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Chapter 1. An Introduction to the Human Body



1.1 Overview of Anatomy and Physiology

Learning Objectives

» Compare and contrast anatomy and physiology, including their specializations and
methods of study

* Discuss the fundamental relationship between anatomy and physiology

Human anatomy is the scientific study of the body’s structures. Some of these structures are very small and can
only be observed and analyzed with the assistance of a microscope. Other larger structures can readily be seen,
manipulated, measured, and weighed. The word “anatomy” comes from a Greek root that means “to cut apart.”
Human anatomy was first studied by observing the exterior of the body and observing the wounds of soldiers and
other injuries. Later, physicians were allowed to dissect bodies of the dead to augment their knowledge. When a
body is dissected, its structures are cut apart in order to observe their physical attributes and their relationships
to one another. Dissection is still used in medical schools, anatomy courses, and in pathology labs. In order
to observe structures in living people, however, a number of imaging techniques have been developed. These
techniques allow clinicians to visualize structures inside the living body such as a cancerous tumor or a fractured

bone.

Like most scientific disciplines, anatomy has areas of specialization. Gross anatomy is the study of the larger
structures of the body, those visible without the aid of magnification (Figure 1a). Macro- means “large,” thus,
gross anatomy is also referred to as macroscopic anatomy. In contrast, micro- means “small,” and microscopic
anatomy is the study of structures that can be observed only with the use of a microscope or other magnification
devices (Figure 1b). Microscopic anatomy includes cytology, the study of cells and histology, the study of tissues.
As the technology of microscopes has advanced, anatomists have been able to observe smaller and smaller
structures of the body, from slices of large structures like the heart, to the three-dimensional structures of large

molecules in the body.
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Figure 1. Gross and Microscopic Anatomy. (a) Gross anatomy considers large structures
such as the brain. (b) Microscopic anatomy can deal with the same structures, though at a
different scale. This is a micrograph of nerve cells from the brain. LM x 1600. (credit a:
“WriterHound”/Wikimedia Commons; credit b: Micrograph provided by the Regents of
University of Michigan Medical School © 2012)

Anatomists take two general approaches to the study of the body’s structures: regional and systemic. Regional
anatomy is the study of the interrelationships of all of the structures in a specific body region, such as the
abdomen. Studying regional anatomy helps us appreciate the interrelationships of body structures, such as how
muscles, nerves, blood vessels, and other structures work together to serve a particular body region. In contrast,
systemic anatomy is the study of the structures that make up a discrete body system—that is, a group of structures
that work together to perform a unique body function. For example, a systemic anatomical study of the muscular
system would consider all of the skeletal muscles of the body.

Whereas anatomy is about structure, physiology is about function. Human physiology is the scientific study of
the chemistry and physics of the structures of the body and the ways in which they work together to support
the functions of life. Much of the study of physiology centers on the body’s tendency toward homeostasis.
Homeostasis is the state of steady internal conditions maintained by living things. The study of physiology
certainly includes observation, both with the naked eye and with microscopes, as well as manipulations and
measurements. However, current advances in physiology usually depend on carefully designed laboratory
experiments that reveal the functions of the many structures and chemical compounds that make up the human
body.

Like anatomists, physiologists typically specialize in a particular branch of physiology. For example,
neurophysiology is the study of the brain, spinal cord, and nerves and how these work together to perform
functions as complex and diverse as vision, movement, and thinking. Physiologists may work from the organ level
(exploring, for example, what different parts of the brain do) to the molecular level (such as exploring how an

electrochemical signal travels along nerves).

Form is closely related to function in all living things. For example, the thin flap of your eyelid can snap down to
clear away dust particles and almost instantaneously slide back up to allow you to see again. At the microscopic
level, the arrangement and function of the nerves and muscles that serve the eyelid allow for its quick action and

retreat. At a smaller level of analysis, the function of these nerves and muscles likewise relies on the interactions
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of specific molecules and ions. Even the three-dimensional structure of certain molecules is essential to their
function.

Your study of anatomy and physiology will make more sense if you continually relate the form of the structures
you are studying to their function. In fact, it can be somewhat frustrating to attempt to study anatomy without
an understanding of the physiology that a body structure supports. Imagine, for example, trying to appreciate
the unique arrangement of the bones of the human hand if you had no conception of the function of the hand.
Fortunately, your understanding of how the human hand manipulates tools—from pens to cell phones—helps you
appreciate the unique alignment of the thumb in opposition to the four fingers, making your hand a structure that
allows you to pinch and grasp objects and type text messages.



1.2 Structural Organization of the Human Body

Learning Objectives

By the end of this section, you will be able to:

* Describe the structure of the human body in terms of six levels of organization

* List the eleven organ systems of the human body and identify at least one organ and
one major function of each

Before you begin to study the different structures and functions of the human body, it is helpful to consider its
basic architecture; that is, how its smallest parts are assembled into larger structures. It is convenient to consider
the structures of the body in terms of fundamental levels of organization that increase in complexity: subatomic

particles, atoms, molecules, organelles, cells, tissues, organs, organ systems, organisms and biosphere (Figure 1).
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Figure 1. Levels of Structural Organization of the Human Body. The organization of the body often is
discussed in terms of six distinct levels of increasing complexity, from the smallest chemical building
blocks to a unique human organism.

The Levels of Organization

To study the chemical level of organization, scientists consider the simplest building blocks of matter: subatomic
particles, atoms and molecules. All matter in the universe is composed of one or more unique pure substances
called elements, familiar examples of which are hydrogen, oxygen, carbon, nitrogen, calcium, and iron. The

smallest unit of any of these pure substances (elements) is an atom. Atoms are made up of subatomic particles such
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as the proton, electron and neutron. Two or more atoms combine to form a molecule, such as the water molecules,

proteins, and sugars found in living things. Molecules are the chemical building blocks of all body structures.

A cell is the smallest independently functioning unit of a living organism. Even bacteria, which are extremely
small, independently-living organisms, have a cellular structure. Each bacterium is a single cell. All living
structures of human anatomy contain cells, and almost all functions of human physiology are performed in cells

or are initiated by cells.

A human cell typically consists of flexible membranes that enclose cytoplasm, a water-based cellular fluid
together with a variety of tiny functioning units called oerganelles. In humans, as in all organisms, cells perform
all functions of life. A tissue is a group of many similar cells (though sometimes composed of a few related
types) that work together to perform a specific function. An ergan is an anatomically distinct structure of the
body composed of two or more tissue types. Each organ performs one or more specific physiological functions.
An organ system is a group of organs that work together to perform major functions or meet physiological needs
of the body.

This book covers eleven distinct organ systems in the human body (Figure 2 and Figure 3). Assigning organs

to organ systems can be imprecise since organs that “belong” to one system can also have functions integral to

another system. In fact, most organs contribute to more than one system.
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Figure 2. Organ Systems of the Human Body. Organs that work together are grouped into organ

systems.
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Figure 3. Organ Systems of the Human Body (continued). Organs that work together are

grouped into organ systems.
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The organism level is the highest level of organization. An organism is a living being that has a cellular structure
and that can independently perform all physiologic functions necessary for life. In multicellular organisms,
including humans, all cells, tissues, organs, and organ systems of the body work together to maintain the life and

health of the organism.



1.3 Functions of Human Life

Learning Objectives

By the end of this section, you will be able to:

+ Explain the importance of organization to the function of the human organism
* Distinguish between metabolism, anabolism, and catabolism
 Provide at least two examples of human responsiveness and human movement

» Compare and contrast growth, differentiation, and reproduction

The different organ systems each have different functions and therefore unique roles to perform in physiology.
These many functions can be summarized in terms of a few that we might consider definitive of human life:

organization, metabolism, responsiveness, movement, development, and reproduction.

Organization

A human body consists of trillions of cells organized in a way that maintains distinct internal compartments.
These compartments keep body cells separated from external environmental threats and keep the cells moist and
nourished. They also separate internal body fluids from the countless microorganisms that grow on body surfaces,
including the lining of certain tracts, or passageways. The intestinal tract, for example, is home to even more
bacteria cells than the total of all human cells in the body, yet these bacteria are outside the body and cannot be

allowed to circulate freely inside the body.

Cells, for example, have a cell membrane (also referred to as the plasma membrane) that keeps the intracellular
environment—the fluids and organelles—separate from the extracellular environment. Blood vessels keep blood
inside a closed circulatory system, and nerves and muscles are wrapped in connective tissue sheaths that separate
them from surrounding structures. In the chest and abdomen, a variety of internal membranes keep major organs

such as the lungs, heart, and kidneys separate from others.

11



12 + OPENSTAX

The body’s largest organ system is the integumentary system, which includes the skin and its associated structures,
such as hair and nails. The surface tissue of skin is a barrier that protects internal structures and fluids from

potentially harmful microorganisms and other toxins.

Metabolism

The first law of thermodynamics holds that energy can neither be created nor destroyed—it can only change form.
Your basic function as an organism is to consume (ingest) energy and molecules in the foods you eat, convert
some of it into fuel for movement, sustain your body functions, and build and maintain your body structures.

There are two types of reactions that accomplish this: anabolism and catabolism.

* Anabolism is the process whereby smaller, simpler molecules are combined into larger, more complex
substances. Your body can assemble, by utilizing energy, the complex chemicals it needs by combining

small molecules derived from the foods you eat

» Catabolism is the process by which larger more complex substances are broken down into smaller
simpler molecules. Catabolism releases energy. The complex molecules found in foods are broken

down so the body can use their parts to assemble the structures and substances needed for life.

Taken together, these two processes are called metabolism. Metabolism is the sum of all anabolic and catabolic
reactions that take place in the body (Figure 1). Both anabolism and catabolism occur simultaneously and

continuously to keep you alive.

Catabolism ['] Anabolism

FOOU  m— D ——
Releases 0 Requires />
energy energy <V

Figure 1. Metabolism. Anabolic reactions are building
reactions, and they consume energy. Catabolic reactions
break materials down and release energy. Metabolism
includes both anabolic and catabolic reactions.

Every cell in your body makes use of a chemical compound, adenosine triphosphate (ATP), to store and release
energy. The cell stores energy in the synthesis (anabolism) of ATP, then moves the ATP molecules to the location
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where energy is needed to fuel cellular activities. Then the ATP is broken down (catabolism) and a controlled
amount of energy is released, which is used by the cell to perform a particular job.

e

m— Openstax COLLEGE
—

View this animation to
learn more about
metabolic processes.
What kind of
catabolism occurs in
the heart?

Responsiveness

Responsiveness is the ability of an organism to adjust to changes in its internal and external environments. An
example of responsiveness to external stimuli could include moving toward sources of food and water and away
from perceived dangers. Changes in an organism’s internal environment, such as increased body temperature, can
cause the responses of sweating and the dilation of blood vessels in the skin in order to decrease body temperature,
as shown by the runners in Figure 2.

Movement

Human movement includes not only actions at the joints of the body, but also the motion of individual organs
and even individual cells. As you read these words, red and white blood cells are moving throughout your body,
muscle cells are contracting and relaxing to maintain your posture and to focus your vision, and glands are
secreting chemicals to regulate body functions. Your body is coordinating the action of entire muscle groups to
enable you to move air into and out of your lungs, to push blood throughout your body, and to propel the food you
have eaten through your digestive tract. Consciously, of course, you contract your skeletal muscles to move the
bones of your skeleton to get from one place to another (as the runners are doing in Figure 2), and to carry out all
of the activities of your daily life.


https://pressbooks.bccampus.ca/kins1100/wp-content/uploads/sites/142/2016/03/metabolic.png
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Figure 2. Marathon Runners. Runners demonstrate two characteristics of living
humans—responsiveness and movement. Anatomic structures and physiological processes
allow runners to coordinate the action of muscle groups and sweat in response to rising
internal body temperature. (credit: Phil Roeder/flickr)

Development, growth and reproduction

Development is all of the changes the body goes through in life. Development includes the process of
differentiation, in which unspecialized cells become specialized in structure and function to perform certain
tasks in the body. Development also includes the processes of growth and repair, both of which involve cell
differentiation.

Growth is the increase in body size. Humans, like all multicellular organisms, grow by increasing the number of
existing cells, increasing the amount of non-cellular material around cells (such as mineral deposits in bone), and,

within very narrow limits, increasing the size of existing cells.

Reproduction is the formation of a new organism from parent organisms. In humans, reproduction is carried
out by the male and female reproductive systems. Because death will come to all complex organisms, without

reproduction, the line of organisms would end.
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1.4 Requirements for Human Life

Learning Objectives

By the end of this section, you will be able to:

* Discuss the role of oxygen and nutrients in maintaining human survival
+ Explain why extreme heat and extreme cold threaten human survival

» Explain how the pressure exerted by gases and fluids influences human survival

Humans have been adapting to life on Earth for at least the past 200,000 years. Earth and its atmosphere have
provided us with air to breathe, water to drink, and food to eat, but these are not the only requirements for survival.
Although you may rarely think about it, you also cannot live outside of a certain range of temperature and pressure
that the surface of our planet and its atmosphere provides. The next sections explore these four requirements of
life.

Oxygen

Atmospheric air is only about 20 percent oxygen, but that oxygen is a key component of the chemical reactions
that keep the body alive, including the reactions that produce ATP. Brain cells are especially sensitive to lack of
oxygen because of their requirement for a high-and-steady production of ATP. Brain damage is likely within five

minutes without oxygen, and death is likely within ten minutes.

Nutrients

A nutrient is a substance in foods and beverages that is essential to human survival. The three basic classes
of nutrients are water, the energy-yielding and body-building nutrients, and the micronutrients (vitamins and

minerals).
The most critical nutrient is water. Depending on the environmental temperature and our state of health, we

15
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may be able to survive for only a few days without water. The body’s functional chemicals are dissolved and
transported in water, and the chemical reactions of life take place in water. Moreover, water is the largest
component of cells, blood, and the fluid between cells, and water makes up about 70 percent of an adult’s body
mass. Water also helps regulate our internal temperature and cushions, protects, and lubricates joints and many
other body structures.

The energy-yielding nutrients are primarily carbohydrates and lipids, while proteins mainly supply the amino
acids that are the building blocks of the body itself. You ingest these in plant and animal foods and beverages,
and the digestive system breaks them down into molecules small enough to be absorbed. The breakdown products
of carbohydrates and lipids can then be used in the metabolic processes that convert them to ATP. Although you
might feel as if you are starving after missing a single meal, you can survive without consuming the energy-
yielding nutrients for at least several weeks.

Water and the energy-yielding nutrients are also referred to as macronutrients because the body needs them in
large amounts. In contrast, micronutrients are vitamins and minerals. These elements and compounds participate
in many essential chemical reactions and processes, such as nerve impulses, and some, such as calcium, also
contribute to the body’s structure. Your body can store some of the micronutrients in its tissues, and draw on those
reserves if you fail to consume them in your diet for a few days or weeks. Some others micronutrients, such as
vitamin C and most of the B vitamins, are water-soluble and cannot be stored, so you need to consume them every

day or two.

Narrow Range of Temperature

You have probably seen news stories about athletes who died of heat stroke, or hikers who died of exposure to
cold. Such deaths occur because the chemical reactions upon which the body depends can only take place within
a narrow range of body temperature, from just below to just above 37°C (98.6°F). When body temperature rises
well above or drops well below normal, certain proteins (enzymes) that facilitate chemical reactions lose their
normal structure and their ability to function and the chemical reactions of metabolism cannot proceed.

That said, the body can respond effectively to short-term exposure to heat (Figure 1) or cold. One of the body’s
responses to heat is, of course, sweating. As sweat evaporates from skin, it removes some thermal energy from
the body, cooling it. Adequate water (from the extracellular fluid in the body) is necessary to produce sweat,
so adequate fluid intake is essential to balance that loss during the sweat response. Not surprisingly, the sweat
response is much less effective in a humid environment because the air is already saturated with water. Thus, the

sweat on the skin’s surface is not able to evaporate, and internal body temperature can get dangerously high.
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Figure 1. Extreme Heat. Humans adapt to some degree to repeated exposure to
high temperatures. (credit: McKay Savage/flickr)

The body can also respond effectively to short-term exposure to cold. One response to cold is shivering, which
is random muscle movement that generates heat. Another response is increased breakdown of stored energy
to generate heat. When that energy reserve is depleted, however, and the core temperature begins to drop
significantly, red blood cells will lose their ability to give up oxygen, denying the brain of this critical component
of ATP production. This lack of oxygen can cause confusion, lethargy, and eventually loss of consciousness and
death. The body responds to cold by reducing blood circulation to the extremities, the hands and feet, in order to
prevent blood from cooling there and so that the body’s core can stay warm. Even when core body temperature
remains stable, however, tissues exposed to severe cold, especially the fingers and toes, can develop frostbite
when blood flow to the extremities has been much reduced. This form of tissue damage can be permanent and
lead to gangrene, requiring amputation of the affected region.

