency. The fat and muscle cells
do not become permeable enough to glucose and blood sugars rise. Type II diabetes is NOT an
autoimmune disease. There are no antibodies found to be directed toward the selective destruction of
beta cells. Genetics does play an important role in this disease. However, it is not really possible to
narrow the genetic problem down to one or two genes. There are likely a dozen or more genes that
play a role in risk determination for this disease. Those with type II diabetes in their family have a
much higher risk of developing the disease themselves. Identical twin studies show that if one twin
gets the disease, the other twin will get it 75% or more of the time. Our American Indian population
suffers from very high incidences of diabetes type II (as much as double the incidence compared to
other Americans). The theory is that Indian ancestors survived longer and were able to pass on genes
that were highly efficient for glucose metabolism. The modern diet, high in sugar may be the
environmental trigger to bring on diabetes type II in this genetically pre-disposed population. It
appears that while there are certainly genes that can bias or predispose a person to becoming
diabetic as an adult, we believe that it frequently requires an environmental trigger to fully manifest
the disease.
Obesity, smoking, drinking, poor diet and lack of exercise are at the top of the list for triggering the
onset of diabetes type II. Individually, each risk factor correlates with the development of diabetes,
but the accumulative effect of more than one risk factor is thought to have a very large contribution
to the onset of new diabetic cases each year. It is hard to ignore studies like the one done by
Mozaffarian et al., 2009. This group suggested that the accumulated risk in life choices could
increase the chance of new diabetes onset by more than 80%. Another study by Vasanti et al., 2010,
suggested that sugary drinks could trigger diabetes in susceptible individuals and they mentioned
that some appeared to get the disease even without any documented weight gain!
Lack of enough exercise is another environmental factor that has a powerful impact to trigger
diabetes type II. Exercise often proves to be a more powerful prevention of diabetes than even sugar
lowering drugs.
Consider the top 10 reasons given to diabetic patients to exercise by the American Diabetes
Association.
1. Improve blood glucose management. Activity makes your body more sensitive to the insulin
you make. Activity also burns glucose (calories). Both actions lower blood glucose.
2. Lower blood pressure. Activity helps your heart pump stronger and slower.
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3. Improve blood fats. Exercise can raise good cholesterol (HDL) and lower bad cholesterol (LDL)
and triglycerides. These changes are heart healthy.
4. Take less insulin or diabetes pills. Activity can lower blood glucose and weight. Both of these
may lower how much insulin or diabetes pills you need to take.
5. Lose weight and keep it off. Activity burns calories. If you burn enough calories, you'll trim a
few pounds. Stay active and you'll keep the weight off.
6. Lower risk for other health problems. Reduce your risk of a heart attack or stroke, some
cancers, and bone loss.
7. Gain more energy and sleep better. You'll get better sleep in less time and have more energy,
too.
8. Reduce stress, anxiety, and depression. Work out or walk off daily stress.
9. Build stronger bones and muscles. Weight-bearing activities, such as walking, make bones
stronger. Strength-training activities, such as lifting light weights (or even cans of beans),
make muscles strong.
10. Be more flexible. Move easier when you are active.
The American Diabetes Association also recommends that diabetic patients get 150 minutes per week
of moderate –to-vigorous aerobic exercise spread out across at least three days with no more than 2
consecutive days between bouts.
Sometimes the disease has advanced far enough that diet and exercise cannot control high blood
sugars. In these cases, treatment will normally involve the use of medication. The physician will
discuss medication choices with their patient and decide on one or more of the following options.
1. Sulfonylureas. Drugs that stimulate the beta cells to release more insulin. Glucotrol is the
name of a common drug that does this. Stimulating the beta cells to release more insulin can
help control blood sugar, but insulin sensitivity does not necessarily improve and may get
worse.
2. Biguanides. Drugs that lower the amount of glucose produced by the liver. Metformin
(Glucophage) is a name of a common drug that does this. Metformin is also commonly used
because it appears to increase insulin sensitivity as well although the mechanism for how it
does this is not clearly understood.
3. Thiazolidinediones. Drugs that increase sensitivity of fat and muscle cells to the actions of
insulin. Avandia is a common name for a drug that does this. If the insulin receptors are more
sensitive then there is likely to be a larger response of GLUT 4 channel exocytosis which will
result in more sugar leaving the blood.
4. Glucosidase Inhibitors. Drugs that block the breakdown of sugars in the intestinal tract.
Acarbose is a common name in this class of drug. If the gut is restricted from breaking sugars
down to the monomeric form, absorption into the blood is inhibited. This helps decrease blood
sugars from ingested food, but has the side effect of intestinal discomfort as the extra sugar
allows for abnormal bacterial growth and metabolism in the digestive tract (think bloating , gas
and pain).
5. DPP-4 Inhibitors. Drugs that block the enzymatic destruction of GLP-1. Januvia is the name
of a common drug that does this. GLP-1 (Glucagon-Like Peptide-1) is a hormone produced in
the gut that increases insulin release and inhibits glucagon release. The ability to inhibit the
destruction of GLP-1 causes a potent antihyperglycemic effect. These drugs are still pretty
new and long term effects of these drugs are not well known.

BIO 461 Principles of Physiology

478

Gestational Diabetes
Gestational Diabetes (GDM) occurs in pregnant women (thus the name gestational). Nearly 18% of
the time, previously non-diabetic women can have a sudden onset of high blood sugars during their
pregnancy. The condition appears to be a problem of either insufficient insulin release or insufficient
insulin sensitivity. Usually, it is the latter and so Gestational Diabetes presents clinically much like
diabetes type II. However, Gestational Diabetes is temporary and the glucose control problems
normally clear up after delivery. Rarely, the diabetic symptoms remain after delivery and the woman
is diagnosed with an onset of diabetes type II (probably triggered by the pregnancy).
It would make sense to ask “what, really, is the difference between Gestational Diabetes and diabetes
type II. The answer to this is the cause of the insulin insensitivity. In diabetes type II, the insulin
insensitivity appears to be a result of complex metabolic interactions. Adipose tissue, poor diet and
lack of activity appear to interact poorly with hormonal regulatory mechanisms that control cellular
metabolism. In Gestation Diabetes, the metabolic problems come from the interactions of the
hormones of pregnancy. Several placental hormones appear to affect metabolism in ways that
decrease insulin sensitivity. Up to a point, this is actually a normal thing and even helpful to a
developing fetus as more sugar would become available in the mother’s blood to feed the growing
tissues of the baby. However, there is a threshold at which increased blood sugar in the mother
becomes excessive and actually damages healthy growth processes of the fetus rather than benefit it.
Therefore, a mother who responds in excessive ways to the hormones of pregnancy can experience
diabetic problems until the pregnancy is concluded. We know that this tendency to over-react to
pregnancy hormones can be influenced by certain genes. Several genes have been identified that
increase risk of this condition if they are inherited. So, the chances that a woman will suffer
Gestational Diabetes are certainly higher if any of her immediate family members suffered the
condition.
It is thought that many women have some genetic bias to lose control of blood sugar regulation, but
the manifestation of this problem only surfaces when this genetic bias meets poor life choices. Lack
of exercise, poor diet, and obesity have all been shown to increase the chances of Gestational
Diabetes onset. One recent and interesting study showed that more than 4 servings of sugar
sweetened cola per week resulted in a 22% increase in the risk of developing Gestational Diabetes. A
woman may not know what genes she was born with and she may not be aware of how her body will
respond to the hormones of pregnancy, but the following are reasons that would seem to make ANY
woman wanting to try hard make good life choices to minimize the chances of Gestational Diabetes
onset.
A woman who experiences Gestational Diabetes has a higher risk of acquiring Diabetes Type II
later in life.
A woman who experiences Gestational Diabetes has a higher risk of complications during
pregnancy including health damage to the baby
A woman who experiences Gestational Diabetes has a much higher risk of Gestational Diabetes
again with future children.
A child who is born from a mother who suffered Gestational Diabetes has a higher risk of being
overweight and acquiring Diabetes Type II later in life.
A female child who is born from a mother who suffered Gestational Diabetes has a higher risk
of Gestational Diabetes onset when she herself gets pregnant.
Studies show that there is an increased prevalence of Diabetes Type I among offspring of
mothers who suffered Gestational Diabetes.
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If a woman is diagnosed with Gestational Diabetes during her pregnancy, she should work closely
with her doctor to use diet, exercise, and medication if necessary to control blood sugar. The
complications of Gestational Diabetes are greatly reduced if blood sugars can be controlled during
the pregnancy.
Diabetes Insipidus
There is one other type of diabetes. It is called Diabetes Insipidus. Other than the name, this
condition has very little in common with the other types of diabetes. This condition occurs when the
kidneys are unable to conserve water. Normally, the conservation of water in our kidneys is
regulated by a hormone Anti Diuretic Hormone (ADH). If the Kidney fails to respond to ADH or if
ADH fails to be released in sufficient quantities, the quantity of water in the urine will increase and
cause polyuria. The progressive loss of water in the urine will of course lead to polydipsia. These
symptoms are similar to the symptoms seen in other types of Diabetes but the cause is very different.
Diabetes Insipidus will not be a focus of this class as it is not dependent on any metabolic problems
and sugar regulation is not a part of this disease. Life style choice has very little impact on the onset
of this condition.
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5.7
Reproductive System Anatomy
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5.7.1
Female Reproductive Anatomy

The images below show the internal female reproductive organs. The first image is a frontal view and
the second image is a sagittal view of these organs. The vagina extends from the cervix of the uterus
to the vaginal orifice in the vestibule. It is approximately 10 cm long and has three functions: 1) it is
the female organ of copulation and receives the male penis during intercourse; 2) it is the birth canal;
and 3) it provides a channel for the monthly menstrual flow. The vagina ends at the cervix of the
uterus. The cervix is the outlet of the uterus through which the fetus passes during the birth process.
The uterus (also known as the womb) is a pear-shaped organ about 7.5 cm long, 5 cm wide and 3.0
cm thick. These dimensions apply to the non-pregnant uterus. During pregnancy, it will be much
larger. As can be seen above, the uterus bends anteriorly and sits on top of the bladder. This position
creates issues during pregnancy as it pushes down against the bladder and significantly reduces the
volume of the bladder.
The walls of the uterus are divided into three layers. The first layer, starting from the inside, is
the endometrium. This is an epithelial lining composed of simple columnar epithelium. The
endometrium can be further divided into two layers - an outer, functional layer and an inner basal
layer. The functional layer undergoes the changes associated with the menstrual cycle and it is this
layer that is sloughed off during menstruation. The inner layer is composed of the stem cells that will
proliferate to replace the functional layer as a new menstrual cycle begins. The changes that occur in
the endometrium during the menstrual cycle will be described later. The bulk of the uterine wall,
the myometrium, is a thick layer of smooth muscle. During labor the smooth muscle of the
myometrium contracts rhythmically and is responsible for expelling the fetus from the uterus. The
outermost layer, the perimetrium, covers the uterus and hence is a serous membrane.
Extending from the uterus to the ovaries are the uterine or fallopian tubes. These tubes are about
10 cm long and are lined with ciliated, simple columnar epithelium. They conduct the ovum from the
ovary to the uterus. The beating of the cilia, as well as peristaltic-like contractions of the smooth
muscle in the wall for the uterine tubes, move the ovum along towards the body of the uterus. The
uterine tubes can be divided into several distinct regions. The uterine portion passes through the
walls of the uterus. Next is the short, narrow isthmus. The isthmus then widens and becomes
the ampulla, the longest and widest part of the uterine tubes (7 – 8 cm). The ampulla is where
fertilization takes place. The distal end of each uterine tube is called the infundibulum. It is not
physically attached to the ovary but is open ended and constantly moves over the surface of the ovary
to "capture" the ovum upon ovulation. To aid in this function the edges of the infundibulum have long,
finger-like extensions called fimbriae that partially surround the ovary.
The ovaries are the female gonads. They are 2 – 3.5 cm long. Within the ovaries two important
processes occur, folliculogenesis and oogenesis. Folliculogenesis is the process of developing the
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ovarian follicle while oogenesis is development of the mature ova. As explained later, these two
processes occur simultaneously and are intimately associated with each other. In addition, the
ovaries produce the key female sex steroids, estrogen and progesterone. These hormones are
produced by the cells of the ovarian follicle and later by the corpus luteum. Histologically the
ovaries can be divided into two regions. The central part is called the medulla. Its primary purpose is
to provide a path for the blood vessels and nerves to enter the ovary. The outer layer is called
the cortex. It is in the cortex that the processes of folliculogenesis and oogenesis take place.