Everyday Connection

Controlled Hypothermia

As you have learned, the body continuously engages in coordinated physiological processes to maintain a stable
temperature. In some cases, however, overriding this system can be useful, or even life-saving. Hypothermia is the
clinical term for an abnormally low body temperature (hypo- = “below” or “under”). Controlled hypothermia is
clinically induced hypothermia performed in order to reduce the metabolic rate of an organ or of a person’s entire
body.

Controlled hypothermia often is used, for example, during open-heart surgery because it decreases the metabolic
needs of the brain, heart, and other organs, reducing the risk of damage to them. When controlled hypothermia
is used clinically, the patient is given medication to prevent shivering. The body is then cooled to 25-32°C
(79-89°F). The heart is stopped and an external heart-lung pump maintains circulation to the patient’s body. The
heart is cooled further and is maintained at a temperature below 15°C (60°F) for the duration of the surgery. This

very cold temperature helps the heart muscle to tolerate its lack of blood supply during the surgery.
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Some emergency department physicians use controlled hypothermia to reduce damage to the heart in patients
who have suffered a cardiac arrest. In the emergency department, the physician induces coma and lowers the
patient’s body temperature to approximately 91 degrees. This condition, which is maintained for 24 hours, slows
the patient’s metabolic rate. Because the patient’s organs require less blood to function, the heart’s workload is
reduced.

Narrow Range of Atmospheric Pressure

Pressure is a force exerted by a substance that is in contact with another substance. Atmospheric pressure is
pressure exerted by the mixture of gases (primarily nitrogen and oxygen) in the Earth’s atmosphere. Although
you may not perceive it, atmospheric pressure is constantly pressing down on your body. This pressure keeps
gases within your body, such as the gaseous nitrogen in body fluids, dissolved. If you were suddenly ejected from
a space ship above Earth’s atmosphere, you would go from a situation of normal pressure to one of very low
pressure. The pressure of the nitrogen gas in your blood would be much higher than the pressure of nitrogen in
the space surrounding your body. As a result, the nitrogen gas in your blood would expand, forming bubbles that
could block blood vessels and even cause cells to break apart.

Atmospheric pressure does more than just keep blood gases dissolved. Your ability to breathe—that is, to take in
oxygen and release carbon dioxide—also depends upon a precise atmospheric pressure. Altitude sickness occurs
in part because the atmosphere at high altitudes exerts less pressure, reducing the exchange of these gases, and
causing shortness of breath, confusion, headache, lethargy, and nausea. Mountain climbers carry oxygen to reduce

the effects of both low oxygen levels and low barometric pressure at higher altitudes (Figure 2).

Figure 2. Harsh Conditions. Climbers on Mount Everest must
accommodate extreme cold, low oxygen levels, and low barometric
pressure in an environment hostile to human life. (credit: Melanie Ko/
flickr)

Homeostatic Imbalances

Decompression Sickness
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Decompression sickness (DCS) is a condition in which gases dissolved in the blood or in other body tissues are
no longer dissolved following a reduction in pressure on the body. This condition affects underwater divers who
surface from a deep dive too quickly, and it can affect pilots flying at high altitudes in planes with unpressurized

cabins. Divers often call this condition “the bends,” a reference to joint pain that is a symptom of DCS.

In all cases, DCS is brought about by a reduction in barometric pressure. At high altitude, barometric pressure is
much less than on Earth’s surface because pressure is produced by the weight of the column of air above the body
pressing down on the body. The very great pressures on divers in deep water are likewise from the weight of a
column of water pressing down on the body. For divers, DCS occurs at normal barometric pressure (at sea level),
but it is brought on by the relatively rapid decrease of pressure as divers rise from the high pressure conditions of
deep water to the now low, by comparison, pressure at sea level. Not surprisingly, diving in deep mountain lakes,
where barometric pressure at the surface of the lake is less than that at sea level is more likely to result in DCS

than diving in water at sea level.

In DCS, gases dissolved in the blood (primarily nitrogen) come rapidly out of solution, forming bubbles in the
blood and in other body tissues. This occurs because when pressure of a gas over a liquid is decreased, the amount
of gas that can remain dissolved in the liquid also is decreased. It is air pressure that keeps your normal blood
gases dissolved in the blood. When pressure is reduced, less gas remains dissolved. You have seen this in effect
when you open a carbonated drink. Removing the seal of the bottle reduces the pressure of the gas over the liquid.

This in turn causes bubbles as dissolved gases (in this case, carbon dioxide) come out of solution in the liquid.

The most common symptoms of DCS are pain in the joints, with headache and disturbances of vision occurring in
10 percent to 15 percent of cases. Left untreated, very severe DCS can result in death. Immediate treatment is with
pure oxygen. The affected person is then moved into a hyperbaric chamber. A hyperbaric chamber is a reinforced,
closed chamber that is pressurized to greater than atmospheric pressure. It treats DCS by repressurizing the body
so that pressure can then be removed much more gradually. Because the hyperbaric chamber introduces oxygen
to the body at high pressure, it increases the concentration of oxygen in the blood. This has the effect of replacing

some of the nitrogen in the blood with oxygen, which is easier to tolerate out of solution.

The dynamic pressure of body fluids is also important to human survival. For example, blood pressure, which is
the pressure exerted by blood as it flows within blood vessels, must be great enough to enable blood to reach all
body tissues, and yet low enough to ensure that the delicate blood vessels can withstand the friction and force of
the pulsating flow of pressurized blood.



1.5 Homeostasis

Learning Objectives

By the end of this section, you will be able to:

* Discuss the role of homeostasis in healthy functioning

+ Contrast negative and positive feedback, giving one physiologic example of each
mechanism

Maintaining homeostasis requires that the body continuously monitor its internal conditions. From body
temperature to blood pressure to levels of certain nutrients, each physiological condition has a particular set
point. A set point is the physiological value around which the normal range fluctuates. A normal range is
the restricted set of values that is optimally healthful and stable. For example, the set point for normal human
body temperature is approximately 37°C (98.6°F) Physiological parameters, such as body temperature and blood
pressure, tend to fluctuate within a normal range a few degrees above and below that point. Control centers in
the brain and other parts of the body monitor and react to deviations from homeostasis using negative feedback.
Negative feedback is a mechanism that reverses a deviation from the set point. Therefore, negative feedback
maintains body parameters within their normal range. The maintenance of homeostasis by negative feedback
goes on throughout the body at all times, and an understanding of negative feedback is thus fundamental to an

understanding of human physiology.

Negative Feedback

A negative feedback system has three basic components (Figure 1a). A sensor, also referred to a receptor, is
a component of a feedback system that monitors a physiological value. This value is reported to the control
center. The control center is the component in a feedback system that compares the value to the normal range.
If the value deviates too much from the set point, then the control center activates an effector. An effector is the
component in a feedback system that causes a change to reverse the situation and return the value to the normal

range.
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Body temperature
exceeds 37°C

Nerve cells in skin
and brain

T

Temperature regulatory

\y’

Control center in brain
Sweat glands
Effector throughout body
(a) Negative feedback loop (b) Body temperature regulation

Figure 1. Negative Feedback Loop. In a negative feedback loop, a stimulus—a
deviation from a set point—is resisted through a physiological process that returns the
body to homeostasis. (a) A negative feedback loop has four basic parts. (b) Body
temperature is regulated by negative feedback.

In order to set the system in motion, a stimulus must drive a physiological parameter beyond its normal range
(that is, beyond homeostasis). This stimulus is “heard” by a specific sensor. For example, in the control of blood
glucose, specific endocrine cells in the pancreas detect excess glucose (the stimulus) in the bloodstream. These
pancreatic beta cells respond to the increased level of blood glucose by releasing the hormone insulin into the
bloodstream. The insulin signals skeletal muscle fibers, fat cells (adipocytes), and liver cells to take up the excess
glucose, removing it from the bloodstream. As glucose concentration in the bloodstream drops, the decrease in
concentration—the actual negative feedback—is detected by pancreatic alpha cells, and insulin release stops. This

prevents blood sugar levels from continuing to drop below the normal range.

Humans have a similar temperature regulation feedback system that works by promoting either heat loss or heat
gain (Figure 1b). When the brain’s temperature regulation center receives data from the sensors indicating that
the body’s temperature exceeds its normal range, it stimulates a cluster of brain cells referred to as the “heat-loss

center.” This stimulation has three major effects:

» Blood vessels in the skin begin to dilate allowing more blood from the body core to flow to the surface

of the skin allowing the heat to radiate into the environment.

» As blood flow to the skin increases, sweat glands are activated to increase their output. As the sweat

evaporates from the skin surface into the surrounding air, it takes heat with it.

» The depth of respiration increases, and a person may breathe through an open mouth instead of

through the nasal passageways. This further increases heat loss from the lungs.

In contrast, activation of the brain’s heat-gain center by exposure to cold reduces blood flow to the skin, and
blood returning from the limbs is diverted into a network of deep veins. This arrangement traps heat closer
to the body core and restricts heat loss. If heat loss is severe, the brain triggers an increase in random signals

to skeletal muscles, causing them to contract and producing shivering. The muscle contractions of shivering
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release heat while using up ATP. The brain triggers the thyroid gland in the endocrine system to release thyroid
hormone, which increases metabolic activity and heat production in cells throughout the body. The brain also
signals the adrenal glands to release epinephrine (adrenaline), a hormone that causes the breakdown of glycogen
into glucose, which can be used as an energy source. The breakdown of glycogen into glucose also results in
increased metabolism and heat production.
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Water concentration in the body is critical for proper functioning. A person’s body retains very tight control on
water levels without conscious control by the person. Watch this video to learn more about water concentration in
the body. Which organ has primary control over the amount of water in the body?

Positive Feedback

Positive feedback intensifies a change in the body’s physiological condition rather than reversing it. A deviation
from the normal range results in more change, and the system moves farther away from the normal range. Positive
feedback in the body is normal only when there is a definite end point. Childbirth and the body’s response to blood
loss are two examples of positive feedback loops that are normal but are activated only when needed.

Childbirth at full term is an example of a situation in which the maintenance of the existing body state is not
desired. Enormous changes in the mother’s body are required to expel the baby at the end of pregnancy. And the
events of childbirth, once begun, must progress rapidly to a conclusion or the life of the mother and the baby are

at risk. The extreme muscular work of labor and delivery are the result of a positive feedback system (Figure 2).
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Figure 2. Positive Feedback Loop. Normal childbirth is driven by a
positive feedback loop. A positive feedback loop results in a change in
the body’s status, rather than a return to homeostasis.

The first contractions of labor (the stimulus) push the baby toward the cervix (the lowest part of the uterus). The
cervix contains stretch-sensitive nerve cells that monitor the degree of stretching (the sensors). These nerve cells
send messages to the brain, which in turn causes the pituitary gland at the base of the brain to release the hormone
oxytocin into the bloodstream. Oxytocin causes stronger contractions of the smooth muscles in of the uterus (the
effectors), pushing the baby further down the birth canal. This causes even greater stretching of the cervix. The
cycle of stretching, oxytocin release, and increasingly more forceful contractions stops only when the baby is

born. At this point, the stretching of the cervix halts, stopping the release of oxytocin.

A second example of positive feedback centers on reversing extreme damage to the body. Following a penetrating
wound, the most immediate threat is excessive blood loss. Less blood circulating means reduced blood pressure
and reduced perfusion (penetration of blood) to the brain and other vital organs. If perfusion is severely reduced,
vital organs will shut down and the person will die. The body responds to this potential catastrophe by releasing
substances in the injured blood vessel wall that begin the process of blood clotting. As each step of clotting occurs,
it stimulates the release of more clotting substances. This accelerates the processes of clotting and sealing off the
damaged area. Clotting is contained in a local area based on the tightly controlled availability of clotting proteins.

This is an adaptive, life-saving cascade of events.



Chapter 2. The Chemical Level of Organization
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2.1 Elements and Atoms: the Building Blocks of Matter

Learning Objectives

By the end of this section, you will be able to:
* Discuss the relationships between matter, mass, elements, compounds, atoms, and
subatomic particles
* Distinguish between atomic number and mass number
+ Identify the key distinction between isotopes of the same element

» Explain how electrons occupy electron shells and their contribution to an atom’s
relative stability

The substance of the universe—from a grain of sand to a star—is called matter. Scientists define matter as
anything that occupies space and has mass. An object’s mass and its weight are related concepts, but not quite the
same. An object’s mass is the amount of matter contained in the object, and the object’s mass is the same whether
that object is on Earth or in the zero-gravity environment of outer space. An object’s weight, on the other hand, is
its mass as affected by the pull of gravity. Where gravity strongly pulls on an object’s mass its weight is greater
than it is where gravity is less strong. An object of a certain mass weighs less on the moon, for example, than it
does on Earth because the gravity of the moon is less than that of Earth. In other words, weight is variable, and is

influenced by gravity. A piece of cheese that weighs a pound on Earth weighs only a few ounces on the moon.

Elements and Compounds

All matter in the natural world is composed of one or more of the 92 fundamental substances called elements.
An element is a pure substance that is distinguished from all other matter by the fact that it cannot be created
or broken down by ordinary chemical means. While your body can assemble many of the chemical compounds
needed for life from their constituent elements, it cannot make elements. They must come from the environment.
A familiar example of an element that you must take in is calcium (Ca*"). Calcium is essential to the human

body; it is absorbed and used for a number of processes, including strengthening bones. When you consume dairy
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products your digestive system breaks down the food into components small enough to cross into the bloodstream.
Among these is calcium, which, because it is an element, cannot be broken down further. The elemental calcium
in cheese, therefore, is the same as the calcium that forms your bones. Some other elements you might be familiar
with are oxygen, sodium, and iron. The elements in the human body are shown in Figure 1, beginning with the
most abundant: oxygen (O), carbon (C), hydrogen (H), and nitrogen (N). Each element’s name can be replaced by
a one- or two-letter symbol; you will become familiar with some of these during this course. All the elements in

your body are derived from the foods you eat and the air you breathe.

Others

Element Symbol Percentage in
| Body
) Oxygen o 65.0
ke Nitrogen Carbon C 18.5
Hydrogen 10% Hydrogen H 9.5
Nitrogen N 3.2
Calcium Ca 1.5
Carbon 18%
Phosphorus P 1.0
65% Potassium K 0.4
Sulfur S 0.3
Sodium Na 0.2
Oxygen Chlorine Cl 0.2
Magnesium Mg 0.1
Trace elements include boron (B), chromium (Cr),
cobalt (Co), copper (Cu), fluorine (F), iodine (1),
iron (Fe), manganese (Mn), molybdenum (Mo), less than 1.0
selenium (Se), silicon (Si), tin (Sn), vanadium (V),
and zinc (Zn).

Figure 1. Elements of the Human Body. The main elements that compose the human body are
shown from most abundant to least abundant.

In nature, elements rarely occur alone. Instead, they combine to form compounds. A compound is a substance
composed of two or more elements joined by chemical bonds. For example, the compound glucose is an important
body fuel. It is always composed of the same three elements: carbon, hydrogen, and oxygen. Moreover, the
elements that make up any given compound always occur in the same relative amounts. In glucose, there are
always six carbon and six oxygen units for every twelve hydrogen units. But what, exactly, are these “units” of

elements?

Atoms and Subatomic Particles

An atom is the smallest quantity of an element that retains the unique properties of that element. In other words,
an atom of hydrogen is a unit of hydrogen—the smallest amount of hydrogen that can exist. As you might guess,

atoms are almost unfathomably small. The period at the end of this sentence is millions of atoms wide.

Atomic Structure and Energy

Atoms are made up of even smaller subatomic particles, three types of which are important: the proton, neutron,
and electron. The number of positively-charged protons and non-charged (“neutral”) neutrons, gives mass to the
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atom, and the number of each in the nucleus of the atom determine the element. The number of negatively-charged
electrons that “spin” around the nucleus at close to the speed of light equals the number of protons. An electron

has about 1/2000th the mass of a proton or neutron.

Figure 2 shows two models that can help you imagine the structure of an atom—in this case, helium (He). In
the planetary model, helium’s two electrons are shown circling the nucleus in a fixed orbit depicted as a ring.
Although this model is helpful in visualizing atomic structure, in reality, electrons do not travel in fixed orbits, but
whiz around the nucleus erratically in a so-called electron cloud.