Anatomy of the Uterus
Image above created by Jared Cardinet at BYU-Idaho Winter 2015
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Sagittal section of abdominal pelvic cavity showing sagittal section of gladder and uterus.
Image above created by Jared Cardinet at BYU-Idaho Winter 2015
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5.7.2
Male Reproductive Anatomy

Lateral view of the Male Reproductive System
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License 4.0 license

The key components of the male reproductive system are shown in the image above. This system
consists of a network of tubes that begins in the testes and eventually leads to the urethra, which
then exits the body. Along the way are several accessory organs that contribute to the formation of
the semen. Let's begin our discussion with the testes, the male gonads. Although they develop in the
abdominal cavity, the testes are housed externally in the scrotum (we will explain how this happens
later). This is essential for their function since sperm formation (spermatogenesis) requires a
temperature slightly lower than normal body temperature. To assist in the regulation of temperature
the walls of the scrotum contain a layer of smooth muscle, the dartos muscles, and the spermatic
cord that passes through the inguinal canal contains skeletal muscle, the cremaster muscle.
These muscles can contract or relax depending on the outside temperature. When ambient
temperature is warm the muscles relax allowing the testes to move away from the body to lower
testicular temperature and when ambient temperature is cold they contract pulling the testes up
against the body to increase temperature. The adult testes are ovoid organs about 4-5 cm long. They
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are housed in the scrotum and each is surrounded by a connective tissue sheath called the tunica
albuginea. This sheath branches internally forming septa which divide the testes into numerous
smaller compartments called lobules. Each lobule houses a long, highly coiled seminiferous tubule.
It is within these tubules that spermatogenesis occurs. The tissue that surrounds the seminiferous
tubules is the interstitial tissue and contains the cells that produce testosterone. These cells are
the interstitial cells of Leydig or more commonly simply called the Leydig cells. The seminiferous
tubules come together and converge into a system of ducts known as the rete testis, which further
converges into a group of efferent ductules. The efferent ductules exit the testes and unite to form
the epididymis.
The epididymis is a single, long, convoluted duct that forms a comma-shaped structure which sits on
the surface of the testes. Although the sperm form in the seminiferous tubules of the testes, final
maturation takes place in the epididymis. For example, sperm taken directly from the seminiferous
tubules are not motile (they can't swim) and would not be able to move through the female system.
Only after spending about 10-14 days in the epididymis do they become motile. The sperm remain in
the epididymis until ejaculation. The epididymis is continuous with the vas deferens or ductus
deferens. This duct exits the scrotum and passes through the inguinal canal into the abdominal
cavity. In addition to the vas deferens and the cremaster muscles, the spermatic cord that passes
through the inguinal canal also contains the testicular arteries and veins. Once in the pelvic cavity,
the vas deferens runs up the anterior surface and then across the roof of the bladder to the posterior
side of the bladder. As it begins to descend the posterior side of the bladder the tubes enlarge to form
the ampulla of the vas deferens. The ampulla then unites with the ducts of the paired seminal
vesicles forming the ejaculatory duct.
The seminal vesicles are the first of the accessory organs that contribute to the semen. They produce
approximately 60% of the seminal fluid. The seminal vesicles provide several important components
to the sperm. These include:
1) Fructose and citric acid to provide nutrients to fuel the sperm;
2) Fibrinogen that contributes to a weak, transient coagulation reaction once the semen enters the
female tract which helps the semen adhere to the vaginal walls near the cervix as well as protecting
the sperm from destruction by the acid environment of the vagina; and
3) Prostaglandins which help decrease the viscosity of the cervical mucus allowing the sperm to more
easily enter the uterus. Prostaglandins also stimulate uterine contractions, helping the sperm move
up the female tract.
The ejaculatory duct then enters the second of the accessory organs, the prostate gland, where it
unites with the urethra. The prostate accounts for approximately 30% of the seminal fluid. Prostatic
secretions include clotting factors that participate with the fibrinogen from the seminal vesicles in
the coagulation reaction as well as fibrinolysis, which breaks down the clot and frees the sperm. In
addition, the prostatic secretion has a high pH, which helps neutralize the acidic environment of both
the male urethra and the female tract.
After the urethra exits the prostate it receives secretions from the last of the accessory organs,
the bulbourethral glands, also known as Cowper’s gland, which contribute about 5% of the seminal
volume. Secretions of the bulbourethral glands contain mucus to lubricate the urethra and buffers to
neutralize acids in the urethra and vagina. The final 5% of the seminal volume is the sperm that
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comes from the epididymis.
The male urethra participates in both the urinary system and the reproductive system. Anatomically
it is divided into three segments; the prostatic urethra exits the bladder and passes through the
prostate gland; the membranous urethra passes through the muscles in the floor of the pelvic
cavity and the spongy or penile urethra passes through the penis and opens to the exterior via the
external urethral orifice. The final structure of the male reproductive system to be discussed is
the penis. The penis is the male organ of copulation that is inserted into the female vagina during
sexual intercourse. In performing this function, it is necessary that the penis become rigid. To make
this possible the penis is composed of three parallel columns of erectile tissue, the two corpora
cavernosa that run side by side just above the urethra, and the corpus spongiosum that surrounds
the urethra. At the tip of the penis the corpus spongiosum expands to form the glans penis. We will
discuss how these erectile tissues produce an erection later. In uncircumcised boys the glans penis is
covered by the prepuce or foreskin. The prepuce is cut away during circumcision.
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5.7.3
Sexual Development at Puberty

From infancy to puberty there is little change in the reproductive system. During puberty individuals
become sexually mature. Timing for development is different for every individual but the release of
GnRH from the hypothalamus, LH and FSH from the anterior pituitary and either testosterone or
estrogen from the gonads contribute to the maturation of the reproductive system and development
of secondary sex characteristics. The hypothalamus begins producing GnRH around age 8 or 9,
leading to the pre-puberty changes. The average onset of menstruation for girls is 12–13 years old,
and the average age of fertile ejaculations for boys is between 13–15 years old.
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Release of Sex Hormones influencing changes during Puberty.
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License
4.0 license Link: https://cnx.org/resources/7bf1c12f116ccfcbc2ea636193925132a35e6d7a/Figure_28_03_01.jpg
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5.7.4
Male Reproductive Endocrine Axis

Before discussing the role of the various hormones involved in regulating the male reproductive
system lets review the cells of the testes. Recall that within the testes are numerous, coiled
seminiferous tubules (see image below). Surprisingly if all of these tubes were connected end-to-end
they would stretch nearly a half a mile. Seminiferous tubules contain two types of cells.
The Sertoli cells (also known as sustentacular cells) attach to the basal lamina (basement
membrane) of the tubules and surround the germ cells. Within the adult testes, the germ cells can be
found at various stages of development (this will be explained later). The Sertoli cells protect and
nourish the developing germ cells.
Outside of the seminiferous tubules are the testosterone producing Leydig cells or interstitial cells
of Leydig. Several hormones are involved in regulating the male reproductive processes, they
include: Gonadotropin Releasing Hormone (GnRH) secreted by the hypothalamus; Follicle
Stimulating Hormone (FSH) for sperm production in Sertoli cells; and Luteinizing Hormone (LH)
which binds to Leydig (interstitial) cells and for the production of testosterone. Both FSH and LH are
secreted by the anterior pituitary (Note that these two hormones are named after their functions in
the female); Testosterone secreted by the Leydig Cells; and Inhibin secreted by the Sertoli cells.
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Male Reproductive Hormones Chart.
Author: Unknown. [Public domain], via Wikimedia Commons
Link: https://commons.wikimedia.org/wiki/File%3AMale_reproductive_hormone_chart.gif

The male testes become fully grown and functionally mature during puberty. The exact combination
of biological processes that initiate puberty is still a mystery but it is believed that as the brain
matures, connections (synapses) are made in the hypothalamus which eventually lead to the onset of
puberty. Stimulation of the hypothalamus causes the secretion of GnRH. GnRH travels through
special blood vessels that make up the hypothalamo hypophysial portal system to the anterior
pituitary gland. Gonadotrophic cells in the anterior pituitary gland respond to GnRH by producing
and releasing LH and FSH. FSH and LH circulate in the blood until they contact the tissues of the
testes. LH binds to receptors on the Leydig cells and stimulates the secretion of Testosterone, the
male sex steroid. FSH binds to receptors on the Sertoli cells.
In response to FSH, the Sertoli cells produce several proteins including: growth factors that initiate
and support spermatogenesis; androgen-binding protein that helps keep the levels of testosterone
high in the seminiferous tubules; an enzyme that converts testosterone to estrogen (ironically
estrogen is thought to be very important in spermatogenesis); and inhibin which selectively inhibits
FSH secretion. All of this is regulated by negative feedback of testosterone on the hypothalamus and
pituitary to inhibit GnRH, FSH and LH secretion. Therefore, if testosterone levels increase, GnRH
secretion decreases (negative feedback) resulting in reduction in FSH and LH secretion. Reduction in
LH results in decreased testosterone secretion and levels come back to normal. The reverse would
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happen if testosterone dropped below normal.
Inhibin from the Sertoli cells selectively inhibits the release of FSH from the anterior pituitary and
allows for differential secretion of FSH and LH (GnRH stimulates both FSH and LH, therefore if
inhibin is present LH secretion can continue while FSH secretion is slowed). It is of interest that prior
to puberty the hypothalamus is extremely sensitive to testosterone and tiny amounts are sufficient to
inhibit GnRH secretion. At puberty the hypothalamus becomes much less sensitive and much higher
concentrations of testosterone are required to turn off GnRH, hence the sudden increase in
testosterone levels at puberty. However, as mentioned above we still don't know the exact cause of
this change.

Regulation of Male Testosterone Production.
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License
4.0 license. Link: https://cnx.org/resources/054a534ef1de1524a8f5cdf8805d793f4aaf8610/Figure_28_01_07.JPG

Actions of Testosterone
As described above, testosterone is secreted by the Leydig cells and is the primary sex hormone in
males and as such has a number of important actions. During fetal development it is testosterone that
is responsible for descent of the testes into the scrotum. Interestingly, Human Chorionic
Gonadotropin (hCG), a hormone secreted by the placenta, is nearly identical to LH. During fetal
development hCG stimulates the Leydig cells to secrete testosterone which is then responsible for
testicular descent. Once the baby is born it is no longer exposed to hCG and testosterone secretion
essentially ceases until puberty.
Most of the changes associated with puberty can be ascribed to increased testosterone production.
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Listed below are the known effects of Testosterone.
1.
2.
3.
4.