Electron
O—

(a) Planetary model

Nucleus

Cloud of negative
charge (2 electrons)

(b) Electron cloud model

Figure 2. Two Models of Atomic Structure. (a) In the
planetary model, the electrons of helium are shown in
fixed orbits, depicted as rings, at a precise distance
from the nucleus, somewhat like planets orbiting the
sun. (b) In the electron cloud model, the electrons of
carbon are shown in the variety of locations they
would have at different distances from the nucleus
over time.

An atom’s protons and electrons carry electrical charges. Protons, with their positive charge, are designated
p". Electrons, which have a negative charge, are designated e”. An atom’s neutrons have no charge: they are
electrically neutral. Just as a magnet sticks to a steel refrigerator because their opposite charges attract, the
positively charged protons attract the negatively charged electrons. This mutual attraction gives the atom some
structural stability. The attraction by the positively charged nucleus helps keep electrons from straying far. The

number of protons and electrons within a neutral atom are equal, thus, the atom’s overall charge is balanced.



28 ¢+« OPENSTAX
Atomic Number and Mass Number

An atom of carbon is unique to carbon, but a proton of carbon is not. One proton is the same as another, whether
it is found in an atom of carbon, sodium (Na), or iron (Fe). The same is true for neutrons and electrons. So, what
gives an element its distinctive properties—what makes carbon so different from sodium or iron? The answer is
the unique quantity of protons each contains. Carbon by definition is an element whose atoms contain six protons.
No other element has exactly six protons in its atoms. Moreover, all atoms of carbon, whether found in your liver
or in a lump of coal, contain six protons. Thus, the atomic number, which is the number of protons in the nucleus
of the atom, identifies the element. Because an atom usually has the same number of electrons as protons, the

atomic number identifies the usual number of electrons as well.

In their most common form, many elements also contain the same number of neutrons as protons. The most
common form of carbon, for example, has six neutrons as well as six protons, for a total of 12 subatomic particles
in its nucleus. An element’s mass number is the sum of the number of protons and neutrons in its nucleus. So
the most common form of carbon’s mass number is 12. (Electrons have so little mass that they do not appreciably
contribute to the mass of an atom.) Carbon is a relatively light element. Uranium (U), in contrast, has a mass
number of 238 and is referred to as a heavy metal. Its atomic number is 92 (it has 92 protons) but it contains 146

neutrons; it has the most mass of all the naturally occurring elements.

The periodic table of the elements, shown in Figure 3, is a chart identifying the 92 elements found in nature, as
well as several larger, unstable elements discovered experimentally. The elements are arranged in order of their
atomic number, with hydrogen and helium at the top of the table, and the more massive elements below. The
periodic table is a useful device because for each element, it identifies the chemical symbol, the atomic number,
and the mass number, while organizing elements according to their propensity to react with other elements. The
number of protons and electrons in an element are equal. The number of protons and neutrons may be equal for

some elements, but are not equal for all.
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Figure 3. The Periodic Table of the Elements. (credit: R.A. Dragoset, A. Musgrove, C.W.

NIST SP 966 (September 2010)

Clark, W.C. Martin)
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Visit this website to view the periodic table. In the periodic table of the elements, elements in a single column have
the same number of electrons that can participate in a chemical reaction. These electrons are known as “valence
electrons.” For example, the elements in the first column all have a single valence electron, an electron that can be

“donated” in a chemical reaction with another atom. What is the meaning of a mass number shown in parentheses?
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Isotopes

Although each element has a unique number of protons, it can exist as different isotopes. An isotope is one of
the different forms of an element, distinguished from one another by different numbers of neutrons. The standard
isotope of carbon is 2c, commonly called carbon twelve. 12¢ has six protons and six neutrons, for a mass number
of twelve. All of the isotopes of carbon have the same number of protons; therefore, 13C has seven neutrons,
and '“C has eight neutrons. The different isotopes of an element can also be indicated with the mass number

hyphenated (for example, C-12 instead of 12¢), Hydrogen has three common isotopes, shown in Figure 4.

® Qo D

Q O O

Protium ('H) Deuterium (2H) Tritium (3H)

Figure 4. Isotopes of Hydrogen. Protium, designated 1H, has one proton
and no neutrons. It is by far the most abundant isotope of hydrogen in
nature. Deuterium, designated 2H, has one proton and one neutron.
Tritium, designated 3H, has two neutrons.

An isotope that contains more than the usual number of neutrons is referred to as a heavy isotope. An example is
l4c, Heavy isotopes tend to be unstable, and unstable isotopes are radioactive. A radioactive isotope is an isotope
whose nucleus readily decays, giving off subatomic particles and electromagnetic energy. Different radioactive
isotopes (also called radioisotopes) differ in their half-life, the time it takes for half of any size sample of an
isotope to decay. For example, the half-life of tritium—a radioisotope of hydrogen—is about 12 years, indicating
it takes 12 years for half of the tritium nuclei in a sample to decay. Excessive exposure to radioactive isotopes can
damage human cells and even cause cancer and birth defects, but when exposure is controlled, some radioactive

isotopes can be useful in medicine. For more information, see the Career Connections.

Career Connection

Interventional Radiologist

The controlled use of radioisotopes has advanced medical diagnosis and treatment of disease. Interventional
radiologists are physicians who treat disease by using minimally invasive techniques involving radiation. Many
conditions that could once only be treated with a lengthy and traumatic operation can now be treated non-
surgically, reducing the cost, pain, length of hospital stay, and recovery time for patients. For example, in the
past, the only options for a patient with one or more tumors in the liver were surgery and chemotherapy (the
administration of drugs to treat cancer). Some liver tumors, however, are difficult to access surgically, and others
could require the surgeon to remove too much of the liver. Moreover, chemotherapy is highly toxic to the liver,
and certain tumors do not respond well to it anyway. In some such cases, an interventional radiologist can treat the
tumors by disrupting their blood supply, which they need if they are to continue to grow. In this procedure, called
radioembolization, the radiologist accesses the liver with a fine needle, threaded through one of the patient’s blood

vessels. The radiologist then inserts tiny radioactive “seeds” into the blood vessels that supply the tumors. In the



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) -+ 31

days and weeks following the procedure, the radiation emitted from the seeds destroys the vessels and directly

kills the tumor cells in the vicinity of the treatment.

Radioisotopes emit subatomic particles that can be detected and tracked by imaging technologies. One of the most
advanced uses of radioisotopes in medicine is the positron emission tomography (PET) scanner, which detects the
activity in the body of a very small injection of radioactive glucose, the simple sugar that cells use for energy. The
PET camera reveals to the medical team which of the patient’s tissues are taking up the most glucose. Thus, the
most metabolically active tissues show up as bright “hot spots” on the images (Figure 5). PET can reveal some

cancerous masses because cancer cells consume glucose at a high rate to fuel their rapid reproduction.

=

Figure 5. PET Scan. PET highlights areas in the body where there is relatively high glucose
use, which is characteristic of cancerous tissue. This PET scan shows sites of the spread of a
large primary tumor to other sites.

The Behavior of Electrons

In the human body, atoms do not exist as independent entities. Rather, they are constantly reacting with other
atoms to form and to break down more complex substances. To fully understand anatomy and physiology you

must grasp how atoms participate in such reactions. The key is understanding the behavior of electrons.

Although electrons do not follow rigid orbits a set distance away from the atom’s nucleus, they do tend to stay
within certain regions of space called electron shells. An electron shell is a layer of electrons that encircle the

nucleus at a distinct energy level.
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The atoms of the elements found in the human body have from one to five electron shells, and all electron shells
hold eight electrons except the first shell, which can only hold two. This configuration of electron shells is the
same for all atoms. The precise number of shells depends on the number of electrons in the atom. Hydrogen and
helium have just one and two electrons, respectively. If you take a look at the periodic table of the elements, you
will notice that hydrogen and helium are placed alone on either sides of the top row; they are the only elements
that have just one electron shell (Figure 6). A second shell is necessary to hold the electrons in all elements larger
than hydrogen and helium.

Lithium (Li), whose atomic number is 3, has three electrons. Two of these fill the first electron shell, and the third
spills over into a second shell. The second electron shell can accommodate as many as eight electrons. Carbon,
with its six electrons, entirely fills its first shell, and half-fills its second. With ten electrons, neon (Ne) entirely
fills its two electron shells. Again, a look at the periodic table reveals that all of the elements in the second row,
from lithium to neon, have just two electron shells. Atoms with more than ten electrons require more than two

shells. These elements occupy the third and subsequent rows of the periodic table.
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Figure 6. Electron Shells. Electrons orbit the atomic nucleus at distinct levels of
energy called electron shells. (a) With one electron, hydrogen only half-fills its
electron shell. Helium also has a single shell, but its two electrons completely fill
it. (b) The electrons of carbon completely fill its first electron shell, but only
half-fills its second. (c) Neon, an element that does not occur in the body, has 10
electrons, filling both of its electron shells.

The factor that most strongly governs the tendency of an atom to participate in chemical reactions is the number
of electrons in its valence shell. A valence shell is an atom’s outermost electron shell. If the valence shell is full,

the atom is stable; meaning its electrons are unlikely to be pulled away from the nucleus by the electrical charge of
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other atoms. If the valence shell is not full, the atom is reactive; meaning it will tend to react with other atoms in
ways that make the valence shell full. Consider hydrogen, with its one electron only half-filling its valence shell.
This single electron is likely to be drawn into relationships with the atoms of other elements, so that hydrogen’s

single valence shell can be stabilized.

All atoms (except hydrogen and helium with their single electron shells) are most stable when there are exactly
eight electrons in their valence shell. This principle is referred to as the octet rule, and it states that an atom will
give up, gain, or share electrons with another atom so that it ends up with eight electrons in its own valence shell.
For example, oxygen, with six electrons in its valence shell, is likely to react with other atoms in a way that results
in the addition of two electrons to oxygen’s valence shell, bringing the number to eight. When two hydrogen
atoms each share their single electron with oxygen, covalent bonds are formed, resulting in a molecule of water,
H50.

In nature, atoms of one element tend to join with atoms of other elements in characteristic ways. For example,
carbon commonly fills its valence shell by linking up with four atoms of hydrogen. In so doing, the two elements
form the simplest of organic molecules, methane, which also is one of the most abundant and stable carbon-
containing compounds on Earth. As stated above, another example is water; oxygen needs two electrons to
fill its valence shell. It commonly interacts with two atoms of hydrogen, forming H,O. Incidentally, the name
“hydrogen” reflects its contribution to water (hydro- = “water”; -gen = “maker”). Thus, hydrogen is the “water

maker.”



2.2 Chemical Bonds

Learning Objectives

By the end of this section, you will be able to:

+ Explain the relationship between molecules and compounds
* Distinguish between ions, cations, and anions

+ Identify the key difference between ionic and covalent bonds
* Distinguish between nonpolar and polar covalent bonds

» Explain how water molecules link via hydrogen bonds

Atoms separated by a great distance cannot link; rather, they must come close enough for the electrons in their
valence shells to interact. But do atoms ever actually touch one another? Most physicists would say no, because
the negatively charged electrons in their valence shells repel one another. No force within the human body—or
anywhere in the natural world—is strong enough to overcome this electrical repulsion. So when you read about

atoms linking together or colliding, bear in mind that the atoms are not merging in a physical sense.

Instead, atoms link by forming a chemical bond. A bond is a weak or strong electrical attraction that holds atoms
in the same vicinity. The new grouping is typically more stable—less likely to react again—than its component
atoms were when they were separate. A more or less stable grouping of two or more atoms held together by
chemical bonds is called a molecule. The bonded atoms may be of the same element, as in the case of Hy, which
is called molecular hydrogen or hydrogen gas. When a molecule is made up of two or more atoms of different
elements, it is called a chemical compound. Thus, a unit of water, or H»0O, is a compound, as is a single molecule

of the gas methane, or CHy.

Three types of chemical bonds are important in human physiology, because they hold together substances that
are used by the body for critical aspects of homeostasis, signaling, and energy production, to name just a few

important processes. These are ionic bonds, covalent bonds, and hydrogen bonds.

34
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lons and lonic Bonds

Recall that an atom typically has the same number of positively charged protons and negatively charged electrons.
As long as this situation remains, the atom is electrically neutral. But when an atom participates in a chemical
reaction that results in the donation or acceptance of one or more electrons, the atom will then become positively
or negatively charged. This happens frequently for most atoms in order to have a full valence shell, as described
previously. This can happen either by gaining electrons to fill a shell that is more than half-full, or by giving away
electrons to empty a shell than is less than half-full, thereby leaving the next smaller electron shell as the new,

full, valence shell. An atom that has an electrical charge—whether positive or negative—is an ion.

m— Openstax COLLEGE

Visit this website to
learn about electrical
energy and the
attraction/repulsion of
charges.

Visit this website to learn about electrical energy and the attraction/repulsion of charges. What happens to the

charged electroscope when a conductor is moved between its plastic sheets, and why?

Potassium (K), for instance, is an important element in all body cells. Its atomic number is 19. It has just one
electron in its valence shell. This characteristic makes potassium highly likely to participate in chemical reactions
in which it donates one electron. (It is easier for potassium to donate one electron than to gain seven electrons.)
The loss will cause the positive charge of potassium’s protons to be more influential than the negative charge of
potassium’s electrons. In other words, the resulting potassium ion will be slightly positive. A potassium ion is

written K, indicating that it has lost a single electron. A positively charged ion is known as a cation.

Now consider fluorine (F), a component of bones and teeth. Its atomic number is nine, and it has seven electrons
in its valence shell. Thus, it is highly likely to bond with other atoms in such a way that fluorine accepts one
electron (it is easier for fluorine to gain one electron than to donate seven electrons). When it does, its electrons
will outnumber its protons by one, and it will have an overall negative charge. The ionized form of fluorine is

called fluoride, and is written as F~. A negatively charged ion is known as an anion.

Atoms that have more than one electron to donate or accept will end up with stronger positive or negative charges.
A cation that has donated two electrons has a net charge of +2. Using magnesium (Mg) as an example, this can
be written Mg*™ or Mg?*. An anion that has accepted two electrons has a net charge of —2. The ionic form of
selenium (Se), for example, is typically written Se?.

The opposite charges of cations and anions exert a moderately strong mutual attraction that keeps the atoms in
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close proximity forming an ionic bond. An ienic bond is an ongoing, close association between ions of opposite
charge. The table salt you sprinkle on your food owes its existence to ionic bonding. As shown in Figure 1,
sodium commonly donates an electron to chlorine, becoming the cation Na*. When chlorine accepts the electron,

it becomes the chloride anion, CI™. With their opposing charges, these two ions strongly attract each other.

Net positive charge

(c)

Figure 1. Ionic Bonding. (a) Sodium readily donates the solitary electron in its
valence shell to chlorine, which needs only one electron to have a full valence
shell. (b) The opposite electrical charges of the resulting sodium cation and
chloride anion result in the formation of a bond of attraction called an ionic
bond. (c) The attraction of many sodium and chloride ions results in the
formation of large groupings called crystals.

Water is an essential component of life because it is able to break the ionic bonds in salts to free the ions. In fact,

in biological fluids, most individual atoms exist as ions. These dissolved ions produce electrical charges within
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the body. The behavior of these ions produces the tracings of heart and brain function observed as waves on an
electrocardiogram (EKG or ECG) or an electroencephalogram (EEG). The electrical activity that derives from the

interactions of the charged ions is why they are also called electrolytes.

Covalent Bonds

Unlike ionic bonds formed by the attraction between a cation’s positive charge and an anion’s negative charge,
molecules formed by a covalent bond share electrons in a mutually stabilizing relationship. Like next-door
neighbors whose kids hang out first at one home and then at the other, the atoms do not lose or gain electrons
permanently. Instead, the electrons move back and forth between the elements. Because of the close sharing of

pairs of electrons (one electron from each of two atoms), covalent bonds are stronger than ionic bonds.

Nonpolar Covalent Bonds

Figure 2 shows several common types of covalent bonds. Notice that the two covalently bonded atoms typically
share just one or two electron pairs, though larger sharings are possible. The important concept to take from this is
that in covalent bonds, electrons in the outermost valence shell are shared to fill the valence shells of both atoms,
ultimately stabilizing both of the atoms involved. In a single covalent bond, a single electron is shared between
two atoms, while in a double covalent bond, two pairs of electrons are shared between two atoms. There even are

triple covalent bonds, where three atoms are shared.

(a) A single covalent bond: hydrogen gas (H—H). Two atoms of hydrogen each share their solitary electron in a single covalent bond.

+ +

of X0

(b) A double covalent bond: oxygen gas (O—0). An atom of oxygen has six electrons in its valence shell; thus, two more would
make it stable. Two atoms of oxygen achieve stability by sharing two pairs of electrons in a double covalent bond.