Stimulation of growth of the genitalia and the male duct system.
With FSH it is required for spermatogenesis.
Stimulation of growth of pubic and axillary hair.
It is also responsible for the male secondary sexual characteristics, including:
Growth of hair on the face, arms, chest, legs and back
Hypertrophy of the larynx and voice change
Increased melanin production
Thickening of the skin
Increased protein synthesis resulting in increased muscle mass
Increased secretion of the sebaceous glands
Increased metabolism (male basal metabolic rate is slightly higher than females)
Rapid bone growth and closing of the growth plates
Increased production of red blood cells (male hematocrit is about 10% higher than females)
Male pattern baldness in genetically predisposed men.
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5.7.5
Spermatogenesis

Spermiogenesis in the Seminiferous Tubules.

Image drawn by BYU-Idaho student Fall 2013
Recall that within the seminiferous tubules two types of cells are found; the Sertoli cells and the germ
cells. The Sertoli cells are tightly connected to each other by attachments called tight junctions. This
arrangement creates what is known as the blood-testis barrier. This barrier keeps the developing
sperm cells "hidden" from the male's immune system (because circulating immune cells cannot cross
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the Sertoli cell barrier). It also provides the proper environment for the developing sperm. Serious
injury or infection can sometimes compromise this barrier and immune cells attack the germ cells.
This is a relatively common cause of male infertility.
Prior to puberty the seminiferous tubules are relatively small in diameter and do not have patent
lumens. Also, during this time, the germ cells are in a quiescent state. With the onset of puberty, FSH
begins to increase. Sertoli cells have FSH receptors and when FSH stimulates these receptors, the
Sertoli cells increase in number and size. They also produce fluid that begins to expand the
seminiferous tubule lumen, creating a lumen in the center. This is why testicular size increases
rapidly during puberty. Also, the increase in FSH and testosterone initiate spermatogenesis. The
stem cells that will eventually develop into mature sperm are the spermatogonia. These cells, like
other body cells, have 23 pairs of chromosomes for a total of 46 (diploid). At puberty, they begin to
divide by mitosis, producing daughter cells that also have 46 chromosomes. When a spermatogonium
undergoes mitosis, one of the new daughter cells remains a spermatogonium to divide by mitosis
again. The other daughter cell becomes a primary spermatocyte and begins the journey to become
a sperm cell. The primary spermatocyte undergoes the first meiotic division, resulting in the
production of two secondary spermatocytes. These secondary spermatocytes will then undergo the
second meiotic division, resulting in the production of four spermatids. The process of meiosis
results in cells that have only one copy of each chromosome or a total of 23 (haploid).

Spermatogenesis.
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License
4.0 license. Link: https://cnx.org/resources/b7768deb900fb73aec09dd5853a3c06518f273a6/Figure_28_01_04.jpg

BIO 461 Principles of Physiology

495

At this stage, the spermatids do not look like a mature sperm but are essentially a round cell. To
become a mature sperm, the spermatids undergo a complex process, known as spermiogenesis,
resulting in the characteristic shape of the sperm cell (also called spermatozoa). Sertoli cells literally
surround the developing germ cells and influence sperm cell development along the entire process
from a spermatogonium to a fully formed sperm cell. From beginning to end this process takes
roughly 74 days. The sperm then move into the epididymis, where they must spend another 10-14
days to become a fully functional sperm and are temporarily stored. The typical 20-year-old male
produces around 6.5 million sperm per gram of testicular parenchyma per day. As men age this
number goes down and by age 50 is around 3.8 million per gram per day.
Structure of a Spermatocyte
As described above, the spermatozoon or sperm cell (male gamete) is a haploid cell with one copy of
each chromosome pair or a total of 23 individual chromosomes. Following spermiogenesis the mature
sperm cell has very little in the way of cytoplasm and cell organelles, but it does have a very long
flagellum that can propel it quite vigorously. In the first image below, you see that a sperm cell
consists of three segments, the head, midpiece and tail.
The head contains the nucleus (very highly condensed DNA of 23 chromosomes). The nucleus is
capped by the remnants of a cell organelle called the Golgi body. This remnant is called
the acrosome and it is filled with hydrolytic enzymes that will be used to help digest through the
protective layers surrounding the egg. The midpiece contains a centriole and many mitochondria that
will be used to generate the ATP that powers the long tail (flagellum) for the swimming motion. The
tail is a flagellum which consists of an array of microtubules that slide past each other under the
influence of ATP. This sliding motion causes waves of curvature or bending in the tail, propelling the
sperm forward.

Spermatozoon
By Mariana Ruiz [Public domain], via Wikimedia Commons Link: https://commons.wikimedia.org/wiki/File%3ASimplified_spermatozoon_diagram.svg
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5.7.6
Female Reproductive System: Oogenesis

By the end of the fourth month of fetal development there are roughly 7 million oogonia in the
ovaries. Oogonia are analogous to spermatogonia and are the cells that will develop to become the
egg or oocyte (also called an ovum). Unlike spermatogonia that remain quiescent until puberty, the
oogonia begin meiosis I even before birth. However, the future ova, at this point, called primary
oocytes, arrest in Prophase I where they will remain until puberty. Many of these oocytes degenerate
and by birth only about 2 million remain.
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Oogenesis.
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License
4.0 license. Link: https://cnx.org/resources/cb3a51b134cfa417cf88f924fed1d8731ef8754f/Figure_28_02_03.JPG

The process of attrition continues and by puberty there are only around 400,000 primary oocytes
remaining, of which only 400 will be ovulated. Beginning at puberty and continuing throughout the
reproduction years of the female, each menstrual cycle some oocytes will complete meiosis I to
become secondary oocytes. These secondary oocytes begin meiosis II but again stop, this time at
Metaphase II. Typically, only one oocyte will be ovulated each month and then, if it is fertilized, it will
complete the second meiotic division. If it is not fertilized, it does not complete meiosis II and
degenerates within about 24 hours after ovulation.
Recall that the two meiotic divisions of the spermatocytes result in the production of four spermatids.
However, when the oocytes undergo meiosis the divisions produce only one daughter cell and one
polar body. It is essential that the ovum, when ovulated, have enough stored energy to keep the
developing embryo alive until it implants in the uterine wall. Consequently, the meiotic divisions are
unequal. The daughter cell retains all of the stored nutrients and cellular organelles while the polar
body contains only the chromosomes from the nuclear division.
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Stages of Folliculogenesis
Image by BYU-I Student Hannah C. Fall 2013

Primordial Follicle
Refer to the images above as you read the explanation of this process. The process of follicular
development (folliculogenesis) begins even before the birth of the woman. In the fetal ovary,
primary oocytes become surrounded by flat, squamous shaped cells that will later become granulosa
cells. Granulosa cells are analogous to the Sertoli cells that surround and support the spermatogonia.
Once the primary oocyte becomes surrounded by these pre-granulosa" cells, we call the group of
cells, along with the basement membrane that surrounds it, a primordial follicle. Even though there
are millions of primordial follicles in the fetus, by the onset of puberty, a female will have only about
400,000 primordial follicles. This is due to the continual process of atresia (apoptosis, or
programmed cell death). It is not fully understood what regulates atresia and why some primordial
follicles die and others do not. Beginning at puberty, primordial follicles may be recruited to develop
further. It is also not known what regulates or determines which primordial follicles will begin further
development, but it is known that several hormones are required for the process: the gonadotropins
of the anterior pituitary, FSH and LH, as well as the ovarian hormone estrogen. The process is
ongoing and during the female reproductive years there are always follicles in various stages of
maturation and growth. Approximately 400 of the primary follicles will actually be released during a
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woman’s reproductively active life.
Primary Follicle
Beginning at puberty small groups (cohorts) of primordial follicles start developing. The pregranulosa cells that around the oocyte increase in size and become cuboidal in shape. At this point,
we refer to these surrounding cells as granulosa cells. At the same time, the primary oocyte inside
this layer of cells begins to increase in size and secrete proteins. Also, the granulosa cells nearest the
oocyte secrete mucopolysaccharides. Together the proteins from the oocyte and the
mucopolysaccharides from the granulosa cells form the zona pellucida, a clear layer between the
oocyte and the granulosa cells. It is this barrier that the sperm will eventually have to penetrate in
order to fertilize the ovum. The follicle is now a primary follicle.
Secondary Follicle
Next, the surrounding granulosa cells begin to divide by mitosis and form multiple layers.
Simultaneously, stromal cells (connective tissue cells) are recruited by the follicle to form a layer of
"thecal" cells just outside of the basement membrane. Once these processes are complete we call
the follicle a secondary follicle.
Graafian follicle: As the follicle continues to develop, the thecal cells multiply forming several layers
on the outside of the follicle. Additionally, the granulosa cells continue to increase in number and
begin to secrete fluid (follicular fluid) resulting in the formation of fluid filled spaces among the
granulosa cells. With the aid of the granulosa cells the primary oocyte continues to enlarge.
Eventually all of the fluid filled spaces will coalesce into one large cavity called the antrum.
Graafian Follicle
The follicle is now called a mature Graafian follicle. Note that in the Graafian follicle the oocyte is
located on one side of the antrum and is surrounded by several layers of granulosa cells,
the cumulus oophorus. The Graafian follicle is now almost ready for ovulation. The final event,
occurring several hours prior to ovulation, is completion of meiosis I to produce a secondary oocyte
which immediately starts meiosis II. Once again however, the oocyte arrests, this time at the
metaphase II stage where it will remain until it is fertilized by a sperm.
The predominant view is that once recruited, it requires three or four monthly cycles before the
follicles reach full maturity (185 days). Typically, only one of the follicles will generally reach
maturity and all of the others of that cohort will degenerate.

BIO 461 Principles of Physiology

500

5.7.7
Ovulation and Fertilization

Ovulation is the event that releases the oocyte from the follicle. This event is under the control of LH.
As we will discuss later, just prior to ovulation there is a sharp increase in the levels of LH. This
increase is referred to as the LH surge and is the apparent trigger for the events of ovulation. The
Graafian follicle moves to the surface of the ovary and appears like a small blister on the ovarian wall.
Ovulation is achieved when this "blister" bursts and the oocyte, the follicular fluid, and the cumulus
layer of granulosa cells is expelled from the follicle. The cumulus cells surrounding the oocyte at
ovulation are called the corona radiata. The remaining granulosa cells and thecal cells of the follicle
become the corpus luteum (luteum = yellow, corpus = body). This change of the follicle to a corpus
luteum is called luteinization and is brought about by the increase of luteinizing hormone (LH). The
corpus luteum becomes the endocrine portion of the ovary and secretes estrogen and progesterone
(described later). Progesterone is a hormone critical for establishing and maintaining pregnancy.
The progesterone levels secreted by the corpus luteum during pregnancy send negative feedback to
the hypothalamus and pituitary gland to keep GnRH, LH and FSH secretions low so that no other
dominant follicles develop while a woman is pregnant.
If the oocyte is not fertilized, the corpus luteum survives about 10-12 days and then begins to
degenerate becoming the corpus albicans (albicans – white). If the oocyte is fertilized, the corpus
luteum is maintained throughout the first part of pregnancy, but later, the placenta will take over the
job of producing estrogen and progesterone. After ovulation, the oocyte, along with its corona
radiata, will enter the fallopian tubes.
Fertilization typically takes place in the ampulla (distal end) of the Fallopian tube. In order to
penetrate the ovum, the sperm will have to negotiate their way through the corona radiata cells and
the zona pellucida. Many sperm cells will die trying to do this and only one will ultimately be
successful. Penetration of the sperm triggers completion of the 2nd meiotic division. The union of the
sperm and the ovum forms a zygote (a fertilized egg).
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Fertilization.
By OpenStax College License: [CC BY 3.0 (http://creativecommons.org/licenses/by/3.0)], via Wikimedia Commons
Link: https://commons.wikimedia.org/wiki/File%3A2901_Sperm_Fertilization.jpg

While still in the Fallopian tube, the zygote begins the process of cell division, mitosis, and becomes
an embryo. The embryo continues to grow by cell division as it travels towards the uterus. The
fallopian tubes contain mucus secreting cells and ciliated cells. During the time of ovulation, high
estrogen levels cause the cilia to beat more strongly toward the uterus. High estrogen levels also
create regular contractions, every 4-8 seconds, of the smooth muscle along the length of the fallopian
tube resulting in a sweeping movement slowly moving the ovum toward the uterus.
Implantation generally occurs on the endometrium at the superior end of the uterus, typically 6-7
days after fertilization. The image below shows the path of an oocyte after it has been ovulated.
An ectopic pregnancy is a rare situation that occurs if the fertilized ovum implants in a place other
than the uterus, such as in the fallopian tube. Because the fallopian tube cannot expand to
accommodate a growing baby, it could rupture leading to a life-threatening situation for the mother.
While the cause for a tubal pregnancy is not always known, there is an increased risk for an ectopic
pregnancy if there is any damage to the fallopian tubes caused by pelvic inflammatory disease;
lesions due to chlamydia infection or endometriosis; use of intrauterine devices or IUD for birth
control; abdominal surgeries or intrauterine surgeries, including abortions or tubal ligation; or use of
assisted reproductive technology, like IVF. Gratefully, 98% of the time there are no complications to
the normal process of implantation of the ovum in the uterus after fertilization.
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5.7.8
The Ovarian Cycle

As explained in previous sections of this unit, once spermatogenesis begins at puberty in males it is
relatively constant throughout the remainder of life. Granted there is a gradual decline after about
age 50 but the process continues virtually until the death of the man. In women, on the other hand,
the process is much different and beginning at puberty follows a cyclic pattern with increasing and
decreasing hormone levels as well as changes in the ovaries and uterus, repeating itself about every
28 days. This series of events is referred to as the menstrual cycle. Since this cycle involves
changes in both the ovaries and the uterus it can be divided into two cycles, the ovarian cycle and the
uterine cycle. We will explore the cycles separately but keep in mind they happen simultaneously and
are intimately connected. For both of the cycles, we start counting the days on the first day of
menstrual flow or menses. The culminating event in the cycles is release of the ovum (ovulation),
which typically occurs on day 14 in a typical 28-day cycle. Note that not all cycles are exactly 28 days
and there can be differences between women, and even differences from one cycle to the next in the
same women. Normally the most consistent portion of the cycle is the second half, the time from
ovulation to the onset of the next menses. This portion is expected to last 14 days. In women whose
cycles are not the typical 28 days, ovulation usually occurs 14 days prior to the onset of the next
menses. Please refer to the image above as we discuss the Ovarian and Uterine cycles below.
Ovarian Cycle
The ovarian cycle describes the hormonal changes that occur during the menstrual cycle as well as
the changes taking place in the follicles. First a quick review of the key hormones involved and their
regulation. This control system is often referred to as the hypothalamic-pituitary-ovarian axis.
Gonadotrophin-releasing hormone (GnRH) from the hypothalamus stimulates secretion of the
gonadotropins, FSH and LH, from the anterior pituitary. FSH acts on the granulosa cells of the
follicle and LH acts on the thecal cells of the follicle. The follicle then produces estrogen and
progesterone. Estrogen and progesterone, in turn, usually feedback on the hypothalamus and
pituitary to inhibit their activity, thus reducing FSH and LH secretion. This is a classic negative
feedback loop. However, at a key point in the cycle the feedback briefly changes to positive feedback.
This switch from negative to positive feedback control causes a sudden 10-fold increase in LH
secretion and to a lesser extent more FSH secretion as well.
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Hormonal Regulation of Ovulation.
Author: OpenStax Anatomy and Physiology. License: Creative Commons Attribution License
4.0 license. Link: https://cnx.org/resources/0dbf6852b50fac8780909f0855e32e87bdc761af/Figure_28_02_05.jpg

The mechanisms that produce this sudden positive feedback are not well understood.
The ovarian cycle can be divided into two distinct phases, the follicular contribute as well. However,
there are other unknown signaling processes involved, because administering just estrogen and
progesterone to women in their mid-follicular phase does not achieve this positive feedback. There is
more to be discovered and learned about this positive feedback switch.
As was also true in the male, inhibin acts on the pituitary to selectively inhibit FSH secretion allowing
for differential secretion of the two gonadotropins. In the female, inhibin is produced by the
granulosa cells of the follicle. The normal cyclic pattern of hormone secretion observed in the ovarian
cycle is coordinated by the negative and positive feedback actions of this system.
The event that separates these two phases is ovulation, thus the follicular phase begins on day 1 of
the cycle and ends at ovulation and the luteal phase begins at ovulation and ends at the beginning of
the next menses. Each phase lasts approximately 14 days.
Two cell theory of estrogen production:
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In the ovary, the oocyte is surrounded by granulosa cells. The granulosa cells lay down a basement
membrane and then layers of thecal cells develop beyond this membrane. Thecal cells contain LH
receptors. As LH rises in the blood before ovulation, it binds these receptors and stimulates
steroidogenesis. This causes the thecal cells to take in more LDLs to access the cholesterol needed to
make steroids. The thecal cells metabolize cholesterol to progesterone. Some of the progesterone can
enter the circulation, but most is quickly metabolized to androgens. Some androgens can enter the
circulation, but most diffuses to the nearby granulosa cells. Thecal cells have the enzymes to perform
the biochemical reactions to make androgens from cholesterol, but a key enzyme called “aromatase”
is missing in the thecal cells.
The granulosa cells have very few if any LH receptors before ovulation. These cells do have FSH
receptors that respond to rising levels of FSH in a way that upregulates the aromatase enzyme.
Therefore, we find that before ovulation we have rising levels of LH and FSH which result in the
stimulation of thecal cells to make androgens out of cholesterol (LH) and we find granulosa cells
responding to FSH to make estrogen out of androgens. This is called the two cell theory of estrogen
production.

Two cell organization for steroidogenesis
Image by JS BYU-I Fall 2013
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After ovulation we see some significant changes in the structure and relationship of thecal and
granulosa cells. First, we see that the basement membrane is disrupted between these two cells. This
allows easier access to LDLs which can provide cholesterol for steroidogenesis. Second, we see the
upregulation of LH receptors on granulosa cells. These combine events turn the granulosa cells into
cholesterol metabolizing factories. Cholesterol is quickly turned into progesterone but the granulosa
cells are missing the enzymes to turn progesterone into androgens. This is why we see progesterone
levels rise a lot after ovulation. Estrogen is also being made as before (2 cell estrogen producing
theory), but after ovulation is when we see the real change in progesterone production.

Two cell organization for steroidogenesis after ovulation. Cholesterol can access granulosa cells now.
Image by JS BYU-I Fall 2013

Follicular Phase
The follicular phase gets its name from the fact that during this part of the cycle the follicle is
developing and preparing for ovulation. During the early follicular phase, estrogen levels are low but
are gradually increasing. The estrogen exerts a negative feedback on the hypothalamus and pituitary,
inhibiting FSH and LH secretion. Although the FSH levels are low, the follicles are still being
stimulated by FSH. The dominant follicle up-regulates its FSH receptors and is therefore more
sensitive to the FSH, stimulating its further development. Estrogen secretion by the dominant follicle
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increases while in the less mature follicles estrogen secretion declines, eventually contributing to
their degeneration. During the final portion of the follicular phase, the increased estrogen levels
cause a switch from negative to positive feedback. This results in a sudden increase in GnRH
secretion producing a marked rise in both LH and FSH. The rise is much more pronounced for LH
and its levels nearly triple. FSH also increases but not as dramatically, probably due to the presence
of inhibin which selectively inhibits its secretion. The surge in LH is the event that is responsible for
ovulation. Ovulation usually occurs about 12 hours after the peak of the surge. The LH surge appears
to stimulate the ovum in the rapidly growing follicle to complete its first meiotic division. Also, LH
triggers a cascade of events that weaken the follicular wall and ultimately causes the follicle to
rupture, releasing the egg. The rupture also allows blood to be exposed directly to the granulosa cells
which brings in cholesterol from circulating LDLs and resulting in a biological switch to produce
progesterone.
Luteal Phase
Once ovulation is complete the remaining cells of the follicle, under the influence of LH, are
transformed to become the corpus luteum. The second half of the ovarian cycle, the luteal phase, is
named for the presence of the corpus luteum. After ovulation, hypothalamus and pituitary control
reverts back to negative feedback resulting in a dramatic reduction in LH and FSH secretion.
Additionally, the structural changes in the corpus luteum result in a switch from mainly estrogen
secretion to mainly progesterone secretion. Progesterone levels increase markedly and reach peak
levels about 7 days after ovulation. Estrogen levels follow the same general pattern but its overall
concentration is significantly lower. In the absence of fertilization, the corpus luteum survives 10-12
days and begins to regress. This results in a sharp drop in progesterone and estrogen levels resulting
in the onset of menses and the end of the cycle. About 2 days prior to menses, as the negative
feedback from estrogen and progesterone decreases due to decreasing concentrations, FSH levels
increase slightly. It is this small spike in FSH that is thought to be the stimulus that recruits a new
cohort of follicles to begin development. If the ovum is fertilized, the developing embryo will begin to
produce a hormone called human chorionic gonadotropin (hCG). hCG is nearly identical to LH and
stimulates the corpus luteum to continue producing progesterone and estrogen. Under the influence
of hCG the corpus luteum continues functioning for about the first trimester (1st 3 months) of
gestation. By the end of the 1st trimester the placenta has started producing progesterone and
estrogen and the corpus luteum is no longer needed and will begin to regress.
Summary
1. Corpus luteum dies and as a result, estrogen and progesterone levels begin to decline
2. The declining levels of estrogen and progesterone result in an increased FSH secretion from
the pituitary gland
3. FSH recruits a cohort of graffian follicles and they start to rapidly proliferate resulting in an
increase in estrogen (albeit still low levels) and inhibin.
4. Estrogen and inhibin feedback negatively on FSH secretion and causing the levels of FSH to
decline
5. Declining FSH levels cause atresia of all follicles with the exception of one. The one that
survives continues to proliferate and secrete estrogen (levels increase)
6. Higher levels of estrogen begin to feedback positively and LH and FSH begin to surge
7. Surging LH induces ovulation. The rupture exposes the granulosa cells to a direct blood supply
and therefore cholesterol. LH then causes the granulosa cells to secrete progesterone.
8. High progesterone and inhibin negatively feedback on LH and FSH causing the levels to
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decline
9. The remaining corpus luteum gradually begins to degenerate and will die if it is not rescued by
hCG.
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5.7.9
The Uterine Cycle