O O
O O

Molecule of oxygen gas (O,)

(c) Two double covalent bonds: carbon dioxide (O—C=0). An atom of carbon has four electrons in its valence shell; thus, four more
would make it stable. An atom of carbon and two atoms of oxygen achieve stability by sharing two electron pairs each, in two
double covalent bonds.

O Q O Q
Q o
O O

Figure 2. Covalent Bonding.
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You can see that the covalent bonds shown in Figure 2 are balanced. The sharing of the negative electrons is
relatively equal, as is the electrical pull of the positive protons in the nucleus of the atoms involved. This is why
covalently bonded molecules that are electrically balanced in this way are described as nonpolar; that is, no region
of the molecule is either more positive or more negative than any other.

Polar Covalent Bonds

Groups of legislators with completely opposite views on a particular issue are often described as “polarized” by
news writers. In chemistry, a polar molecule is a molecule that contains regions that have opposite electrical
charges. Polar molecules occur when atoms share electrons unequally, in polar covalent bonds.

The most familiar example of a polar molecule is water (Figure 3). The molecule has three parts: one atom of
oxygen, the nucleus of which contains eight protons, and two hydrogen atoms, whose nuclei each contain only
one proton. Because every proton exerts an identical positive charge, a nucleus that contains eight protons exerts
a charge eight times greater than a nucleus that contains one proton. This means that the negatively charged
electrons present in the water molecule are more strongly attracted to the oxygen nucleus than to the hydrogen

nuclei. Each hydrogen atom’s single negative electron therefore migrates toward the oxygen atom, making the

oxygen end of their bond slightly more negative than the hydrogen end of their bond.

/ Weakly negative \
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(a) Planetary model of a water molecule
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(b) Three-dimensional model (c) Structural formula for
of a water molecule water molecule

Weakly positive

Figure 3. Polar Covalent Bonds in a Water Molecule.

What is true for the bonds is true for the water molecule as a whole; that is, the oxygen region has a slightly

negative charge and the regions of the hydrogen atoms have a slightly positive charge. These charges are often
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referred to as “partial charges” because the strength of the charge is less than one full electron, as would occur in
an ionic bond. As shown in Figure 3, regions of weak polarity are indicated with the Greek letter delta (0) and a

plus (+) or minus (-) sign.

Even though a single water molecule is unimaginably tiny, it has mass, and the opposing electrical charges on the
molecule pull that mass in such a way that it creates a shape somewhat like a triangular tent (see Figure 3b). This
dipole, with the positive charges at one end formed by the hydrogen atoms at the “bottom” of the tent and the
negative charge at the opposite end (the oxygen atom at the “top” of the tent) makes the charged regions highly
likely to interact with charged regions of other polar molecules. For human physiology, the resulting bond is one

of the most important formed by water—the hydrogen bond.

Hydrogen Bonds

A hydrogen bond is formed when a weakly positive hydrogen atom already bonded to one electronegative
atom (for example, the oxygen in the water molecule) is attracted to another electronegative atom from another

molecule. In other words, hydrogen bonds always include hydrogen that is already part of a polar molecule.

The most common example of hydrogen bonding in the natural world occurs between molecules of water. It
happens before your eyes whenever two raindrops merge into a larger bead, or a creek spills into a river. Hydrogen

bonding occurs because the weakly negative oxygen atom in one water molecule is attracted to the weakly positive

hydrogen atoms of two other water molecules (Figure 4).

Covalent bond o
(D )

Figure 4. Hydrogen Bonds between Water Molecules.
Notice that the bonds occur between the weakly
positive charge on the hydrogen atoms and the
weakly negative charge on the oxygen atoms.
Hydrogen bonds are relatively weak, and therefore
are indicated with a dotted (rather than a solid) line.

Water molecules also strongly attract other types of charged molecules as well as ions. This explains why “table
salt,” for example, actually is a molecule called a “salt” in chemistry, which consists of equal numbers of
positively-charged sodium (Na") and negatively-charged chloride (Cl7), dissolves so readily in water, in this case
forming dipole-ion bonds between the water and the electrically-charged ions (electrolytes). Water molecules also
repel molecules with nonpolar covalent bonds, like fats, lipids, and oils. You can demonstrate this with a simple

kitchen experiment: pour a teaspoon of vegetable oil, a compound formed by nonpolar covalent bonds, into a
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glass of water. Instead of instantly dissolving in the water, the oil forms a distinct bead because the polar water

molecules repel the nonpolar oil.



2.3 Chemical Reactions

Learning Objectives

By the end of this section, you will be able to:
 Distinguish between kinetic and potential energy, and between exergonic and
endergonic chemical reactions
* Identify four forms of energy important in human functioning
* Describe the three basic types of chemical reactions

+ Identify several factors influencing the rate of chemical reactions

One characteristic of a living organism is metabolism, which is the sum total of all of the chemical reactions
that go on to maintain that organism’s health and life. The bonding processes you have learned thus far are
anabolic chemical reactions; that is, they form larger molecules from smaller molecules or atoms. But recall that
metabolism can proceed in another direction: in catabolic chemical reactions, bonds between components of larger
molecules break, releasing smaller molecules or atoms. Both types of reaction involve exchanges not only of

matter, but of energy.

The Role of Energy in Chemical Reactions

Chemical reactions require a sufficient amount of energy to cause the matter to collide with enough precision
and force that old chemical bonds can be broken and new ones formed. In general, kinetic energy is the form
of energy powering any type of matter in motion. Imagine you are building a brick wall. The energy it takes to
lift and place one brick atop another is kinetic energy—the energy matter possesses because of its motion. Once
the wall is in place, it stores potential energy. Potential energy is the energy of position, or the energy matter
possesses because of the positioning or structure of its components. If the brick wall collapses, the stored potential

energy is released as kinetic energy as the bricks fall.

In the human body, potential energy is stored in the bonds between atoms and molecules. Chemical energy is the

41
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form of potential energy in which energy is stored in chemical bonds. When those bonds are formed, chemical
energy is invested, and when they break, chemical energy is released. Notice that chemical energy, like all energy,
is neither created nor destroyed; rather, it is converted from one form to another. When you eat an energy bar
before heading out the door for a hike, the honey, nuts, and other foods the bar contains are broken down and

rearranged by your body into molecules that your muscle cells convert to kinetic energy.

Chemical reactions that release more energy than they absorb are characterized as exergonic. The catabolism
of the foods in your energy bar is an example. Some of the chemical energy stored in the bar is absorbed into
molecules your body uses for fuel, but some of it is released—for example, as heat. In contrast, chemical reactions
that absorb more energy than they release are endergonic. These reactions require energy input, and the resulting
molecule stores not only the chemical energy in the original components, but also the energy that fueled the
reaction. Because energy is neither created nor destroyed, where does the energy needed for endergonic reactions

come from? In many cases, it comes from exergonic reactions.

Forms of Energy Important in Human Functioning

You have already learned that chemical energy is absorbed, stored, and released by chemical bonds. In addition to

chemical energy, mechanical, radiant, and electrical energy are important in human functioning.

* Mechanical energy, which is stored in physical systems such as machines, engines, or the human body,
directly powers the movement of matter. When you lift a brick into place on a wall, your muscles

provide the mechanical energy that moves the brick.

* Radiant energy is energy emitted and transmitted as waves rather than matter. These waves vary in
length from long radio waves and microwaves to short gamma waves emitted from decaying atomic
nuclei. The full spectrum of radiant energy is referred to as the electromagnetic spectrum. The body
uses the ultraviolet energy of sunlight to convert a compound in skin cells to vitamin D, which is
essential to human functioning. The human eye evolved to see the wavelengths that comprise the

colors of the rainbow, from red to violet, so that range in the spectrum is called “visible light.”

* Electrical energy, supplied by electrolytes in cells and body fluids, contributes to the voltage changes

that help transmit impulses in nerve and muscle cells.

Characteristics of Chemical Reactions

All chemical reactions begin with a reactant, the general term for the one or more substances that enter into the
reaction. Sodium and chloride ions, for example, are the reactants in the production of table salt. The one or more

substances produced by a chemical reaction are called the product.

In chemical reactions, the components of the reactants—the elements involved and the number of atoms of

each—are all present in the product(s). Similarly, there is nothing present in the products that are not present in
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the reactants. This is because chemical reactions are governed by the law of conservation of mass, which states

that matter cannot be created or destroyed in a chemical reaction.

Just as you can express mathematical calculations in equations such as 2 + 7 = 9, you can use chemical equations
to show how reactants become products. As in math, chemical equations proceed from left to right, but instead of
an equal sign, they employ an arrow or arrows indicating the direction in which the chemical reaction proceeds.
For example, the chemical reaction in which one atom of nitrogen and three atoms of hydrogen produce ammonia
would be written as N + 3H — NHj3. Correspondingly, the breakdown of ammonia into its components would be
written as NH3 - N + 3H.

Notice that, in the first example, a nitrogen (IN) atom and three hydrogen (H) atoms bond to form a compound.
This anabolic reaction requires energy, which is then stored within the compound’s bonds. Such reactions are
referred to as synthesis reactions. A synthesis reaction is a chemical reaction that results in the synthesis (joining)
of components that were formerly separate (Figure 1a). Again, nitrogen and hydrogen are reactants in a synthesis
reaction that yields ammonia as the product. The general equation for a synthesis reaction is A + B — AB.

a) In a synthesis reaction, two components bond to make a larger molecule. Energy is required and is stored in
the bond:

NOTE + BOOK—NOTEBOOK

b) In a decomposition reaction, bonds between components of a larger molecule are broken, resulting in smaller
products:

BOOKWORM —= BOOK + WORM

c) In an exchange reaction, bonds are both formed and broken such that the components of the reactants are
rearranged:

NOTEBOOK + WORM —=NOTE +BOOKWORM

Figure 1. The Three Fundamental Chemical Reactions. The atoms and molecules involved in the
three fundamental chemical reactions can be imagined as words.

In the second example, ammonia is catabolized into its smaller components, and the potential energy that had
been stored in its bonds is released. Such reactions are referred to as decomposition reactions. A decompeosition
reaction is a chemical reaction that breaks down or “de-composes” something larger into its constituent parts (see
Figure 1b). The general equation for a decomposition reaction is: AB — A + B.

An exchange reaction is a chemical reaction in which both synthesis and decomposition occur, chemical bonds
are both formed and broken, and chemical energy is absorbed, stored, and released (see Figure 1c). The simplest
form of an exchange reaction might be: A + BC — AB + C. Notice that, to produce these products, B and C had
to break apart in a decomposition reaction, whereas A and B had to bond in a synthesis reaction. A more complex
exchange reaction might be: AB + CD — AC + BD. Another example might be: AB + CD - AD + BC.

In theory, any chemical reaction can proceed in either direction under the right conditions. Reactants may
synthesize into a product that is later decomposed. Reversibility is also a quality of exchange reactions. For

instance, A + BC —» AB + C could then reverse to AB + C - A + BC. This reversibility of a chemical reaction is
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indicated with a double arrow: A + BC ? AB + C. Still, in the human body, many chemical reactions do proceed
in a predictable direction, either one way or the other. You can think of this more predictable path as the path of

least resistance because, typically, the alternate direction requires more energy.

Factors Influencing the Rate of Chemical Reactions

If you pour vinegar into baking soda, the reaction is instantaneous; the concoction will bubble and fizz. But many
chemical reactions take time. A variety of factors influence the rate of chemical reactions. This section, however,

will consider only the most important in human functioning.

Properties of the Reactants

If chemical reactions are to occur quickly, the atoms in the reactants have to have easy access to one another. Thus,
the greater the surface area of the reactants, the more readily they will interact. When you pop a cube of cheese
into your mouth, you chew it before you swallow it. Among other things, chewing increases the surface area of
the food so that digestive chemicals can more easily get at it. As a general rule, gases tend to react faster than
liquids or solids, again because it takes energy to separate particles of a substance, and gases by definition already
have space between their particles. Similarly, the larger the molecule, the greater the number of total bonds, so

reactions involving smaller molecules, with fewer total bonds, would be expected to proceed faster.

In addition, recall that some elements are more reactive than others. Reactions that involve highly reactive
elements like hydrogen proceed more quickly than reactions that involve less reactive elements. Reactions
involving stable elements like helium are not likely to happen at all.

Temperature

Nearly all chemical reactions occur at a faster rate at higher temperatures. Recall that kinetic energy is the energy
of matter in motion. The kinetic energy of subatomic particles increases in response to increases in thermal energy.
The higher the temperature, the faster the particles move, and the more likely they are to come in contact and
react.

Concentration and Pressure

If just a few people are dancing at a club, they are unlikely to step on each other’s toes. But as more and more
people get up to dance—especially if the music is fast—collisions are likely to occur. It is the same with chemical
reactions: the more particles present within a given space, the more likely those particles are to bump into one
another. This means that chemists can speed up chemical reactions not only by increasing the concentration of
particles—the number of particles in the space—but also by decreasing the volume of the space, which would
correspondingly increase the pressure. If there were 100 dancers in that club, and the manager abruptly moved the
party to a room half the size, the concentration of the dancers would double in the new space, and the likelihood
of collisions would increase accordingly.
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Enzymes and Other Catalysts

For two chemicals in nature to react with each other they first have to come into contact, and this occurs through
random collisions. Because heat helps increase the kinetic energy of atoms, ions, and molecules, it promotes their
collision. But in the body, extremely high heat—such as a very high fever—can damage body cells and be life-
threatening. On the other hand, normal body temperature is not high enough to promote the chemical reactions

that sustain life. That is where catalysts come in.

In chemistry, a catalyst is a substance that increases the rate of a chemical reaction without itself undergoing
any change. You can think of a catalyst as a chemical change agent. They help increase the rate and force at
which atoms, ions, and molecules collide, thereby increasing the probability that their valence shell electrons will

interact.

The most important catalysts in the human body are enzymes. An enzyme is a catalyst composed of protein or
ribonucleic acid (RNA), both of which will be discussed later in this chapter. Like all catalysts, enzymes work by
lowering the level of energy that needs to be invested in a chemical reaction. A chemical reaction’s activation
energy is the “threshold” level of energy needed to break the bonds in the reactants. Once those bonds are broken,
new arrangements can form. Without an enzyme to act as a catalyst, a much larger investment of energy is needed

to ignite a chemical reaction (Figure 2).

Activation /\

energy
required

Less activation
energy required

Reactants Reactants

Energy =———p

\
Y

Product Product

Progress of reaction without enzyme =——— Progress of reaction with enzyme ———
(@) (b)

Figure 2. Enzymes. Enzymes decrease the activation energy required for a given chemical reaction to
occur. (a) Without an enzyme, the energy input needed for a reaction to begin is high. (b) With the
help of an enzyme, less energy is needed for a reaction to begin.

Enzymes are critical to the body’s healthy functioning. They assist, for example, with the breakdown of food and

its conversion to energy. In fact, most of the chemical reactions in the body are facilitated by enzymes.



2.4 Inorganic Compounds Essential to Human Functioning

Learning Objectives

By the end of this section, you will be able to:

» Compare and contrast inorganic and organic compounds

+ Identify the properties of water that make it essential to life

+ Explain the role of salts in body functioning

* Distinguish between acids and bases, and explain their role in pH

* Discuss the role of buffers in helping the body maintain pH homeostasis

The concepts you have learned so far in this chapter govern all forms of matter, and would work as a foundation
for geology as well as biology. This section of the chapter narrows the focus to the chemistry of human life; that is,
the compounds important for the body’s structure and function. In general, these compounds are either inorganic

or organic.

* An inorganic compound is a substance that does not contain both carbon and hydrogen. A great many
inorganic compounds do contain hydrogen atoms, such as water (H,O) and the hydrochloric acid
(HCI) produced by your stomach. In contrast, only a handful of inorganic compounds contain carbon

atoms. Carbon dioxide (CO») is one of the few examples.

* An organic compound, then, is a substance that contains both carbon and hydrogen. Organic
compounds are synthesized via covalent bonds within living organisms, including the human body.
Recall that carbon and hydrogen are the second and third most abundant elements in your body. You
will soon discover how these two elements combine in the foods you eat, in the compounds that make

up your body structure, and in the chemicals that fuel your functioning.

The following section examines the three groups of inorganic compounds essential to life: water, salts, acids, and

bases. Organic compounds are covered later in the chapter.
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Water

As much as 70 percent of an adult’s body weight is water. This water is contained both within the cells
and between the cells that make up tissues and organs. Its several roles make water indispensable to human
functioning.

Water as a Lubricant and Cushion

Water is a major component of many of the body’s lubricating fluids. Just as oil lubricates the hinge on a door,
water in synovial fluid lubricates the actions of body joints, and water in pleural fluid helps the lungs expand
and recoil with breathing. Watery fluids help keep food flowing through the digestive tract, and ensure that the

movement of adjacent abdominal organs is friction free.