The uterus is where a fertilized egg will implant and develop. However, the uterus is receptive to
implantation for only a short time each month. The uterine cycle is a series of events that occur to
prepare the endometrium or inner lining of the uterus to be ready for possible implantation. The
events of the uterine cycle are regulated by the estrogen and progesterone produced by the ovaries
during the ovarian cycle.
The uterine cycle is divided into three phases: the menstrual phase (menses), the proliferative phase
and the secretory phase.
Menses (Days 1-5)
Menstruation or menses is marked by the degeneration of the endometrium. The endometrium is a
layer of cells, glands and blood vessels that is dependent on the ovarian hormones (estrogen and
progesterone) to remain viable and healthy. In the absence of sufficient hormonal support, this layer
of tissue dies and detaches from the deeper muscular layer of the uterus and sloughs off into the
lumen of the uterus where it exits the body through the vaginal canal resulting in the blood and
tissue flow associated with the menstrual period. The first day of menstrual bleeding is designated as
day 1 of the menstrual cycle.
Proliferative (Pre-ovulatory) Phase
At the completion of menses, the functional layer of the endometrium has been sloughed off and must
be replaced. The regeneration of the functional layer is under the control of estrogen. Recall that
during the follicular phase of the ovarian cycle, estrogen levels increase. Estrogen stimulates stromal
cells from the basal layer of the endometrium and epithelial cells that were not lost during menses
(mainly from the lower portion of the uterus and near where the fallopian tube attach) to increase in
number or proliferate. The stromal cells replace the connective tissue portion of the endometrium
and the epithelial cells produce the glandular portion. As these cells increase in number the
endometrium thickens from about 0.5 mm to about 5.0 mm. Additionally, spiral arteries arise to feed
the new tissue and glandular structures develop. During this phase, estrogen also induces the
endometrial cells to express large numbers of progesterone receptors in preparation for the events of
the next phase of the cycle. This phase is completed at about the time of ovulation.
Secretory (Postovulatory) Phase
After ovulation, the luteal stage of the ovarian cycle gets underway and progesterone levels rise. The
progesterone binds to the progesterone receptors in the endometrium. Under the influence of
progesterone, the endometrial glands enlarge, coil, and begin to produce a glandular secretion high
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in nutritious organic molecules such as glycogen. Also, progesterone stimulates the rapid expansion
of the spiral arteries in the endometrium. During the Secretory Phase, progesterone encourages the
development of a very vascular and glandular endometrium capable of secreting fluids, nutrients and
supplying blood to an implanted embryo. Progesterone also has an anti-estrogen effect and prevents
further proliferation of the endometrial cells.
Recall that the corpus luteum degenerates at the end of the luteal stage of the ovarian cycle unless
there is a pregnancy. With the degeneration of the corpus luteum, progesterone (and estrogen) levels
decrease. Without this hormonal support, the spiral arteries spasm rhythmically, leading to
constriction of the blood vessels reaching the endometrium. The spasms last longer and longer
resulting in a reduction in levels of oxygen and the tissues become ischemic. This eventually leads to
the death of the endometrial tissue and the shedding of the lining, starting the cycle again.
The image, shown again below, illustrates how the ovarian and uterine cycles are coordinated. It also
demonstrates the time period involved in these cycles. While the cycles are shown on a 28-day time
frame, in reality, there is great variability in cycle length. The follicular phase represents the cause of
most of this variability with some research showing follicular phases ranging from 11 to 27 days. The
luteal stage for most women is generally more consistent at about 14 days, although occasional
variability of 7 to 15 days has been recorded (Fehring, 2006).

Uterine and Ovarian Cycle
Image drawn by BYU-Idaho Spring 2015
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5.7.10
Pregnancy

Notice events of the menstrual cycle are coordinated such that ovulation is expected to occur at
about day 14 of a 28-day cycle. An oocyte that has been ovulated survives and remains viable in the
fallopian tube for only about 24 hours. The fertilized egg travels through the tube towards the uterus
with the help of tiny hair-like projections called cilia which help move the egg along towards the
uterus. The maximum length of time that sperm can remain viable in the female tract is 3 to 5 days.
Sperm can reach an egg in the fallopian tube within an hour after intercourse.
Once the ovum is fertilized it will complete the 2nd meiotic division and then begin to develop. The
journey to the uterus takes about 3 days. As the developing embryo, now called a blastocyst, enters
the uterus it floats around for another 3-4 days as the uterus prepares for implantation. The window
for successful implantation is relatively narrow and if the blastocyst does not implant at the proper
time it will not survive. Typically, implantation occurs 6-7 days after fertilization. Recall that it is at
about this time that the corpus luteum begins to regress and estrogen and progesterone levels begin
to fall. If they get too low the endometrium will die and be sloughed off, along with the blastocyst. At
the time of implantation cells of the blastocyst begin producing hCG which rescues the corpus luteum
so that it continues to produce estrogen and progesterone. Progesterone is particularly important in
maintaining the endometrium. As the placenta develops it begins to produce hormones, including
progesterone and estrogen, and by the end of the first trimester the corpus luteum is no longer
required to maintain the pregnancy. Note, home pregnancy tests check for the presence of hCG.
Since it is produced by cells of the embryo it will not be present unless an egg has been fertilized.
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Appendix A
Gender