Water also protects cells and organs from physical trauma, cushioning the brain within the skull, for example, and

protecting the delicate nerve tissue of the eyes. Water cushions a developing fetus in the mother’s womb as well.

Water as a Heat Sink

A heat sink is a substance or object that absorbs and dissipates heat but does not experience a corresponding
increase in temperature. In the body, water absorbs the heat generated by chemical reactions without greatly
increasing in temperature. Moreover, when the environmental temperature soars, the water stored in the body
helps keep the body cool. This cooling effect happens as warm blood from the body’s core flows to the blood
vessels just under the skin and is transferred to the environment. At the same time, sweat glands release warm
water in sweat. As the water evaporates into the air, it carries away heat, and then the cooler blood from the

periphery circulates back to the body core.

Water as a Component of Liquid Mixtures

A mixture is a combination of two or more substances, each of which maintains its own chemical identity. In other
words, the constituent substances are not chemically bonded into a new, larger chemical compound. The concept
is easy to imagine if you think of powdery substances such as flour and sugar; when you stir them together in
a bowl, they obviously do not bond to form a new compound. The room air you breathe is a gaseous mixture,
containing three discrete elements—nitrogen, oxygen, and argon—and one compound, carbon dioxide. There are
three types of liquid mixtures, all of which contain water as a key component. These are solutions, colloids, and

suspensions.

For cells in the body to survive, they must be kept moist in a water-based liquid called a solution. In chemistry,
a liquid solution consists of a solvent that dissolves a substance called a solute. An important characteristic of
solutions is that they are homogeneous; that is, the solute molecules are distributed evenly throughout the solution.
If you were to stir a teaspoon of sugar into a glass of water, the sugar would dissolve into sugar molecules

separated by water molecules. The ratio of sugar to water in the left side of the glass would be the same as the
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ratio of sugar to water in the right side of the glass. If you were to add more sugar, the ratio of sugar to water

would change, but the distribution—provided you had stirred well—would still be even.

Water is considered the “universal solvent” and it is believed that life cannot exist without water because of this.
Water is certainly the most abundant solvent in the body; essentially all of the body’s chemical reactions occur
among compounds dissolved in water. Because water molecules are polar, with regions of positive and negative
electrical charge, water readily dissolves ionic compounds and polar covalent compounds. Such compounds are
referred to as hydrophilic, or “water-loving.” As mentioned above, sugar dissolves well in water. This is because
sugar molecules contain regions of hydrogen-oxygen polar bonds, making it hydrophilic. Nonpolar molecules,

which do not readily dissolve in water, are called hydrophobic, or “water-fearing.”

Concentrations of Solutes

Various mixtures of solutes and water are described in chemistry. The concentration of a given solute is the
number of particles of that solute in a given space (oxygen makes up about 21 percent of atmospheric air). In the
bloodstream of humans, glucose concentration is usually measured in milligram (mg) per deciliter (dL), and in
a healthy adult averages about 100 mg/dL.. Another method of measuring the concentration of a solute is by its
molarilty—which is moles (M) of the molecules per liter (L). The mole of an element is its atomic weight, while
a mole of a compound is the sum of the atomic weights of its components, called the molecular weight. An often-
used example is calculating a mole of glucose, with the chemical formula CgH;,0¢. Using the periodic table, the
atomic weight of carbon (C) is 12.011 grams (g), and there are six carbons in glucose, for a total atomic weight of
72.066 g. Doing the same calculations for hydrogen (H) and oxygen (O), the molecular weight equals 180.156g
(the “gram molecular weight” of glucose). When water is added to make one liter of solution, you have one mole
(1M) of glucose. This is particularly useful in chemistry because of the relationship of moles to “Avogadro’s

023

number.” A mole of any solution has the same number of particles in it: 6.02 x 10=°. Many substances in the

bloodstream and other tissue of the body are measured in thousandths of a mole, or millimoles (mM).

A colloid is a mixture that is somewhat like a heavy solution. The solute particles consist of tiny clumps of
molecules large enough to make the liquid mixture opaque (because the particles are large enough to scatter light).
Familiar examples of colloids are milk and cream. In the thyroid glands, the thyroid hormone is stored as a thick

protein mixture also called a colloid.

A suspension is a liquid mixture in which a heavier substance is suspended temporarily in a liquid, but over time,
settles out. This separation of particles from a suspension is called sedimentation. An example of sedimentation
occurs in the blood test that establishes sedimentation rate, or sed rate. The test measures how quickly red blood
cells in a test tube settle out of the watery portion of blood (known as plasma) over a set period of time. Rapid
sedimentation of blood cells does not normally happen in the healthy body, but aspects of certain diseases can
cause blood cells to clump together, and these heavy clumps of blood cells settle to the bottom of the test tube

more quickly than do normal blood cells.
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The Role of Water in Chemical Reactions

Two types of chemical reactions involve the creation or the consumption of water: dehydration synthesis and

hydrolysis.

* In dehydration synthesis, one reactant gives up an atom of hydrogen and another reactant gives up a
hydroxyl group (OH) in the synthesis of a new product. In the formation of their covalent bond, a
molecule of water is released as a byproduct (Figure 1). This is also sometimes referred to as a

condensation reaction.

In hydrolysis, a molecule of water disrupts a compound, breaking its bonds. The water is itself split
into H and OH. One portion of the severed compound then bonds with the hydrogen atom, and the
other portion bonds with the hydroxyl group.

These reactions are reversible, and play an important role in the chemistry of organic compounds (which will be

discussed shortly).

Salts

(a) Dehydration synthesis

Monomers are joined by removal of OH from one monomer and removal of H from the other at the site of bond formation.

Monomers linked by covalent bond

(b) Hydrolysis

Monomers are released by the addition of a water molecule, adding OH to one monomer and H to the other.

H:0

Monomers linked by covalent bond

Figure 1. Dehydration Synthesis and Hydrolysis. Monomers, the basic units for building larger
molecules, form polymers (two or more chemically-bonded monomers). (a) In dehydration
synthesis, two monomers are covalently bonded in a reaction in which one gives up a hydroxyl
group and the other a hydrogen atom. A molecule of water is released as a byproduct during
dehydration reactions. (b) In hydrolysis, the covalent bond between two monomers is split by the
addition of a hydrogen atom to one and a hydroxyl group to the other, which requires the
contribution of one molecule of water.

Recall that salts are formed when ions form ionic bonds. In these reactions, one atom gives up one or more

electrons, and thus becomes positively charged, whereas the other accepts one or more electrons and becomes

negatively charged. You can now define a salt as a substance that, when dissolved in water, dissociates into ions

other than H™ or OH™. This fact is important in distinguishing salts from acids and bases, discussed next.
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A typical salt, NaCl, dissociates completely in water (Figure 2). The positive and negative regions on the water
molecule (the hydrogen and oxygen ends respectively) attract the negative chloride and positive sodium ions,
pulling them away from each other. Again, whereas nonpolar and polar covalently bonded compounds break apart
into molecules in solution, salts dissociate into ions. These ions are electrolytes; they are capable of conducting
an electrical current in solution. This property is critical to the function of ions in transmitting nerve impulses and

Water molecule

. QP

(
. % "!’ Hydrated sodium ion
Qv,!.ﬁ,@% y

prompting muscle contraction.

Crystal of NaCl

Hydrated chloride ion

Figure 2. Dissociation of Sodium Chloride in Water. Notice that the crystals of sodium
chloride dissociate not into molecules of NaCl, but into Na+ cations and Cl- anions, each
completely surrounded by water molecules.

Many other salts are important in the body. For example, bile salts produced by the liver help break apart dietary

fats, and calcium phosphate salts form the mineral portion of teeth and bones.

Acids and Bases

Acids and bases, like salts, dissociate in water into electrolytes. Acids and bases can very much change the

properties of the solutions in which they are dissolved.
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Acids

An acid is a substance that releases hydrogen ions (H") in solution (Figure 3a). Because an atom of hydrogen
has just one proton and one electron, a positively charged hydrogen ion is simply a proton. This solitary proton
is highly likely to participate in chemical reactions. Strong acids are compounds that release all of their H' in
solution; that is, they ionize completely. Hydrochloric acid (HCl), which is released from cells in the lining of
the stomach, is a strong acid because it releases all of its H in the stomach’s watery environment. This strong
acid aids in digestion and kills ingested microbes. Weak acids do not ionize completely; that is, some of their
hy drogenionsremam bonded within a compound in solution. An example of a weak acid is vinegar, or acetic acid; it is called acetate after it gives up a proton.

Acids and Bases

(a) In aqueous solution, an acid dissociates into hydrogen ions (H") and anions. Nearly every molecule of a
strong acid dissociates, producing a high concentration of H*. (b) In aqueous solution, a base dissociates into
hydroxyl ions (OH™) and cations. Nearly every molecule of a strong base dissociates, producing a high
concentration of OH™.

Acid

Water
@ —

Base

- Water

N N
Figure 3. Acids and Bases. (a) In aqueous solution, an acid dissociates into
hydrogen ions (H+) and anions. Nearly every molecule of a strong acid
dissociates, producing a high concentration of H+. (b) In aqueous solution, a
base dissociates into hydroxyl ions (OH-) and cations. Nearly every molecule of
a strong base dissociates, producing a high concentration of OH-.

Bases

A base is a substance that releases hydroxyl ions (OH") in solution, or one that accepts H* already present in
solution (see Figure 3b). The hydroxyl ions (also known as hydroxide ions) or other basic substances combine
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with H' present to form a water molecule, thereby removing H" and reducing the solution’s acidity. Strong bases
release most or all of their hydroxyl ions; weak bases release only some hydroxyl ions or absorb only a few
H". Food mixed with hydrochloric acid from the stomach would burn the small intestine, the next portion of the
digestive tract after the stomach, if it were not for the release of bicarbonate (HCOj3"), a weak base that attracts

H". Bicarbonate accepts some of the H' protons, thereby reducing the acidity of the solution.

The Concept of pH

The relative acidity or alkalinity of a solution can be indicated by its pH. A solution’s pH is the negative, base-10
logarithm of the hydrogen ion (H") concentration of the solution. As an example, a pH 4 solution has an H"
concentration that is ten times greater than that of a pH 5 solution. That is, a solution with a pH of 4 is ten times
more acidic than a solution with a pH of 5. The concept of pH will begin to make more sense when you study the
pH scale, like that shown in [link]. The scale consists of a series of increments ranging from 0 to 14. A solution
with a pH of 7 is considered neutral—neither acidic nor basic. Pure water has a pH of 7. The lower the number
below 7, the more acidic the solution, or the greater the concentration of H". The concentration of hydrogen ions
at each pH value is 10 times different than the next pH. For instance, a pH value of 4 corresponds to a proton
concentration of 107% M, or 0.0001M, while a pH value of 5 corresponds to a proton concentration of 10~ M, or
0.00001M. The higher the number above 7, the more basic (alkaline) the solution, or the lower the concentration
of H". Human urine, for example, is ten times more acidic than pure water, and HCI is 10,000,000 times more
acidic than water.
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BASE
pH Examples
14 Liquid drain cleaner
(pH=14)
13 — ]
Bleaches, oven cleaner, lye
i (pH=13.5)
12 —
&)
11 Ammonia solution
(pH=10.5-11.5)
10 ——
Baking soda
73 (pH=9.5)
9 —
ﬁ ' Sea water
8§ — B H=8
= __~ (pH=8)
Blood
7 Neutral m (pH=7.4)
6 Milk, urine, saliva
(pH=6.3-6.6)
5 —— E D Black coffee
_ (pH=5)
4 —
==
Grapefruit juice, soda,
tomato juice
3 — (pH=2.5-3.5)

Lemon juice, vinegar
(pH=2)

|
0

Battery acid, hydrochloric acid
(pH=0)

ACID

Figure 4. The pH Scale

Buffers

The pH of human blood normally ranges from 7.35 to 7.45, although it is typically identified as pH 7.4. At this
slightly basic pH, blood can reduce the acidity resulting from the carbon dioxide (CO5) constantly being released
into the bloodstream by the trillions of cells in the body. Homeostatic mechanisms (along with exhaling CO, while
breathing) normally keep the pH of blood within this narrow range. This is critical, because fluctuations—either

too acidic or too alkaline—can lead to life-threatening disorders.

All cells of the body depend on homeostatic regulation of acid—base balance at a pH of approximately 7.4. The
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body therefore has several mechanisms for this regulation, involving breathing, the excretion of chemicals in
urine, and the internal release of chemicals collectively called buffers into body fluids. A buffer is a solution of
a weak acid and its conjugate base. A buffer can neutralize small amounts of acids or bases in body fluids. For
example, if there is even a slight decrease below 7.35 in the pH of a bodily fluid, the buffer in the fluid—in this
case, acting as a weak base—will bind the excess hydrogen ions. In contrast, if pH rises above 7.45, the buffer

will act as a weak acid and contribute hydrogen ions.

Homeostatic Imbalances

Acids and Bases

Excessive acidity of the blood and other body fluids is known as acidosis. Common causes of acidosis are
situations and disorders that reduce the effectiveness of breathing, especially the person’s ability to exhale fully,
which causes a buildup of CO5 (and H") in the bloodstream. Acidosis can also be caused by metabolic problems
that reduce the level or function of buffers that act as bases, or that promote the production of acids. For instance,
with severe diarrhea, too much bicarbonate can be lost from the body, allowing acids to build up in body fluids.
In people with poorly managed diabetes (ineffective regulation of blood sugar), acids called ketones are produced
as a form of body fuel. These can build up in the blood, causing a serious condition called diabetic ketoacidosis.

Kidney failure, liver failure, heart failure, cancer, and other disorders also can prompt metabolic acidosis.

In contrast, alkalosis is a condition in which the blood and other body fluids are too alkaline (basic). As with
acidosis, respiratory disorders are a major cause; however, in respiratory alkalosis, carbon dioxide levels fall too
low. Lung disease, aspirin overdose, shock, and ordinary anxiety can cause respiratory alkalosis, which reduces

the normal concentration of H*.

Metabolic alkalosis often results from prolonged, severe vomiting, which causes a loss of hydrogen and chloride
ions (as components of HCI). Medications also can prompt alkalosis. These include diuretics that cause the body
to lose potassium ions, as well as antacids when taken in excessive amounts, for instance by someone with

persistent heartburn or an ulcer.



2.5 Organic Compounds Essential to Human Functioning

Learning Objectives

By the end of this section, you will be able to:

+ Identify four types of organic molecules essential to human functioning

» Explain the chemistry behind carbon’s affinity for covalently bonding in organic
compounds

» Provide examples of three types of carbohydrates, and identify the primary functions
of carbohydrates in the body

* Discuss four types of lipids important in human functioning
» Describe the structure of proteins, and discuss their importance to human functioning

* Identify the building blocks of nucleic acids, and the roles of DNA, RNA, and ATP
in human functioning

Organic compounds typically consist of groups of carbon atoms covalently bonded to hydrogen, usually oxygen,
and often other elements as well. Created by living things, they are found throughout the world, in soils and seas,
commercial products, and every cell of the human body. The four types most important to human structure and
function are carbohydrates, lipids, proteins, and nucleotides. Before exploring these compounds, you need to first

understand the chemistry of carbon.

The Chemistry of Carbon

What makes organic compounds ubiquitous is the chemistry of their carbon core. Recall that carbon atoms have
four electrons in their valence shell, and that the octet rule dictates that atoms tend to react in such a way as to
complete their valence shell with eight electrons. Carbon atoms do not complete their valence shells by donating

or accepting four electrons. Instead, they readily share electrons via covalent bonds.

Commonly, carbon atoms share with other carbon atoms, often forming a long carbon chain referred to as a carbon
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skeleton. When they do share, however, they do not share all their electrons exclusively with each other. Rather,
carbon atoms tend to share electrons with a variety of other elements, one of which is always hydrogen. Carbon
and hydrogen groupings are called hydrocarbons. If you study the figures of organic compounds in the remainder

of this chapter, you will see several with chains of hydrocarbons in one region of the compound.

Many combinations are possible to fill carbon’s four “vacancies.” Carbon may share electrons with oxygen or
nitrogen or other atoms in a particular region of an organic compound. Moreover, the atoms to which carbon
atoms bond may also be part of a functional group. A functional group is a group of atoms linked by strong
covalent bonds and tending to function in chemical reactions as a single unit. You can think of functional groups
as tightly knit “cliques” whose members are unlikely to be parted. Five functional groups are important in human

physiology; these are the hydroxyl, carboxyl, amino, methyl and phosphate groups (Table 1).

Functional Groups Important in Human Physiology

Functional Structural
group formula Importance

Hydroxyl groups are polar. They are components of all four types of organic compounds

Hydroxyl ~ —O—H discussed in this chapter. They are involved in dehydration synthesis and hydrolysis reactions.

Carboxyl O—C—OH Carboxyl groups are found within fatty acids, amino acids, and many other acids.

Amino —N—H, Amino groups are found within amino acids, the building blocks of proteins.
Methyl —C—H; Methyl groups are found within amino acids.
Phosphate —P—0,4>~  Phosphate groups are found within phospholipids and nucleotides.

Carbon’s affinity for covalent bonding means that many distinct and relatively stable organic molecules
nevertheless readily form larger, more complex molecules. Any large molecule is referred to as macromolecule
(macro- = “large”), and the organic compounds in this section all fit this description. However, some
macromolecules are made up of several “copies” of single units called monomer (mono- = “one”; -mer = “part”).
Like beads in a long necklace, these monomers link by covalent bonds to form long polymers (poly- = “many”).

There are many examples of monomers and polymers among the organic compounds.

Monomers form polymers by engaging in dehydration synthesis (see Chapter 2.4 Figure 1). As was noted earlier,

this reaction results in the release of a molecule of water. Each monomer contributes: One gives up a hydrogen
atom and the other gives up a hydroxyl group. Polymers are split into monomers by hydrolysis (-lysis = “rupture”).
The bonds between their monomers are broken, via the donation of a molecule of water, which contributes a

hydrogen atom to one monomer and a hydroxyl group to the other.

Carbohydrates

The term carbohydrate means “hydrated carbon.” Recall that the root hydro- indicates water. A carbohydrate is a

molecule composed of carbon, hydrogen, and oxygen; in most carbohydrates, hydrogen and oxygen are found in
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the same two-to-one relative proportions they have in water. In fact, the chemical formula for a “generic” molecule
of carbohydrate is (CH,O),,.

Carbohydrates are referred to as saccharides, a word meaning “sugars.” Three forms are important in the body.
Monosaccharides are the monomers of carbohydrates. Disaccharides (di- = “two”) are made up of two monomers.

Polysaccharides are the polymers, and can consist of hundreds to thousands of monomers.

Monosaccharides

A monosaccharide is a monomer of carbohydrates. Five monosaccharides are important in the body. Three of
these are the hexose sugars, so called because they each contain six atoms of carbon. These are glucose, fructose,
and galactose, shown in Figure 1a. The remaining monosaccharides are the two pentose sugars, each of which

contains five atoms of carbon. They are ribose and deoxyribose, shown in Figure 2b.

CH,OH CH,OH
o CH,OH o o
H H OH HO OH
HO OH CH,OH H H
OH OH H OH
Glucose Fructose Galactose
(a) Hexoses
(e} (e}
HOCH, OH HOCH, OH
H H H H
OH H OH OH
Deoxyribose Ribose
(b) Pentoses

Figure 1. Five Important Monosaccharides.

Disaccharides

A disaccharide is a pair of monosaccharides. Disaccharides are formed via dehydration synthesis, and the bond
linking them is referred to as a glycosidic bond (glyco- = “sugar”). Three disaccharides (shown in Figure 2) are
important to humans. These are sucrose, commonly referred to as table sugar; lactose, or milk sugar; and maltose,
or malt sugar. As you can tell from their common names, you consume these in your diet; however, your body
cannot use them directly. Instead, in the digestive tract, they are split into their component monosaccharides via

hydrolysis.
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(a) The monosaccharides glucose and fructose bond to form sucrose

CH,OH
CH_OH
o H 2 o
H OH
OH CH,OH
(e}
H OH OH H
Sucrose
(b) The monosaccharides galactose and glucose bond to form lactose.
CH,OH
o}
OH
CH,OH
O
OH (e}
OH
Lactose OH
(c) Two glucose monosaccharides bond to form maltose.
CH,OH CH,OH
O o
H H H OH
)
HO H
H OH H OH

Maltose

Figure 2. Three Important Disaccharides. All three important disaccharides form
by dehydration synthesis.
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Watch this video to
observe the formation
of a disaccharide.
What happens when

water encounters a
glycosidic bond?

Watch this video to observe the formation of a disaccharide. What happens when water encounters a glycosidic
bond?

Polysaccharides

Polysaccharides can contain a few to a thousand or more monosaccharides. Three are important to the body

(Figure 3):

+ Starches are polymers of glucose. They occur in long chains called amylose or branched chains called

amylopectin, both of which are stored in plant-based foods and are relatively easy to digest.

* Glycogen is also a polymer of glucose, but it is stored in the tissues of animals, especially in the
muscles and liver. It is not considered a dietary carbohydrate because very little glycogen remains in
animal tissues after slaughter; however, the human body stores excess glucose as glycogen, again, in

the muscles and liver.

* Cellulose, a polysaccharide that is the primary component of the cell wall of green plants, is the
component of plant food referred to as “fiber”. In humans, cellulose/fiber is not digestible; however,
dietary fiber has many health benefits. It helps you feel full so you eat less, it promotes a healthy
digestive tract, and a diet high in fiber is thought to reduce the risk of heart disease and possibly some

forms of cancer.

CoooPPECCCO0oo

Amylose

Amylopectin
Starch Glycogen Cellulose (fiber)

Figure 3. Three Important Polysaccharides. Three important polysaccharides are
starches, glycogen, and fiber.


http://openstaxcollege.org/l/disaccharide
http://openstaxcollege.org/l/disaccharide

60 + OPENSTAX
Functions of Carbohydrates

The body obtains carbohydrates from plant-based foods. Grains, fruits, and legumes and other vegetables provide

most of the carbohydrate in the human diet, although lactose is found in dairy products.

Although most body cells can break down other organic compounds for fuel, all body cells can use glucose.
Moreover, nerve cells (neurons) in the brain, spinal cord, and through the peripheral nervous system, as well as
red blood cells, can use only glucose for fuel. In the breakdown of glucose for energy, molecules of adenosine
triphosphate, better known as ATP, are produced. Adenosine triphosphate (ATP) is composed of a ribose sugar,
an adenine base, and three phosphate groups. ATP releases free energy when its phosphate bonds are broken, and
thus supplies ready energy to the cell. More ATP is produced in the presence of oxygen (O;) than in pathways that
do not use oxygen. The overall reaction for the conversion of the energy in glucose to energy stored in ATP can

be written:
CgH1206+6 Oy - 6 CO, + 6 HyO + ATP

In addition to being a critical fuel source, carbohydrates are present in very small amounts in cells’ structure.
For instance, some carbohydrate molecules bind with proteins to produce glycoproteins, and others combine with

lipids to produce glycolipids, both of which are found in the membrane that encloses the contents of body cells.

Lipids

A lipid is one of a highly diverse group of compounds made up mostly of hydrocarbons. The few oxygen atoms
they contain are often at the periphery of the molecule. Their nonpolar hydrocarbons make all lipids hydrophobic.
In water, lipids do not form a true solution, but they may form an emulsion, which is the term for a mixture of

solutions that do not mix well.

Triglycerides

A triglyceride is one of the most common dietary lipid groups, and the type found most abundantly in body
tissues. This compound, which is commonly referred to as a fat, is formed from the synthesis of two types of
molecules (Figure 4):

» A glycerol backbone at the core of triglycerides, consists of three carbon atoms.

+ Three fatty acids, long chains of hydrocarbons with a carboxyl group and a methyl group at opposite
ends, extend from each of the carbons of the glycerol.
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Three fatty acid chains are bound to glycerol by dehydration synthesis.
3 water

Glycerol 3 fatty acid chains Triglyceride, or neutral fat molecules
—— | ' | | ' |
i i N
H—C—O0 — H HO — C—CHy—CH,+** CH,— CH,—CHg H—C—0 — C—CH,—CH,***CH,—CH,—CHg,
| Il | I
H—C—0 — H + HO — C—CH,—CH,*** CH,—CH,—CHj |:> H—C—0 — C—CH,—CH,+CH,—CH,—CHg + 3H,0
| Il | Il
H—(i‘,—O — H HO — C—CH,—CH,*:: CH,—CH,—CHjs H—C—0O — C—CH,—CH,*:*CH,—CH,—CHj;
H

|
H

Figure 4. Triglycerides. Triglycerides are composed of glycerol attached to three fatty acids via
dehydration synthesis. Notice that glycerol gives up a hydrogen atom, and the carboxyl groups on the
fatty acids each give up a hydroxyl group.

Triglycerides form via dehydration synthesis. Glycerol gives up hydrogen atoms from its hydroxyl groups at each
bond, and the carboxyl group on each fatty acid chain gives up a hydroxyl group. A total of three water molecules
are thereby released.

Fatty acid chains that have no double carbon bonds anywhere along their length and therefore contain the
maximum number of hydrogen atoms are called saturated fatty acids. These straight, rigid chains pack tightly
together and are solid or semi-solid at room temperature (Figure 5a). Butter and lard are examples, as is the fat
found on a steak or in your own body. In contrast, fatty acids with one double carbon bond are kinked at that
bond (Figure 5b). These monounsaturated fatty acids are therefore unable to pack together tightly, and are liquid
at room temperature. Polyunsaturated fatty acids contain two or more double carbon bonds, and are also liquid at

room temperature. Plant oils such as olive oil typically contain both mono- and polyunsaturated fatty acids.
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Figure 5. Fatty Acid Shapes. The level of saturation of a fatty acid affects
its shape. (a) Saturated fatty acid chains are straight. (b) Unsaturated
fatty acid chains are kinked.

Whereas a diet high in saturated fatty acids increases the risk of heart disease, a diet high in unsaturated fatty acids
is thought to reduce the risk. This is especially true for the omega-3 unsaturated fatty acids found in cold-water
fish such as salmon. These fatty acids have their first double carbon bond at the third hydrocarbon from the methyl

group (referred to as the omega end of the molecule).

Finally, trans fatty acids found in some processed foods, including some stick and tub margarines, are thought
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to be even more harmful to the heart and blood vessels than saturated fatty acids. Trans fats are created from

unsaturated fatty acids (such as corn oil) when chemically treated to produce partially hydrogenated fats.

As a group, triglycerides are a major fuel source for the body. When you are resting or asleep, a majority of the
energy used to keep you alive is derived from triglycerides stored in your fat (adipose) tissues. Triglycerides also
fuel long, slow physical activity such as gardening or hiking, and contribute a modest percentage of energy for
vigorous physical activity. Dietary fat also assists the absorption and transport of the nonpolar fat-soluble vitamins
A, D, E, and K. Additionally, stored body fat protects and cushions the body’s bones and internal organs, and acts

as insulation to retain body heat.

Fatty acids are also components of glycolipids, which are sugar-fat compounds found in the cell membrane.
Lipoproteins are compounds in which the hydrophobic triglycerides are packaged in protein envelopes for

transport in body fluids.

Phospholipids

As its name suggests, a phospholipid is a bond between the glycerol component of a lipid and a phosphorous
molecule. In fact, phospholipids are similar in structure to triglycerides. However, instead of having three fatty
acids, a phospholipid is generated from a diglyceride, a glycerol with just two fatty acid chains (Figure 6).
The third binding site on the glycerol is taken up by the phosphate group, which in turn is attached to a polar
“head” region of the molecule. Recall that triglycerides are nonpolar and hydrophobic. This still holds for the
fatty acid portion of a phospholipid compound. However, the head of a phospholipid contains charges on the
phosphate groups, as well as on the nitrogen atom. These charges make the phospholipid head hydrophilic.
Therefore, phospholipids are said to have hydrophobic tails, containing the neutral fatty acids, and hydrophilic

heads, containing the charged phosphate groups and nitrogen atom.
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(a) Phospholipids

Two fatty acid chains and a phosphorus-containing group are attached to the glycerol backbone.

Example: Phosphatidylcholine

Phosphorus-containing group Glycerol 2 fatty acid chains
(polar “head”) backbone (nonpolar “tail”) Polar “head”
1 1 1
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(b) Sterols
Four interlocking hydrocarbon rings from a steroid.
Example: Cholesterol (cholesterol is the basis for all steroids formed in the body)
H3C CHjz
CH
CHg 8
CHjz
HO
(c) Prostaglandins
HO 0}
PGFoy COOH PGE, COOH
O =
HO OH HO OH

Figure 6. Other Important Lipids. (a) Phospholipids are composed of two fatty acids, glycerol, and a phosphate
group. (b) Sterols are ring-shaped lipids. Shown here is cholesterol. (c) Prostaglandins are derived from unsaturated
fatty acids. Prostaglandin E2 (PGE2) includes hydroxyl and carboxyl groups.

Steroids

A steroid compound (referred to as a sterol) has as its foundation a set of four hydrocarbon rings bonded to
a variety of other atoms and molecules (see Figure 6b). Although both plants and animals synthesize sterols,
the type that makes the most important contribution to human structure and function is cholesterol, which is
synthesized by the liver in humans and animals and is also present in most animal-based foods. Like other
lipids, cholesterol’s hydrocarbons make it hydrophobic; however, it has a polar hydroxyl head that is hydrophilic.
Cholesterol is an important component of bile acids, compounds that help emulsify dietary fats. In fact, the word
root chole- refers to bile. Cholesterol is also a building block of many hormones, signaling molecules that the

body releases to regulate processes at distant sites. Finally, like phospholipids, cholesterol molecules are found in
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the cell membrane, where their hydrophobic and hydrophilic regions help regulate the flow of substances into and
out of the cell.

Prostaglandins

Like a hormone, a prostaglandin is one of a group of signaling molecules, but prostaglandins are derived from
unsaturated fatty acids (see Figure 6¢). One reason that the omega-3 fatty acids found in fish are beneficial
is that they stimulate the production of certain prostaglandins that help regulate aspects of blood pressure and
inflammation, and thereby reduce the risk for heart disease. Prostaglandins also sensitize nerves to pain. One
class of pain-relieving medications called nonsteroidal anti-inflammatory drugs (NSAIDs) works by reducing the

effects of prostaglandins.

Proteins

You might associate proteins with muscle tissue, but in fact, proteins are critical components of all tissues and
organs. A protein is an organic molecule composed of amino acids linked by peptide bonds. Proteins include the
keratin in the epidermis of skin that protects underlying tissues, the collagen found in the dermis of skin, in bones,
and in the meninges that cover the brain and spinal cord. Proteins are also components of many of the body’s
functional chemicals, including digestive enzymes in the digestive tract, antibodies, the neurotransmitters that
neurons use to communicate with other cells, and the peptide-based hormones that regulate certain body functions
(for instance, growth hormone). While carbohydrates and lipids are composed of hydrocarbons and oxygen, all

proteins also contain nitrogen (N), and many contain sulfur (S), in addition to carbon, hydrogen, and oxygen.

Microstructure of Proteins

Proteins are polymers made up of nitrogen-containing monomers called amino acids. An amino acid is a molecule
composed of an amino group and a carboxyl group, together with a variable side chain. Just 20 different amino
acids contribute to nearly all of the thousands of different proteins important in human structure and function.
Body proteins contain a unique combination of a few dozen to a few hundred of these 20 amino acid monomers.
All 20 of these amino acids share a similar structure (Figure 7). All consist of a central carbon atom to which the

following are bonded:
* ahydrogen atom
+ an alkaline (basic) amino group NH> (see Table 1)

* an acidic carboxyl group COOH (see Table 1)

* avariable group
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Figure 8. Structure of an Amino Acid

Notice that all amino acids contain both an acid (the carboxyl group) and a base (the amino group) (amine =
“nitrogen-containing™). For this reason, they make excellent buffers, helping the body regulate acid—base balance.
What distinguishes the 20 amino acids from one another is their variable group, which is referred to as a side
chain or an R-group. This group can vary in size and can be polar or nonpolar, giving each amino acid its unique
characteristics. For example, the side chains of two amino acids—cysteine and methionine—contain sulfur. Sulfur
does not readily participate in hydrogen bonds, whereas all other amino acids do. This variation influences the

way that proteins containing cysteine and methionine are assembled.

Amino acids join via dehydration synthesis to form protein polymers (Figure 8). The unique bond holding amino
acids together is called a peptide bond. A peptide bond is a covalent bond between two amino acids that forms
by dehydration synthesis. A peptide, in fact, is a very short chain of amino acids. Strands containing fewer than

about 100 amino acids are generally referred to as polypeptides rather than proteins.
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Figure 8.Peptide Bond. Different amino acids join
together to form peptides, polypeptides, or proteins
via dehydration synthesis. The bonds between the
amino acids are peptide bonds.