How do we reconcile current conflicts between biological sex and gender as they pertain to the Plan
of Salvation?
Biological sex refers to a person’s biological status as assigned at birth and is categorized as male
or female. There are a number of indicators that can be used to assign biological sex, including sex
chromosomes, gonads, internal reproductive organs, and external genitalia. Gender refers to the
attitudes, feelings, and behaviors that a given culture associates with a person’s biological sex.
Gender identity is the personal inner manifestation of those attitudes, feelings, and behaviors.
Gender expression is the outward expression of one’s gender identity.
Sometimes, a person’s biological sex and gender identity conflict. As an extreme example, consider
psueodohermaphroditism (<1%). These men are born with XY chromosomes (a male biological
indicator), but because of deficiencies in one of the male hormones they are born with external
genitalia that appear feminine. Thus, they are raised female, but at puberty they begin to secrete
male hormones in greater abundance and develop the characteristics of men. As can be imagined a
major conflict occurs: Should these individuals change gender or remain female? As a side note, most
choose to change and continue life as men. What about less extreme cases where individuals simply
“feel” that their biological sex and gender identity do not match? For example, recent research
suggests that humans can be born with the biological indicators of a male but who have a brain that
is structurally and functionally female, or vice versa (biological female with male brain; Ai-Min Bao
and Dick F. Swaab, 2011. Frontiers in Neuroendocriniology). Sexual differentiation of the human
brain: relation to gender identity, sexual orientation and neuropsychiatic disorders). Sometimes
individuals can even have both male and female reproductive organs, and the gender identity isn’t
really known until later in life. In these cases, the parents must choose a gender identity to raise the
child. A major question arises then as to whether or not this discrepancy between the traditional
biological indicators of sex and the gender identity of the brain is the result of “broken biology”
(something gone wrong) or “natural biology” (natural course of biological progression). In other
words, is a person with a male body and female brain someone with a disorder or simply someone
with another normal variation in gender identity, (a female who happens to have a penis, for
example)? Or should we consider the person to be altogether another gender identity that is neither
male nor female (binary)? Biological science would suggest that the discrepancy is the result of
“broken biology” because statistically, there is an overwhelming amount of evidence (>97%)
supporting the “male biology to male gender identity role”.
However, from a social scientific view, because anomalies have been shown to occur in biology, the
argument is that discrepancies are occurring because gender identity is a misguided societal
construct handed down through the generations. In other words, the only reason a person with a
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male body and female brain feels any conflict is because of the cultural constraints put on him/her. To
the credit of this argument history has proven the devastating effect of using a wrong social
construct. As an example, consider the devastating effects toward blacks prior to the civil rights
movement. The behavior was the direct result of an incorrect and misguided social construct. In the
case of the civil rights movement being able to change the social construct proved essential.
However, what if society puts pressure on changing a social construct in the wrong direction?
Consider California’s landmark 1969 no-fault divorce legislation. Society argued that divorce should
not be based solely on traditional fault grounds such as adultery, cruelty and desertion, but instead
should be viewed as incompatible and irreconcilable differences. Yet, this no-fault divorce ruling has
quickly developed some very serious shortcomings. In addition to soaring divorce rates in the 1970’s,
courts have failed to provide adequate financial protection to many women and children affected by
the divorce. Not to mention the long-lasting psychological and economic damage of divorce. Many
commentators are now even concluding that the no-fault divorce revolution has failed. As an added
side note, many groups are deciding to discontinue performing sex change operations because they
discovered they were not giving patients the hoped for benefit. Additionally, research suggests that
the vast majority of children who experience a conflicted sense of gender identity grow out of it.
Findings such as these make the question even more difficult.
The serious question then is whether or not the current societal definition of gender identity is
correct as defined or incorrect and needs revision. These questions take time and should take time. In
fact, the United States governmental constitution is set up in such a way as to make the process
painfully slow and tedious, for this very reason.
Fortunately, we have been given through revealed religion an eternal and unchanging definition of
gender identity. According to the document “The Family: A Proclamation to the World” (1995); all
human beings—male and female—are created in the image of God. Each is a beloved spirit son or
daughter of heavenly parents, and, as such, each has a divine nature and destiny. Gender is an
essential characteristic of individual premortal, mortal, and eternal identity and purpose.
Additionally, recently the church clarfied the statement as follows: "The intended meaning of gender
is biological sex at birth."
From this statement we learn that gender existed in the premortal realm. From President Spencer W.
Kimball (April 1977 General Conference, “Our Great Potential), we learn that God took intelligences
and gave to them spirit bodies. Joseph Smith received and published a revelation where the Lord
taught that “intelligence, or the light of truth, was not created or made, neither indeed can be” (D&C
93:29). These statements suggest that at some point in the distant past, our intelligence became
associated with a spirit body. When Abraham was shown a vision of the premortal spirit family, he
referred to many individual spirits as “intelligences that were organized” (Abraham 3: 22-23). The
use of the word organized implies a distinguishing characteristic between intelligence, the
unembodied existence with no beginning or end, with that of an organized intelligence or spirit. This
could also be interpreted to read that intelligences and spirits are synonymous, and that the
organization was in terms of hierarchy in heaven (first-born, son of morning, etc.). Perhaps we were
organized into families, wards, and stakes? Speculation aside, we do know that spirit “sons and
daughters” were eventually sent to earth to take upon themselves an additional organization, that of
a physical body. What if, as intelligences, we were given the opportunity to choose to fulfill divine
roles as spirit sons or daughters? Perhaps we selected a gender identity role in the pre-mortal realm
to work towards that would allow us to fulfill our divine destiny. This gender identity would not have
been defined by a mortal body but rather by gender identity roles and expectations that would
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prepare us for gender identity of mortality. Regardless of whether our gender was created,
assigned or allowed as choice, the gender assignment is essential in fulfilling Gods plan for
us.
It is also possible that gender identity is a characteristic that is developed by degrees in each sphere
(ie., pre-mortality, mortality, post-mortality). By acting and being obedient to our unique gender role
in each sphere, we further our progress towards returning to Heavenly Father. A logical conclusion
might look something like this: Heavenly Father’s only objective is to bring to pass the immortality
and eternal life of man (Moses 1:39). Thus, each component of the plan must be designed to
accomplish this objective. This plan included gender as an essential component of individual
premortal, mortal and eternal identity and purpose. Thus, gender roles as defined in premortal,
mortal, and post-mortal existences are part of the plan, and if they are part of the plan they must be
necessary. Therefore, by deductive logic, since gender is part of our premortal, mortal and postmortal existences, it must be necessary to bring to pass the immortality and eternal life of man. Just
as other aspects (gender neutral) of our existence must fill the measure of their creation (e.g.,
learning to care for our bodies, losing ourselves in the service of others, repenting and becoming
clean from impurities), perhaps we must also fill the measure of our gender (gender specific), and
develop in each sphere (pre-mortal, mortal, post-mortal) our gender until it becomes perfected.
So how does one fill the measure of his or her gender assignment? We first must elucidate the gender
expectations. Defining the gender expectation in the pre-mortal realm may not be completely
possible, but we know that we were given instructions and training in preparation to obtain a mortal
body. These instructions and training include a plan that would allow us to obtain a physical body,
gain experience necessary to progress toward perfection, ultimately realizing our divine destiny. An
essential component of the plan was family relationships. Therefore, the teachings and instructions,
with regard to gender, must have included familial relationships. An integral part of the family is the
ability to bring forth children, thus requiring male and female sexes.
We learn that “marriage between a man and a woman is ordained of God and that the family is
central to the Creator’s plan for the eternal destiny of His children” (The Family: A Proclamation to
the World). By this definition, marriage can only be fulfilled through a man and a woman. “The first
commandment that God gave to Adam and Eve pertained to their potential for parenthood as
husband and wife. We declare that God’s commandment for His children to multiply and replenish
the earth remains in force. We further declare that God has commanded that the sacred powers of
procreation are to be employed only between man and woman, lawfully wedded as husband and wife”
(The Family: A Proclamation to the World).
The proclamation further states: We declare the means by which mortal life is created to be divinely
appointed. We affirm the sanctity of life and of its importance in God’s eternal plan.
Thus, the attitudes, feelings and behaviors of gender, as they relate to biological sex, need to fall
within the parameters that God has established. Two major parameters are as follows:
1. Marriage is defined between a man and woman
2. The sacred powers of procreation are to be employed only between man and woman, lawfully
wedded as husband and wife
Other parameters include:
1. Fathers are to preside over their families in love and righteousness and are responsible to
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provide the necessities of life and protection for their families.
2. Mothers are primarily responsible for the nurture of their children.
3. Fathers and mothers are obligated to help one another as equal partners.
Thus, it appears that the primary gender expectations focus on producing and raising posterity. Since
these expectations for gender can be established firmly using doctrinal principles, how do we
reconcile the observations that in some cases, biological sex, especially as it pertains to brain
development and external genitalia, is in direct contradiction to gender identity, preventing
fulfillment of these expectations?
Based on arguments established that gender is assigned before birth; any contradiction with
biological sex would simply mean that something has gone wrong with the biology. So are conflicted
individuals obligated to follow their brain or their genitalia? Which, the brain or the genitalia, is the
best indicator of the gender assigned before birth?
Church leaders have actually addressed this very question in the handbook for priesthood leaders. In
the handbook individuals are obligated to adhere to their genitalia if they want a temple marriage.
This would mean that if you were born biologically a male (based on biological male indicators) you
could only marry a biological female and vice versa. Or, you may choose to not marry and still be
within the doctrinal parameters as long as you honor the law of chastity. If these individuals decide to
follow their brain and change their genitalia (transsexual operation) they can be baptized and receive
the Holy Ghost, a gender neutral ordinance, but will not be permitted to hold the priesthood (where
applies) or marry in the temple, as these are gender specific ordinances. Thus, we can deduce that
when biological anomalies make it difficult to know for sure the gender, and medical action has been
taken after accountability, the church policy is to hold off on gender specific ordinances. The
scriptures and teachings of LDS doctrine affirm that God loves all of His children and makes salvation
available to all. God created the many diverse races and ethnicities and esteems them all equally. As
the Book of Mormon puts it, “all are alike unto God.” (2Nephi 26:33). Thus, only God can give
instruction as to whom to restrict ordinances to. Because God esteems all equally, the temporary
restrictions will not jeopardize their salvation.
However, as mortals we have no right to judge what went wrong. We simply must encourage
adherence to the law of chastity and support for the definition of marriage. Even though biologically,
marriage may not be attainable for some, the doctrine of the principle of marriage and families is
eternal.
Consider these thoughts from D. Todd Christoffersen: To those who believe anything or everything
could be true, the declaration of objective, fixed, and universal truth feels like coercion— I shouldn’t
be forced to believe something is true that I don’t like. But that does not change reality. Resenting
the law of gravity won’t keep a person from falling if he steps off a cliff. The same is true for eternal
law and justice. Freedom comes not from resisting it but from applying it. That is fundamental to
God’s own power. If it were not for the reality of fixed and immutable truths, the gift of agency would
be meaningless since we would never be able to foresee and intend the consequences of our actions.
As Lehi expressed it: If ye shall say there is no law, ye shall also say there is no sin. If ye shall say
there is no sin, ye shall also say there is no righteousness. And if there be no righteousness there be
no happiness. And if there be no righteousness nor happiness there be no punishment nor misery.
And if these things are not there is no God. And if there is no God we are not, neither the earth; for
there could have been no creation of things, neither to act nor to be acted upon; wherefore, all things
must have vanished away.”
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For further thought on the subject, consider this closing parable by Boyd K Packer (For Time and All
Eternity, 1993) regarding the unique roles of gender as it pertains to man and woman.
Once a man received as his inheritance two keys. The first key, he was told, would open a vault which
he must protect at all cost. The second key was to a safe within the vault which contained a priceless
treasure. He was to open this safe and freely use the precious things which were stored therein. He
was warned that many would seek to rob him of his inheritance. He was promised that if he used the
treasure worthily, it would be replenished and never be diminished, not in all eternity. He would be
tested. If he used it to benefit others, his own blessings and joy would increase.
The man went alone to the vault. His first key opened the door. He tried to unlock the treasure with
the other key, but he could not, for there were two locks on the safe. His key alone would not open it.
No matter how he tried, he could not open it. He was puzzled. He had been given the keys. He knew
the treasure was rightfully his. He had obeyed instructions, but he could not open the safe.
In due time, there came a woman into the vault. She, too, held a key. It was noticeably different from
the key he held. Her key fit the other lock. It humbled him to learn that he could not obtain his
rightful inheritance without her.
They made a covenant that together they would open the treasure and, as instructed, he would watch
over the vault and protect it; she would watch over the treasure. She was not concerned that, as
guardian of the vault, he held two keys, for his full purpose was to see that she was safe as she
watched over that which was most precious to them both. Together they opened the safe and partook
of their inheritance. They rejoiced for, as promised, it replenished itself.
With great joy they found that they could pass the treasure on to their children; each could receive a
full measure, undiminished to the last generation. Perhaps some few of their posterity would not find
a companion who possessed the complementary key, or one worthy and willing to keep the covenants
relating to the treasure. Nevertheless, if they kept the commandments, they would not be denied
even the smallest blessing.
Because some tempted them to misuse their treasure, they were careful to teach their children about
keys and covenants. There came, in due time, among their posterity some few who were deceived or
jealous or selfish because one was given two keys and another only one. “Why,” the selfish ones
reasoned, “cannot the treasure be mine alone to use as I desire?”
Some tried to reshape the key they had been given to resemble the other key. Perhaps, they thought,
it would then fit both locks. And so it was that the safe was closed to them. Their reshaped keys were
useless, and their inheritance was lost. Those who received the treasure with gratitude and obeyed
the laws concerning it knew joy without bounds through time and all eternity.
In addition, consider these quotes. Neil Anderson (April 2016), “While a child’s earthly situation may
not be ideal, a child’s spiritual DNA is perfect because one’s true identity is as a son or daughter of
God.” D. Todd Christofferson; “Fatherhood is much more than a social construct or the product of
evolution. The role of father is of divine origin."
Elder Oaks taught: “Be careful how you characterize yourself. Don’t characterize or define yourself
by some temporary quality. The only single quality that should characterize us is that we are a son or
daughter of God. That fact transcends all other characteristics, including race, occupation, physical
characteristics, honors, or even religious affiliation. We have our agency, and we can choose any
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characteristic to define us. But we need to know that when we choose to define ourselves or to
present ourselves by some characteristic that is temporary or trivial in eternal terms, we deemphasize what is most important about us, and we overemphasize what is relatively unimportant.
This can lead us down the wrong path and hinder our eternal progress” (BYU-devotional address,
2006)
From President Hinckley (1st Presidency: 1990, A city on a hill)
Unless the world alters the course of its present trends (and that is not likely); and if, on the other
hand, we continue to follow the teachings of the prophets, we shall increasingly become a peculiar
and distinctive people of whom the world will take note. For instance, as the integrity of the family
crumbles under worldly pressures, our position on the sanctity of the family will become more
obvious and even more peculiar in contrast, if we have the faith to maintain that position.
As the growing permissive attitude toward sex continues to spread, the doctrine of the Church, as
consistently taught for more than a century and a half, will become increasingly singular and even
strange to many.
As the consumption of alcohol and the abuse of drugs increase each year within the mores of our
society, our position, set forth by the Lord more than a century and a half ago, will become more
unusual before the world.
As government increasingly assumes the burden of caring for all human needs, the independence of
our social services and the doctrine which lies behind that position will become more and more
important.
As the Sabbath increasingly becomes a day of merchandising and entertainment, those who obey the
precept of the law, written by the finger of the Lord on Sinai and reinforced by modern revelation,
will appear more unusual.
It is not always easy to live in the world and not be a part of it. We cannot live entirely with our own
or unto ourselves, nor would we wish to. We must mingle with others. In so doing, we can be
gracious. We can be inoffensive. We can avoid any spirit or attitude of self-righteousness. But we can
maintain our standards. The natural tendency will be otherwise, and many have succumbed to it.
In 1856, when the Latter-day Saints were largely alone in the Western valleys, some people thought
we were safe from the ways of the world. To such talk, President Heber C. Kimball of the First
Presidency responded: “I want to say to you, my brethren, the time is coming when we will be mixed
up in these now peaceful valleys to that extent that it will be difficult to tell the face of a Saint from
the face of an enemy to the people of God. Then, brethren,” he went on, “look out for the great sieve,
for there will be a great sifting time, and many will fall; for I say unto you there is a test, a Test, a
TEST coming, and who will be able to stand?” (Orson F. Whitney, Life of Heber C. Kimball, Salt Lake
City: Bookcraft, 1945, p. 446.)
I do not know precisely the nature of that test. But I am inclined to think the time is here and that
the test lies in our capacity to live the gospel rather than adopt the ways of the world.
I do not advocate a retreat from society. On the contrary, we have a responsibility and a challenge to
take our places in the world of business, science, government, medicine, education, and every other
worthwhile and constructive vocation. We have an obligation to train our hands and minds to excel in
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the work of the world for the blessing of all mankind. In so doing we must work with others. But this
does not require a surrender of standards.
In conclusion, it is unlikely that our current political entities will accept the doctrine of gender as set
forth in “The Family: A Proclamation to the World” as a defining factor in determining gender social
constructs. As a result, we can expect that the current societal construct of gender to slowly dissolve
away. Consider the decision in Oregon (June 2016) to add a new gender identity category, that of
non-binary (neither male nor female). The only argument that we will be left with is the same
argument that is the foundation of the Church of Jesus Christ of Latter Day Saints. The argument
referred to is the existence of prophets and their ability to receive revelation from God! Perhaps the
purpose of the gender line in the proclamation is meant to ensure that those of us with clear gender
identity fulfill our gender roles rather than to condemn those without a clear understanding of their
gender identity.
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Appendix B
The Placebo Eﬀect
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B.2.1
The Placebo Eﬀect

The word placebo is derived from Latin and means “I shall please”. We apply the word placebo to
anything that is used with the intent to deceive the recipient. In other words, placebos have no actual
effect but we want the person to believe that the substance will help them. Placebos are used
extensively in medical research to test the efficacy of the drug being tested. Stated another way, to
test the efficacy of a drug, random volunteers are given the actual drug or a placebo that does not
contain the drug but looks just like the drug being tested. These studies are done blind, meaning that
the people involved do not know which drug is real and which drug is the placebo. It is expected that
this sort of blind testing will prove if the drug actually works or not. Ironically, it was quickly
discovered that if the person believes that the substance will help them, even if it contains only sugar,
in many cases, it does! This phenomenon is called the placebo effect. The effectiveness of the placebo
effect depends on many factors including:
1.
2.
3.
4.
5.
6.