The body is able to synthesize most of the amino acids from components of other molecules; however, nine cannot

be synthesized and have to be consumed in the diet. These are known as the essential amino acids.
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Free amino acids available for protein construction are said to reside in the amino acid pool within cells. Structures
within cells use these amino acids when assembling proteins. If a particular essential amino acid is not available

in sufficient quantities in the amino acid pool, however, synthesis of proteins containing it can slow or even cease.

Shape of Proteins

Just as a fork cannot be used to eat soup and a spoon cannot be used to spear meat, a protein’s shape is essential
to its function. A protein’s shape is determined, most fundamentally, by the sequence of amino acids of which it

is made (Figure 9a). The sequence is called the primary structure of the protein.

(a) Primary structure Chain of amino acids

Alpha-helix

(c) Tertiary structure

(d) Quaternary structure Hemoglobin
(globular protein)

Figure 9. The Shape of Proteins. (a) The primary structure is the sequence of amino acids
that make up the polypeptide chain. (b) The secondary structure, which can take the form of
an alpha-helix or a beta-pleated sheet, is maintained by hydrogen bonds between amino
acids in different regions of the original polypeptide strand. (c) The tertiary structure occurs
as a result of further folding and bonding of the secondary structure. (d) The quaternary
structure occurs as a result of interactions between two or more tertiary subunits. The
example shown here is hemoglobin, a protein in red blood cells which transports oxygen to
body tissues.

Although some polypeptides exist as linear chains, most are twisted or folded into more complex secondary
structures that form when bonding occurs between amino acids with different properties at different regions of the
polypeptide. The most common secondary structure is a spiral called an alpha-helix. If you were to take a length
of string and simply twist it into a spiral, it would not hold the shape. Similarly, a strand of amino acids could not

maintain a stable spiral shape without the help of hydrogen bonds, which create bridges between different regions
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of the same strand (see Figure 9b). Less commonly, a polypeptide chain can form a beta-pleated sheet, in which
hydrogen bonds form bridges between different regions of a single polypeptide that has folded back upon itself,

or between two or more adjacent polypeptide chains.

The secondary structure of proteins further folds into a compact three-dimensional shape, referred to as the
protein’s tertiary structure (see Figure 9c). In this configuration, amino acids that had been very distant in the
primary chain can be brought quite close via hydrogen bonds or, in proteins containing cysteine, via disulfide
bonds. A disulfide bond is a covalent bond between sulfur atoms in a polypeptide. Often, two or more separate
polypeptides bond to form an even larger protein with a quaternary structure (see Figure 9d). The polypeptide
subunits forming a quaternary structure can be identical or different. For instance, hemoglobin, the protein found
in red blood cells is composed of four tertiary polypeptides, two of which are called alpha chains and two of which

are called beta chains.

When they are exposed to extreme heat, acids, bases, and certain other substances, proteins will denature.
Denaturation is a change in the structure of a molecule through physical or chemical means. Denatured proteins
lose their functional shape and are no longer able to carry out their jobs. An everyday example of protein

denaturation is the curdling of milk when acidic lemon juice is added.

The contribution of the shape of a protein to its function can hardly be exaggerated. For example, the long, slender
shape of protein strands that make up muscle tissue is essential to their ability to contract (shorten) and relax
(lengthen). As another example, bones contain long threads of a protein called collagen that acts as scaffolding
upon which bone minerals are deposited. These elongated proteins, called fibrous proteins, are strong and durable
and typically hydrophobic.

In contrast, globular proteins are globes or spheres that tend to be highly reactive and are hydrophilic. The
hemoglobin proteins packed into red blood cells are an example (see Figure 9d); however, globular proteins
are abundant throughout the body, playing critical roles in most body functions. Enzymes, introduced earlier as

protein catalysts, are examples of this. The next section takes a closer look at the action of enzymes.

Proteins Function as Enzymes

If you were trying to type a paper, and every time you hit a key on your laptop there was a delay of six or seven
minutes before you got a response, you would probably get a new laptop. In a similar way, without enzymes to

catalyze chemical reactions, the human body would be nonfunctional. It functions only because enzymes function.

Enzymatic reactions—chemical reactions catalyzed by enzymes—begin when substrates bind to the enzyme. A
substrate is a reactant in an enzymatic reaction. This occurs on regions of the enzyme known as active sites
(Figure 10). Any given enzyme catalyzes just one type of chemical reaction. This characteristic, called specificity,
is due to the fact that a substrate with a particular shape and electrical charge can bind only to an active site

corresponding to that substrate.
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Figure 10. Steps in an Enzymatic Reaction. (a) Substrates approach active sites on enzyme. (b)
Substrates bind to active sites, producing an enzyme—substrate complex. (c) Changes internal to the
enzyme—substrate complex facilitate interaction of the substrates. (d) Products are released and the
enzyme returns to its original form, ready to facilitate another enzymatic reaction.

Binding of a substrate produces an enzyme—substrate complex. It is likely that enzymes speed up chemical
reactions in part because the enzyme-substrate complex undergoes a set of temporary and reversible changes that
cause the substrates to be oriented toward each other in an optimal position to facilitate their interaction. This
promotes increased reaction speed. The enzyme then releases the product(s), and resumes its original shape. The

enzyme is then free to engage in the process again, and will do so as long as substrate remains.

Other Functions of Proteins

Advertisements for protein bars, powders, and shakes all say that protein is important in building, repairing, and
maintaining muscle tissue, but the truth is that proteins contribute to all body tissues, from the skin to the brain
cells. Also, certain proteins act as hormones, chemical messengers that help regulate body functions, For example,

growth hormone is important for skeletal growth, among other roles.

As was noted earlier, the basic and acidic components enable proteins to function as buffers in maintaining
acid—base balance, but they also help regulate fluid—electrolyte balance. Proteins attract fluid, and a healthy
concentration of proteins in the blood, the cells, and the spaces between cells helps ensure a balance of fluids in
these various “compartments.” Moreover, proteins in the cell membrane help to transport electrolytes in and out
of the cell, keeping these ions in a healthy balance. Like lipids, proteins can bind with carbohydrates. They can

thereby produce glycoproteins or proteoglycans, both of which have many functions in the body.

The body can use proteins for energy when carbohydrate and fat intake is inadequate, and stores of glycogen and
adipose tissue become depleted. However, since there is no storage site for protein except functional tissues, using

protein for energy causes tissue breakdown, and results in body wasting.

Nucleotides

The fourth type of organic compound important to human structure and function are the nucleotides (Figure 11).

A nucleotide is one of a class of organic compounds composed of three subunits:



* one or more phosphate groups

* a pentose sugar: either deoxyribose or ribose

ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) * 69

* anitrogen-containing base: adenine, cytosine, guanine, thymine, or uracil

Nucleotides can be assembled into nucleic acids (DNA or RNA) or the energy compound adenosine triphosphate.
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Figure 11. Nucleotides. (a) The building blocks of all nucleotides are one or more phosphate groups,
a pentose sugar, and a nitrogen-containing base. (b) The nitrogen-containing bases of nucleotides.

(c) The two pentose sugars of DNA and RNA.

Nucleic Acids

The nucleic acids differ in their type of pentose sugar. Deoxyribonucleic acid (DNA) is nucleotide that stores

genetic information. DNA contains deoxyribose (so-called because it has one less atom of oxygen than ribose)

plus one phosphate group and one nitrogen-containing base. The “choices” of base for DNA are adenine, cytosine,

guanine, and thymine. Ribonucleic acid (RNA) is a ribose-containing nucleotide that helps manifest the genetic

code as protein. RNA contains ribose, one phosphate group, and one nitrogen-containing base, but the “choices”

of base for RNA are adenine, cytosine, guanine, and uracil.

The nitrogen-containing bases adenine and guanine are classified as purines. A purine is a nitrogen-containing

molecule with a double ring structure, which accommodates several nitrogen atoms. The bases cytosine, thymine

(found in DNA only) and uracil (found in RNA only) are pyramidines. A pyramidine is a nitrogen-containing

base with a single ring structure
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Bonds formed by dehydration synthesis between the pentose sugar of one nucleic acid monomer and the
phosphate group of another form a “backbone,” from which the components’ nitrogen-containing bases protrude.
In DNA, two such backbones attach at their protruding bases via hydrogen bonds. These twist to form a shape
known as a double helix (Figure 12). The sequence of nitrogen-containing bases within a strand of DNA form the
genes that act as a molecular code instructing cells in the assembly of amino acids into proteins. Humans have
almost 22,000 genes in their DNA, locked up in the 46 chromosomes inside the nucleus of each cell (except red
blood cells which lose their nuclei during development). These genes carry the genetic code to build one’s body,
and are unique for each individual except identical twins.

Nitrogenous bases:

I Adenine
[T Thymine
I Guanine
X  cCytosine

Base pair

Sugar phosphate backbone

Figure 12. DNA. In the DNA double helix, two strands attach
via hydrogen bonds between the bases of the component
nucleotides.

In contrast, RNA consists of a single strand of sugar-phosphate backbone studded with bases. Messenger RNA
(mRNA) is created during protein synthesis to carry the genetic instructions from the DNA to the cell’s protein
manufacturing plants in the cytoplasm, the ribosomes.

Adenosine Triphosphate

The nucleotide adenosine triphosphate (ATP), is composed of a ribose sugar, an adenine base, and three phosphate
groups (Figure 13). ATP is classified as a high energy compound because the two covalent bonds linking its three
phosphates store a significant amount of potential energy. In the body, the energy released from these high energy
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bonds helps fuel the body’s activities, from muscle contraction to the transport of substances in and out of cells to
anabolic chemical reactions.
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Figure 13. Structure of Adenosine Triphosphate (ATP).

When a phosphate group is cleaved from ATP, the products are adenosine diphosphate (ADP) and inorganic
phosphate (P;). This hydrolysis reaction can be written:

ATP + H,O - ADP + P; + energy

Removal of a second phosphate leaves adenosine monophosphate (AMP) and two phosphate groups. Again, these
reactions also liberate the energy that had been stored in the phosphate-phosphate bonds. They are reversible, too,
as when ADP undergoes phosphorylation. Phesphorylation is the addition of a phosphate group to an organic
compound, in this case, resulting in ATP. In such cases, the same level of energy that had been released during

hydrolysis must be reinvested to power dehydration synthesis.

Cells can also transfer a phosphate group from ATP to another organic compound. For example, when glucose
first enters a cell, a phosphate group is transferred from ATP, forming glucose phosphate (CgH120g—P) and ADP.

Once glucose is phosphorylated in this way, it can be stored as glycogen or metabolized for immediate energy.
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3.1 The Cell Membrane

Learning Objectives

By the end of this section, you will be able to:

* Describe the molecular components that make up the cell membrane
+ Explain the major features and properties of the cell membrane
 Differentiate between materials that can and cannot diffuse through the lipid bilayer

» Compare and contrast different types of passive transport with active transport,
providing examples of each

Despite differences in structure and function, all living cells in multicellular organisms have a surrounding cell
membrane. As the outer layer of your skin separates your body from its environment, the cell membrane (also
known as the plasma membrane) separates the inner contents of a cell from its exterior environment. This cell

membrane provides a protective barrier around the cell and regulates which materials can pass in or out.

Structure and Composition of the Cell Membrane

The cell membrane is an extremely pliable structure composed primarily of back-to-back phospholipids (a
“bilayer”). Cholesterol is also present, which contributes to the fluidity of the membrane, and there are various

proteins embedded within the membrane that have a variety of functions.

A single phospholipid molecule has a phosphate group on one end, called the “head,” and two side-by-side chains
of fatty acids that make up the lipid tails (Figure 1). The phosphate group is negatively charged, making the
head polar and hydrophilic—or “water loving.” A hydrophilic molecule (or region of a molecule) is one that is
attracted to water. The phosphate heads are thus attracted to the water molecules of both the extracellular and
intracellular environments. The lipid tails, on the other hand, are uncharged, or nonpolar, and are hydrophobic—or
“water fearing.” A hydrophobic molecule (or region of a molecule) repels and is repelled by water. Some lipid
tails consist of saturated fatty acids and some contain unsaturated fatty acids. This combination adds to the

73
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fluidity of the tails that are constantly in motion. Phospholipids are thus amphipathic molecules. An amphipathic
molecule is one that contains both a hydrophilic and a hydrophobic region. In fact, soap works to remove oil
and grease stains because it has amphipathic properties. The hydrophilic portion can dissolve in water while the

hydrophobic portion can trap grease in micelles that then can be washed away.
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Figure 1. Phospholipid Structure. A phospholipid
molecule consists of a polar phosphate “head,” which
is hydrophilic and a non-polar lipid “tail,” which is
hydrophobic. Unsaturated fatty acids result in kinks
in the hydrophobic tails.

The cell membrane consists of two adjacent layers of phospholipids. The lipid tails of one layer face the lipid
tails of the other layer, meeting at the interface of the two layers. The phospholipid heads face outward, one
layer exposed to the interior of the cell and one layer exposed to the exterior (Figure 2). Because the phosphate
groups are polar and hydrophilic, they are attracted to water in the intracellular fluid. Intracellular fluid (ICF)
is the fluid interior of the cell. The phosphate groups are also attracted to the extracellular fluid. Extracellular
fluid (ECF) is the fluid environment outside the enclosure of the cell membrane. Interstitial fluid (IF) is the
term given to extracellular fluid not contained within blood vessels. Because the lipid tails are hydrophobic, they
meet in the inner region of the membrane, excluding watery intracellular and extracellular fluid from this space.
The cell membrane has many proteins, as well as other lipids (such as cholesterol), that are associated with the
phospholipid bilayer. An important feature of the membrane is that it remains fluid; the lipids and proteins in the

cell membrane are not rigidly locked in place.
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Extracellular

Phospholipid
bilayer

Intracellular Hydrophobic tail

Hydrophilic head

Figure 2. Phospolipid Bilayer. The phospholipid
bilayer consists of two adjacent sheets of
phospholipids, arranged tail to tail. The hydrophobic
tails associate with one another, forming the interior
of the membrane. The polar heads contact the fluid
inside and outside of the cell.

Membrane Proteins

The lipid bilayer forms the basis of the cell membrane, but it is peppered throughout with various proteins. Two
different types of proteins that are commonly associated with the cell membrane are the integral proteins and
peripheral protein (Figure 3). As its name suggests, an integral protein is a protein that is embedded in the
membrane. A channel protein is an example of an integral protein that selectively allows particular materials,
such as certain ions, to pass into or out of the cell.

Glycoprotein: protein with Glycolipid: lipid with
i carbohydrate attached / carbohydrate
o 3P  attached

Peripheral membrane Phospholipid
protein bilayer

Integral membrane Cholesterol Channel protein
protein

Figure 3. Cell Membrane. The cell membrane of the cell is a phospholipid bilayer containing
many different molecular components, including proteins and cholesterol, some with
carbohydrate groups attached.

Another important group of integral proteins are cell recognition proteins, which serve to mark a cell’s identity
so that it can be recognized by other cells. A receptor is a type of recognition protein that can selectively bind
a specific molecule outside the cell, and this binding induces a chemical reaction within the cell. A ligand is
the specific molecule that binds to and activates a receptor. Some integral proteins serve dual roles as both a

receptor and an ion channel. One example of a receptor-ligand interaction is the receptors on nerve cells that bind
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neurotransmitters, such as dopamine. When a dopamine molecule binds to a dopamine receptor protein, a channel

within the transmembrane protein opens to allow certain ions to flow into the cell.

Some integral membrane proteins are glycoproteins. A glycoprotein is a protein that has carbohydrate molecules
attached, which extend into the extracellular matrix. The attached carbohydrate tags on glycoproteins aid in
cell recognition. The carbohydrates that extend from membrane proteins and even from some membrane lipids
collectively form the glycocalyx. The glycocalyx is a fuzzy-appearing coating around the cell formed from
glycoproteins and other carbohydrates attached to the cell membrane. The glycocalyx can have various roles. For
example, it may have molecules that allow the cell to bind to another cell, it may contain receptors for hormones,
or it might have enzymes to break down nutrients. The glycocalyces found in a person’s body are products of that
person’s genetic makeup. They give each of the individual’s trillions of cells the “identity” of belonging in the
person’s body. This identity is the primary way that a person’s immune defense cells “know™ not to attack the

person’s own body cells, but it also is the reason organs donated by another person might be rejected.

Peripheral proteins are typically found on the inner or outer surface of the lipid bilayer but can also be attached
to the internal or external surface of an integral protein. These proteins typically perform a specific function for
the cell. Some peripheral proteins on the surface of intestinal cells, for example, act as digestive enzymes to break

down nutrients to sizes that can pass through the cells and into the bloodstream.