The personal beliefs and expectations of the person receiving the placebo
Memories about therapies that the person believes have worked in the past
Encouraging words given by people in authority such as doctors or other medical personnel
Color, shape, smell, and taste of the placebo
Interactions with other people who feel that the placebo treatment was effective
The sight of health professionals, hospitals and medical instruments that reinforce the belief
that the placebo is beneficial.

Below are some interesting studies illustrating the belief factors from the list above. See if you can
determine which of the factors were used in each study to “deceive” the participants.
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B.2.2
Examples of the Placebo Eﬀect

Caffeine Placebo
In a study testing sleep deprived students, Anderson and Home, (2008) demonstrated that the
students experienced increased mental performance, increased reaction time and felt better if they
thought they were drinking caffeinated coffee. The key word is “thought”. In the study the coffee was
actually decaffeinated. However, if the students were told that the coffee was decaffeinated there
were no improvements.
Alcohol Placebo
In 2003, researchers Assefi and Garry showed that participants who believed they were drinking
alcohol experienced feelings of being drunk and actually showed impaired judgments. The
participants were told that they were drinking vodka, but in reality were given only tonic water. The
researchers took 148 students and split them into two groups. Half of the students were told they
were getting Vodka and tonic water and the other half were told they were just getting the tonic
water. The research was carried out in a bar-like room equipped with bartenders and vodka bottles.
However, in reality, both groups just got plain tonic water. What happened? The group that believed
they were drinking vodka experience memory lapses and some even showed physical signs of being
intoxicated the longer the study went on and the more water they drank. When told the truth, many
students insisted that they were in fact drinking vodka because they felt drunk.
Sham Surgery Placebo
In 2013, Sihvonen et al., developed a test to see if arthroscopic knee surgery was an effective way to
treat knee pain. Participants with severe knee arthritis were brought to a surgical center and
received actual surgery or a sham surgery. In a sham surgery the patient undergoes anesthesia and
the doctor makes incision in the knee but never inserts instruments. An incision is made and stitched
up, but no surgery was ever done. What do you think the results were? You may have guessed it, as
long as the patient believed they had surgery and underwent the same recovery period as those who
received the surgery, they believed it helped. All patients underwent a knee mobility exercise at the
conclusion of the healing time, and there were no differences between those that received the
surgery and those that thought they had received the surgery. In some cases, those who received the
sham surgery felt better and even performed better on the knee agility exercises!
Placebos without deception
It is widely believed that for a placebo to work there must be some type of concealment and the
patient has to think they are actually taking a medication that has been shown to treat their
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condition. However, in 2010 Kaptchuk et al., demonstrated that even if the patient is told they are
being given a placebo that is nothing more than a sugar pill, it can still help them if they believe that
it will! In this study, patients with severe irritable bowel syndrome (IBS) were give placebo pills that
were labeled as “placebo pills made of an inert substance, like sugar pills, that have been shown to
produce significant improvement in IBS symptoms through mind-body self-healing processes”. Even
with the disclaimer that the pills were just sugar patients showed a significant improvement of IBS
symptoms. Apparently, the part that read “have been shown to produce significant improvement” was
enough to convince the participants.
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B.2.3
How do Placebos Work?

The effectiveness of a placebo is highly correlated to the expectation. If the expectation is positive it
can heal, if the expectation is negative it will not heal and can make matters worse. A negative effect
from a placebo is called a nocebo. A placebo that is given to a participant, and told it is a stimulant,
will increase heart rate but a placebo given and told it is a depressant will have opposite effects. If
you take something and are told that it will make you stronger then you will be stronger. The
correlation between belief, perception and expectation dramatically change the effects of a given
placebo. Perhaps most interesting is that the color of the pill also makes a difference. Bright colored
placebo pills work better as stimulants and soft colored placebos as depressants. In short, how do
placebos work? We don’t know, but the belief in, hence the brain, is at the core of placebo
effectiveness.
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B.2.4
Are Placebos Ethical?

If a placebo has a positive effect on the patient, but to get that effect, the patient must be deceived, is
the placebo ok to use? Some argue that prescribing a placebo is fake medicine. And yet, ibuprofen
cannot be tested in the United States because the belief that Ibuprofen works makes it 60% more
effective. In addition, pain killers are not as effective if infused secretly, instead they work better if
the patient knows they are receiving the drug. The ethical questions surrounding placebos can be
summarized in two arguments: that placebos should not be used because it is deceptive, and that
placebos should be used because the healing effect is real. Unfortunately, the power of the placebo
can easily be exploited by businesses claiming that their supplement works, and in many cases the
only thing that contains the supplement is the label. Consider this research from Newmaster et al.,
2013 on the contents of 44 different herbal supplements. They found that product substitution
occurred in 30/44 of the products tested, in other words, the actual herbal supplement was not found
in the product. In addition, most of the herbal products tested were of poor quality, contained a
considerable amount of substitution and contamination. Many of the contaminants found posed
serious health risks to consumers.
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B.2.5
How do we validate actual eﬀectiveness of
placebos

To help validate the “actual” effectiveness of medicine or supplements, the US government
established the Food and Drug Administration (FDA). The FDA is responsible for protecting and
promoting public health through the regulation and supervision of food safety, dietary supplements,
prescription and over-the-counter pharmaceutical drugs (medications), vaccines, biopharmaceuticals,
blood transfusions, medical devices, electromagnetic radiation emitting devices (ERED), cosmetics,
animal foods and feed and veterinary products. This oversight is not without critics who argue that
the FDA’s regulatory power and testing causes the approval of drugs to take too long. They argue
that because of the slow process for approval, that relief of human suffering and potential disease
benefits from drugs are being unnecessarily delayed. However, in 2011, Zuckerman and Brown
published a report that showed that most of the medical devices recalled in the last five years for
“serious health problems or death” had been previously approved by the FDA. In addition, the FDA
approved Vioxx in 1999 which has now been estimated to have contributed to fatal heart attacks in
thousands of Americans. Vioxx has been withdrawn from the market. If the oversight of the FDA still
produces products that are harmful for humans, what about products that contain the disclaimer,
“these statements have not been approved by the FDA”, are they safe? Are they effective? Knowing
what you now know about placebos, how difficult is it to prove the actual effectiveness of a particular
medicine or supplement. If people believe it works is it necessary to prove that it actually works?
Perhaps the most famous placebo is vitamin C and its effect on the common cold. This myth was first
propagated by the Nobel Prize winning scientist Linus Pauling. Pauling won the Nobel Prize for his
work on Quantum Chemistry and Molecular Biology. Pauling was awarded the Nobel Prize in
Chemistry and the Nobel Peace Prize, making him the only person to be awarded two unshared Nobel
Prizes. Perhaps this is why his book entitled: Vitamin C and the Common Cold, which he published in
1970 received immediate acceptance from the general population but not the mainstream scientific
community. It would appear that expectation and personal belief (Nobel Prize winner) being the key
ingredients to the effectiveness of the placebo effect has made vitamin C is one of the most widely
used supplements for treatment of the common cold, even though countless scientific studies have
shown that it has no benefit in curing a cold.
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B.2.6
Tips for evaluating scientiﬁc evidence

How then do we validate the onslaught of products which supposedly claim to have scientific
evidence? To combat this very problem an article was published in the journal of nature (a highly
reputable scientific journal) with 20 tips for identifying scientific claims for validity. The tips are
listed below and in some cases have been shortened from the original article by Sutherland et al.,
2013.
1. Differences and chance cause variation.
The real world varies unpredictably. Science is mostly about discovering what causes the patterns we
see. There are many explanations for such trends, so the main challenge of research is trying to
identify which factor or process is causing the main effect. This challenge is complicated by the fact
that most trends are affected by an innumerable number of other factors.
2. No measurement is exact.
Practically all measurements have some error. If the measurement process were repeated, one might
record a different result. In some cases, the measurement error might be large compared with real
differences. Thus, if you are told that the economy grew by 0.13% last month, there is a moderate
chance that it may have shrunk.
3. Bias is rife.
Experimental design or measuring devices may produce atypical results in each direction. For
example, determining voting behavior by asking people on the street, at home or through the Internet
will sample different proportions of the population, and all may give different results. Because studies
that report 'statistically significant' results are more likely to be written up and published, the
scientific literature tends to give an exaggerated picture of the magnitude of problems or the
effectiveness of solutions. An experiment might be biased by expectations: participants provided with
a treatment might assume that they will experience a difference and so might behave differently or
report an effect. Researchers collecting the results can be influenced by knowing who received
treatment. The ideal experiment is double-blind: neither the participants nor those collecting the data
know who received what.
4. Bigger is usually better for sample size.
The average taken from many observations will usually be more informative than the average taken
from a smaller number of observations. Thus, the effectiveness of a drug treatment will vary naturally
between subjects. Its average efficacy can be more reliably and accurately estimated from a trial with
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tens of thousands of participants than from one with hundreds.
5. Correlation does not imply causation.
It is tempting to assume that one pattern causes another. However, the correlation might be
coincidental, or it might be a result of both patterns being caused by a third factor — a 'confounding'
or 'lurking' variable. For example, ecologists at one time believed that poisonous algae were killing
fish in estuaries; it turned out that the algae grew where fish died. The algae did not cause the
deaths.
6. Regression to the mean can mislead.
Extreme patterns in data are likely to be, at least in part, anomalies attributable to chance or error.
The next count is likely to be less extreme. For example, if speed cameras are placed where there has
been a spate of accidents, any reduction in the accident rate cannot be attributed to the camera; a
reduction would probably have happened anyway.
7. Extrapolating beyond the data is risky.
Patterns found within a given range do not necessarily apply outside that range. Thus, it is very
difficult to predict the response of ecological systems to climate change, when the rate of change is
faster than has been experienced in the evolutionary history of existing species, and when the
weather extremes may be entirely new.
8. Beware the base-rate fallacy.
The ability of an imperfect test to identify a condition depends upon the likelihood of that condition
occurring (the base rate). For example, a person might have a blood test that is '99% accurate' for a
rare disease and test positive, yet they might be unlikely to have the disease. If 10,001 people have
the test, of whom just one has the disease, that person will almost certainly have a positive test, but
so too will a further 100 people (1%) even though they do not have the disease. This type of
calculation is valuable when considering any screening procedure, say for terrorists at airports.
9. Controls are important.
A control group is dealt with in the same way as the experimental group, except that the treatment is
not applied. Without a control, it is difficult to determine whether a given treatment really had an
effect. The control helps researchers to be reasonably sure that there are no confounding variables
affecting the results. Sometimes people in trials report positive outcomes because of the context or
the person providing the treatment, or even the color of a tablet. This underlies the importance of
comparing outcomes with a control, such as a tablet without the active ingredient (a placebo).
10. Randomization avoids bias.
Experiments should, wherever possible, allocate individuals or groups to interventions randomly.
Comparing the educational achievement of children whose parents adopt a health program with that
of children of parents who do not is likely to suffer from bias (for example, better-educated families
might be more likely to join the program). A well-designed experiment would randomly select some
parents to receive the program while others do not.

BIO 461 Principles of Physiology

527

11. Seek replication, not pseudoreplication.
Results consistent across many studies, replicated on independent populations, are more likely to be
solid. The results of several such experiments may be combined in a systematic review or a metaanalysis to provide an overarching view of the topic with potentially much greater statistical power
than any of the individual studies. Applying an intervention to several individuals in a group, say to a
class of children, might be misleading because the children will have many features in common other
than the intervention. The researchers might make the mistake of pseudoreplication if they
generalize from these children to a wider population that does not share the same commonalities.
Pseudoreplication leads to unwarranted faith in the results. Pseudoreplication of studies on the
abundance of cod in the Grand Banks in Newfoundland, Canada, for example, contributed to the
collapse of what was once the largest cod fishery in the world.
12. Scientists are human.
Scientists have a vested interest in promoting their work, often for status and further research
funding, although sometimes for direct financial gain. This can lead to selective reporting of results
and occasionally, exaggeration. Peer review is not infallible: journal editors might favor positive
findings and newsworthiness. Multiple, independent sources of evidence and replication are much
more convincing.
13. Significance is significant.
Expressed as P, statistical significance is a measure of how likely a result is to occur by chance. Thus
P = 0.01 means there is a 1-in-100 probability that what looks like an effect of the treatment could
have occurred randomly, and in truth there was no effect at all. Typically, scientists report results as
significant when the P-value of the test is less than 0.05 (1 in 20).
14. Separate no effect from non-significance.
The lack of a statistically significant result (say a P-value > 0.05) does not mean that there was no
underlying effect: it means that no effect was detected. A small study may not have the power to
detect a real difference. For example, tests of cotton and potato crops that were genetically modified
to produce a toxin to protect them from damaging insects suggested that there were no adverse
effects on beneficial insects such as pollinators. Yet none of the experiments had large enough
sample sizes to detect impacts on beneficial species had there been any.
15. Effect size matters.
Small responses are less likely to be detected. A study with many replicates might result in a
statistically significant result but have a small effect size (and so, perhaps, be unimportant). The
importance of an effect size is a biological, physical or social question, and not a statistical one. In the
1990s, the editor of the US journal Epidemiology asked authors to stop using statistical significance
in submitted manuscripts because authors were routinely misinterpreting the meaning of significance
tests, resulting in ineffective or misguided recommendations for public-health policy.
16. Study relevance limits generalizations.
The relevance of a study depends on how much the conditions under which it is done resemble the
conditions of the issue under consideration. For example, there are limits to the generalizations that

BIO 461 Principles of Physiology

528

one can make from animal or laboratory experiments to humans.
17. Feelings influence risk perception.
Broadly, risk can be thought of as the likelihood of an event occurring in some time frame, multiplied
by the consequences should the event occur. People's risk perception is influenced disproportionately
by many things, including the rarity of the event, how much control they believe they have and the
adverseness of the outcomes, and whether the risk is voluntarily or not. For example, people in the
United States underestimate the risks associated with having a handgun at home by 100-fold and
overestimate the risks of living close to a nuclear reactor by 10-fold.
18. Dependencies change the risks.
It is possible to calculate the consequences of individual events, such as an extreme tide, heavy
rainfall and key workers being absent. However, if the events are interrelated, (for example a storm
causes a high tide, or heavy rain prevents workers from accessing the site) then the probability of
their co-occurrence is much higher than might be expected. The assurance by credit-rating agencies
that groups of subprime mortgages had an exceedingly low risk of defaulting together was a major
element in the 2008 collapse of the credit markets.
19. Data can be dredged, or cherry picked.
Evidence can be arranged to support one point of view. To interpret an apparent association between
consumption of yoghurt during pregnancy and subsequent asthma in offspring, one would need to
know whether the authors set out to test this sole hypothesis or happened across this finding in a
huge data set. By contrast, the evidence for the Higgs boson specifically accounted for how hard
researchers had to look for it — the 'look-elsewhere effect'. The question to ask is: 'What am I not
being told?'
20. Extreme measurements may mislead.
Any collation of measures (the effectiveness of a given school, say) will show variability owing to
differences in innate ability (teacher competence), plus sampling (children might by chance be an
atypical sample with complications), plus bias (the school might be in an area where people are
unusually unhealthy), plus measurement error (outcomes might be measured in different ways for
different schools). However, the resulting variation is typically interpreted only as differences in
innate ability, ignoring the other sources. This becomes problematic with statements describing an
extreme outcome ('the pass rate doubled') or comparing the magnitude of the extreme with the mean
('the pass rate in school x is three times the national average') or the range ('there is an x-fold
difference between the highest- and lowest-performing schools'). League tables are rarely reliable
summaries of performance.
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B.2.7
What about Faith Healings

Perhaps the most interesting part of placebos is that, in many cases, the belief in effectiveness of the
placebo actually yields physiological responses. Does that mean that being healed by faith is nothing
more than the placebo effect? Perhaps the answer to this question is both yes and no. To examine this
phenomenon further let’s first identify what we know.
What we know
The human body seems to prefer being healthy over being sick and it has a remarkable capacity for
healing itself. However, as determined from placebo studies, sometimes that capacity for healing
must be triggered. This implies that the “self-healing” of the body can be repressed until an external
force stimulates it (i.e. sudden belief change). If the body prefers health, why is the capacity to selfheal sometimes repressed? In addition, there seems to be a limit to the healing capacity of the body
because bodies cannot prevent aging, and often do not recover from illnesses.
The Faith Spectrum
Perhaps the way to view faith as it relates to the placebo effect is to discuss it within a spectrum. On
one end of the spectrum are things that the body can “heal” if the repressive effects are released (i.e.
skin rash). Placebos would be very effective on this end of the spectrum. On the other end of the
spectrum are things that the body could not heal, even if exhaustive attempts to release the
repressive effects are tried (i.e. blind at birth). On this end of the spectrum placebos are ineffective.
In contrast, faith seems to be able to effectively span both spectrums, healing skin rashes and
blindness. Thus, faith could be seen as a powerful external force that acts to release the repressive
effects of the body (i.e. acting as a placebo) and also as a conduit to channel additional power needed
to repair the body when the natural capacities have been exhausted. This latter spectrum appears to
be dependent on two other factors in addition to belief: worthiness and God's will. Since this
additional power to heal is God's to command, just having faith (belief) and worthiness does not
ensure the power can be accessed. This balance between the two spectrums is perhaps best
described by Brigham Young who, when a person requested a priesthood blessing, would ask, “Have
you used any remedies?” To those who said no because, “we wish the Elders to lay hands upon us,
and we have faith that we shall be healed”, President Young replied: “That is very inconsistent
according to my faith. If we are sick, and ask the Lord to heal us, and to do all for us that is necessary
to be done, according to my understanding of the Gospel of salvation, I might as well ask the Lord to
cause my wheat and corn to grow, without my plowing the ground and casting in the seed. It appears
consistent to me to apply every remedy that comes within the range of my knowledge, and [then] to
ask my Father in Heaven to sanctify that application to the healing of my body. He then clarifies by
stating: Of course we don’t wait until all other methods are exhausted before we pray in faith or give
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priesthood blessings for healing. In emergencies, prayers and blessings come first. Most often we
pursue all efforts simultaneously”.
Faith as a belief
On either spectrum (skin rash or blindness), having belief is a crucial element. “Faith is essential for
healing by the powers of heaven” (Dallin H. Oaks). President Kimball remarked: “The need of faith is
often underestimated. The ill one and the family often seem to depend wholly on the power of the
priesthood and the gift of healing that they hope the administering brethren may have, whereas the
greater responsibility is with him who is blessed. The major element is the faith of the individual
when that person is conscious and accountable. Too frequent administrations may be an indication of
lack of faith or of the ill one trying to pass the responsibility for faith development to the elders rather
than self. He told about a faithful sister who received a priesthood blessing. When asked the next day
if she wished to be administered to again, she replied: “No, I have been anointed and administered to.
The ordinance has been performed. It is up to me now to claim my blessing through my faith.”
Perhaps a healing miracle can be performed to increase one’s faith. Consider the New Testament
story of the man who brought his son to Christ to be healed? Christ told him that all things are
possible to those that believe. The man then replied: “Yea Lord, I believe”. Then, perhaps noticing
that he was caught in his guile, continues, “Help thou mine unbelief.” Did this man have enough faith
for his son to be healed, or are there times when miracles and healings are actually used to build our
faith?
Faith and worthiness
President Nelson observed: “Well, brethren, in like manner, I fear that there are too many men who
have been given the authority of the priesthood but who lack priesthood power because the flow of
power has been blocked by sins such as laziness, dishonesty, pride, immorality, or preoccupation with
things of the world. I fear that there are too many priesthood bearers who have done little or nothing
to develop their ability to access the powers of heaven. I worry about all who are impure in their
thoughts, feelings, or actions or who demean their wives or children, thereby cutting off priesthood
power. I fear that too many have sadly surrendered their agency to the adversary and are saying by
their conduct, “I care more about satisfying my own desires than I do about bearing the Savior’s
power to bless others.” I fear, brethren, that some among us may one day wake up and realize what
power in the priesthood really is and face the deep regret that they spent far more time seeking
power over others or power at work than learning to exercise fully the power of God. President
George Albert Smith taught that “we are not here to while away the hours of this life and then pass to
a sphere of exaltation; but we are here to qualify ourselves day by day for the positions that our
Father expects us to fill hereafter.” Why would any man waste his days and settle for Esau’s mess of
pottage when he has been entrusted with the possibility of receiving all of the blessings of Abraham?
I urgently plead with each one of us to live up to our privileges as bearers of the priesthood. In a
coming day, only those men who have taken their priesthood seriously, by diligently seeking to be
taught by the Lord Himself, will be able to bless, guide, protect, strengthen, and heal others. Only a
man who has paid the price for priesthood power will be able to bring miracles to those he loves and
keep his marriage and family safe, now and throughout eternity.”
Faith within Gods will
“Young men and older men, please take special note of what I will say now. As we exercise the
undoubted power of the priesthood of God and as we treasure His promise that He will hear and
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answer the prayer of faith, we must always remember that faith and the healing power of the
priesthood cannot produce a result contrary to the will of Him whose priesthood it is”. (Dallin H.
Oaks). If we are not careful, this concept can be a bit of a conundrum and perhaps a crutch to those
who lack faith. “I prayed, but my prayer wasn’t answered so it must not be God’s will”. Perhaps it is
our responsibility to seek out the will of God before requesting blessings. What about giving a
blessing? How do we first quiet our minds to understand God’s will? And in the many cases where His
will is not made clear, how can we proceed with confidence and full expectation that the pronounced
blessing will be honored?
Faith as a Gift
Finally, how do spiritual gifts play into this? Unto some it is given the power to heal, and to others the
power to be healed. Are these spiritual gifts a direct manifestation of one’s faith, or do some people
simply have increased power to heal? Can (should) all members seek out these gifts through a
lifetime of prayer and fasting?
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