Transport across the Cell Membrane

One of the great wonders of the cell membrane is its ability to regulate the concentration of substances inside the
cell. These substances include ions such as Ca**, Na*, K", and CI~; nutrients including sugars, fatty acids, and

amino acids; and waste products, particularly carbon dioxide (CO»), which must leave the cell.

The membrane’s lipid bilayer structure provides the first level of control. The phospholipids are tightly packed
together, and the membrane has a hydrophobic interior. This structure causes the membrane to be selectively
permeable. A membrane that has selective permeability allows only substances meeting certain criteria to pass
through it unaided. In the case of the cell membrane, only relatively small, nonpolar materials can move through
the lipid bilayer (remember, the lipid tails of the membrane are nonpolar). Some examples of these are other lipids,
oxygen and carbon dioxide gases, and alcohol. However, water-soluble materials—like glucose, amino acids,
and electrolytes—need some assistance to cross the membrane because they are repelled by the hydrophobic
tails of the phospholipid bilayer. All substances that move through the membrane do so by one of two general
methods, which are categorized based on whether or not energy is required. Passive transport is the movement
of substances across the membrane without the expenditure of cellular energy. In contrast, active transport is the
movement of substances across the membrane using energy from adenosine triphosphate (ATP).

Passive Transport

In order to understand how substances move passively across a cell membrane, it is necessary to understand

concentration gradients and diffusion. A concentration gradient is the difference in concentration of a substance
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across a space. Molecules (or ions) will spread/diffuse from where they are more concentrated to where they are
less concentrated until they are equally distributed in that space. (When molecules move in this way, they are
said to move down their concentration gradient.) Diffusion is the movement of particles from an area of higher
concentration to an area of lower concentration. A couple of common examples will help to illustrate this concept.
Imagine being inside a closed bathroom. If a bottle of perfume were sprayed, the scent molecules would naturally
diffuse from the spot where they left the bottle to all corners of the bathroom, and this diffusion would go on
until no more concentration gradient remains. Another example is a spoonful of sugar placed in a cup of tea.
Eventually the sugar will diffuse throughout the tea until no concentration gradient remains. In both cases, if the
room is warmer or the tea hotter, diffusion occurs even faster as the molecules are bumping into each other and
spreading out faster than at cooler temperatures. Having an internal body temperature around 98.6" F thus also

aids in diffusion of particles within the body.
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Visit this link to see diffusion and how it is propelled by the kinetic energy of molecules in solution. How does

temperature affect diffusion rate, and why?

Whenever a substance exists in greater concentration on one side of a semipermeable membrane, such as the
cell membranes, any substance that can move down its concentration gradient across the membrane will do so.
Consider substances that can easily diffuse through the lipid bilayer of the cell membrane, such as the gases
oxygen (Oy) and CO,. O, generally diffuses into cells because it is more concentrated outside of them, and CO»
typically diffuses out of cells because it is more concentrated inside of them. Neither of these examples requires

any energy on the part of the cell, and therefore they use passive transport to move across the membrane.

Before moving on, you need to review the gases that can diffuse across a cell membrane. Because cells rapidly
use up oxygen during metabolism, there is typically a lower concentration of O, inside the cell than outside. As
a result, oxygen will diffuse from the interstitial fluid directly through the lipid bilayer of the membrane and into
the cytoplasm within the cell. On the other hand, because cells produce CO, as a byproduct of metabolism, CO»
concentrations rise within the cytoplasm; therefore, CO, will move from the cell through the lipid bilayer and
into the interstitial fluid, where its concentration is lower. This mechanism of molecules moving across a cell
membrane from the side where they are more concentrated to the side where they are less concentrated is a form
of passive transport called simple diffusion (Figure 4).


http://openstaxcollege.org/l/diffusion
http://openstaxcollege.org/l/diffusion
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Figure 4. Simple Diffusion across the Cell (Plasma) Membrane. The
structure of the lipid bilayer allows small, uncharged substances such as
oxygen and carbon dioxide, and hydrophobic molecules such as lipids, to
pass through the cell membrane, down their concentration gradient, by
simple diffusion.

Large polar or ionic molecules, which are hydrophilic, cannot easily cross the phospholipid bilayer. Very small
polar molecules, such as water, can cross via simple diffusion due to their small size. Charged atoms or molecules
of any size cannot cross the cell membrane via simple diffusion as the charges are repelled by the hydrophobic
tails in the interior of the phospholipid bilayer. Solutes dissolved in water on either side of the cell membrane
will tend to diffuse down their concentration gradients, but because most substances cannot pass freely through
the lipid bilayer of the cell membrane, their movement is restricted to protein channels and specialized transport
mechanisms in the membrane. Facilitated diffusion is the diffusion process used for those substances that cannot
cross the lipid bilayer due to their size, charge, and/or polarity (Figure 5). A common example of facilitated
diffusion is the movement of glucose into the cell, where it is used to make ATP. Although glucose can be more
concentrated outside of a cell, it cannot cross the lipid bilayer via simple diffusion because it is both large and
polar. To resolve this, a specialized carrier protein called the glucose transporter will transfer glucose molecules

into the cell to facilitate its inward diffusion.
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Figure 5. Facilitated Diffusion. (a) Facilitated diffusion of
substances crossing the cell (plasma) membrane takes
place with the help of proteins such as channel proteins
and carrier proteins. Channel proteins are less selective
than carrier proteins, and usually mildly discriminate
between their cargo based on size and charge. (b) Carrier
proteins are more selective, often only allowing one
particular type of molecule to cross.

As an example, even though sodium ions (Na*) are highly concentrated outside of cells, these electrolytes are
charged and cannot pass through the nonpolar lipid bilayer of the membrane. Their diffusion is facilitated by
membrane proteins that form sodium channels (or “pores”), so that Na* ions can move down their concentration
gradient from outside the cells to inside the cells. There are many other solutes that must undergo facilitated
diffusion to move into a cell, such as amino acids, or to move out of a cell, such as wastes. Because facilitated

diffusion is a passive process, it does not require energy expenditure by the cell.

Water also can move freely across the cell membrane of all cells, either through protein channels or by slipping

between the lipid tails of the membrane itself. Osmosis is the diffusion of water through a semipermeable

membrane (Figure 6).
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Figure 6. Osmosis. Osmosis is the diffusion of water
through a semipermeable membrane down its
concentration gradient. If a membrane is permeable to
water, though not to a solute, water will equalize its
own concentration by diffusing to the side of lower
water concentration (and thus the side of higher
solute concentration). In the beaker on the left, the
solution on the right side of the membrane is
hypertonic.

The movement of water molecules is not itself regulated by cells, so it is important that cells are exposed to an
environment in which the concentration of solutes outside of the cells (in the extracellular fluid) is equal to the
concentration of solutes inside the cells (in the cytoplasm). Two solutions that have the same concentration of
solutes are said to be isotonic (equal tension). When cells and their extracellular environments are isotonic, the
concentration of water molecules is the same outside and inside the cells, and the cells maintain their normal shape

(and function).

Osmosis occurs when there is an imbalance of solutes outside of a cell versus inside the cell. A solution that
has a higher concentration of solutes than another solution is said to be hypertonic, and water molecules tend to
diffuse into a hypertonic solution (Figure 7). Cells in a hypertonic solution will shrivel as water leaves the cell
via osmosis. In contrast, a solution that has a lower concentration of solutes than another solution is said to be
hypotonic, and water molecules tend to diffuse out of a hypotonic solution. Cells in a hypotonic solution will
take on too much water and swell, with the risk of eventually bursting. A critical aspect of homeostasis in living
things is to create an internal environment in which all of the body’s cells are in an isotonic solution. Various

organ systems, particularly the kidneys, work to maintain this homeostasis.
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Figure 7. Concentration of Solutions. A hypertonic
solution has a solute concentration higher than
another solution. An isotonic solution has a solute
concentration equal to another solution. A hypotonic
solution has a solute concentration lower than another
solution.

Another mechanism besides diffusion to passively transport materials between compartments is filtration. Unlike
diffusion of a substance from where it is more concentrated to less concentrated, filtration uses a hydrostatic
pressure gradient that pushes the fluid—and the solutes within it—from a higher pressure area to a lower pressure
area. Filtration is an extremely important process in the body. For example, the circulatory system uses filtration
to move plasma and substances across the endothelial lining of capillaries and into surrounding tissues, supplying
cells with the nutrients. Filtration pressure in the kidneys provides the mechanism to remove wastes from the
bloodstream.

Active Transport

For all of the transport methods described above, the cell expends no energy. Membrane proteins that aid in the
passive transport of substances do so without the use of ATP. During active transport, ATP is required to move
a substance across a membrane, often with the help of protein carriers, and usually against its concentration

gradient.

One of the most common types of active transport involves proteins that serve as pumps. The word “pump”
probably conjures up thoughts of using energy to pump up the tire of a bicycle or a basketball. Similarly,
energy from ATP is required for these membrane proteins to transport substances—molecules or ions—across the
membrane, usually against their concentration gradients (from an area of low concentration to an area of high

concentration).

The sodium-potassium pump, which is also called Na'/K" ATPase, transports sodium out of a cell while moving
potassium into the cell. The Na*/K* pump is an important ion pump found in the membranes of many types of
cells. These pumps are particularly abundant in nerve cells, which are constantly pumping out sodium ions and
pulling in potassium ions to maintain an electrical gradient across their cell membranes. An electrical gradient
is a difference in electrical charge across a space. In the case of nerve cells, for example, the electrical gradient
exists between the inside and outside of the cell, with the inside being negatively-charged (at around -70 mV)

relative to the outside. The negative electrical gradient is maintained because each Na*/K* pump moves three Na*
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ions out of the cell and two K ions into the cell for each ATP molecule that is used (Figure 8). This process is so
important for nerve cells that it accounts for the majority of their ATP usage.

Extracellular space

. . . . Na*
- @ -
ﬁogium ® ] ./ 7= Potassium
o P STk
O e . /7@ @ O
Plasma
membrane .§
]
=
3
5
&
I ‘/ . - 5
Cytoplasm ; K*

Figure 8. Sodium-Potassium Pump. The sodium-potassium pump is found in many cell (plasma)
membranes. Powered by ATP, the pump moves sodium and potassium ions in opposite directions, each
against its concentration gradient. In a single cycle of the pump, three sodium ions are extruded from and
two potassium ions are imported into the cell.

Active transport pumps can also work together with other active or passive transport systems to move substances
across the membrane. For example, the sodium-potassium pump maintains a high concentration of sodium ions
outside of the cell. Therefore, if the cell needs sodium ions, all it has to do is open a passive sodium channel, as
the concentration gradient of the sodium ions will drive them to diffuse into the cell. In this way, the action of
an active transport pump (the sodium-potassium pump) powers the passive transport of sodium ions by creating
a concentration gradient. When active transport powers the transport of another substance in this wayj, it is called
secondary active transport.

Symporters are secondary active transporters that move two substances in the same direction. For example, the
sodium-glucose symporter uses sodium ions to “pull” glucose molecules into the cell. Because cells store glucose
for energy, glucose is typically at a higher concentration inside of the cell than outside. However, due to the
action of the sodium-potassium pump, sodium ions will easily diffuse into the cell when the symporter is opened.
The flood of sodium ions through the symporter provides the energy that allows glucose to move through the

symporter and into the cell, against its concentration gradient.

Conversely, antiporters are secondary active transport systems that transport substances in opposite directions.
For example, the sodium-hydrogen ion antiporter uses the energy from the inward flood of sodium ions to move
hydrogen ions (H+) out of the cell. The sodium-hydrogen antiporter is used to maintain the pH of the cell’s

interior.

Other forms of active transport do not involve membrane carriers. Endocytosis (bringing “into the cell”) is the
process of a cell ingesting material by enveloping it in a portion of its cell membrane, and then pinching off
that portion of membrane (Figure 9). Once pinched off, the portion of membrane and its contents becomes an
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independent, intracellular vesicle. A vesicle is a membranous sac—a spherical and hollow organelle bounded by a
lipid bilayer membrane. Endocytosis often brings materials into the cell that must to be broken down or digested.
Phagocytosis (“cell eating”) is the endocytosis of large particles. Many immune cells engage in phagocytosis of
invading pathogens. Like little Pac-men, their job is to patrol body tissues for unwanted matter, such as invading
bacterial cells, phagocytize them, and digest them. In contrast to phagocytosis, pinocytoesis (“cell drinking”)

brings fluid containing dissolved substances into a cell through membrane vesicles.
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Figure 9. Three Forms of Endocytosis. Endocytosis is a form of active
transport in which a cell envelopes extracellular materials using its cell
membrane. (a) In phagocytosis, which is relatively nonselective, the cell
takes in a large particle. (b) In pinocytosis, the cell takes in small
particles in fluid. (c) In contrast, receptor-mediated endocytosis is quite
selective. When external receptors bind a specific ligand, the cell
responds by endocytosing the ligand.

Phagocytosis and pinocytosis take in large portions of extracellular material, and they are typically not highly
selective in the substances they bring in. Cells regulate the endocytosis of specific substances via receptor-
mediated endocytosis. Receptor-mediated endocytosis is endocytosis by a portion of the cell membrane that
contains many receptors that are specific for a certain substance. Once the surface receptors have bound sufficient
amounts of the specific substance (the receptor’s ligand), the cell will endocytose the part of the cell membrane
containing the receptor-ligand complexes. Iron, a required component of hemoglobin, is endocytosed by red blood
cells in this way. Iron is bound to a protein called transferrin in the blood. Specific transferrin receptors on red

blood cell surfaces bind the iron-transferrin molecules, and the cell endocytoses the receptor-ligand complexes.

In contrast with endocytosis, exocytosis (taking “out of the cell”) is the process of a cell exporting material
using vesicular transport (Figure 10). Many cells manufacture substances that must be secreted, like a factory
manufacturing a product for export. These substances are typically packaged into membrane-bound vesicles
within the cell. When the vesicle membrane fuses with the cell membrane, the vesicle releases it contents into
the interstitial fluid. The vesicle membrane then becomes part of the cell membrane. Cells of the stomach and
pancreas produce and secrete digestive enzymes through exocytosis (Figure 11). Endocrine cells produce and
secrete hormones that are sent throughout the body, and certain immune cells produce and secrete large amounts

of histamine, a chemical important for immune responses.
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Diseases of the...

Cell: Cystic Fibrosis

Cystic fibrosis (CF) affects approximately 30,000 people in the United States, with about 1,000 new cases
reported each year. The genetic disease is most well known for its damage to the lungs, causing breathing
difficulties and chronic lung infections, but it also affects the liver, pancreas, and intestines. Only about 50 years

ago, the prognosis for children born with CF was very grim—a life expectancy rarely over 10 years. Today, with
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Extracellular fluid
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Figure 10. Exocytosis. Exocytosis is much like
endocytosis in reverse. Material destined for
export is packaged into a vesicle inside the cell.
The membrane of the vesicle fuses with the cell
membrane, and the contents are released into
the extracellular space.

Pancreatic acinar cell

—— Secretory vesicles

Figure 11. Pancreatic Cells’ Enzyme Products. The pancreatic acinar
cells produce and secrete many enzymes that digest food. The tiny black
granules in this electron micrograph are secretory vesicles filled with
enzymes that will be exported from the cells via exocytosis. LM x 2900.
View the University of Michigan Web Scope to explore the tissue sample
in greater detail. (Micrograph provided by the Regents of University of
Michigan Medical School © 2012)

advances in medical treatment, many CF patients live into their 30s.


http://virtualslides.med.umich.edu/Histology/EMsmallCharts/3%20Image%20Scope%20finals/226%20-%20Pancreas_001.svs/view.apml
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The symptoms of CF result from a malfunctioning membrane ion channel called the cystic fibrosis transmembrane
conductance regulator, or CFTR. In healthy people, the CFTR protein is an integral membrane protein that
transports Cl~ ions out of the cell. In a person who has CF, the gene for the CFTR is mutated, thus, the cell
manufactures a defective channel protein that typically is not incorporated into the membrane, but is instead
degraded by the cell.

The CFTR requires ATP in order to function, making its Cl™ transport a form of active transport. This
characteristic puzzled researchers for a long time because the CI™ ions are actually flowing down their
concentration gradient when transported out of cells. Active transport generally pumps ions against their
concentration gradient, but the CFTR presents an exception to this rule.

In normal lung tissue, the movement of Cl™ out of the cell maintains a Cl™-rich, negatively charged environment
immediately outside of the cell. This is particularly important in the epithelial lining of the respiratory system.
Respiratory epithelial cells secrete mucus, which serves to trap dust, bacteria, and other debris. A cilium (plural
= cilia) is one of the hair-like appendages found on certain cells. Cilia on the epithelial cells move the mucus
and its trapped particles up the airways away from the lungs and toward the outside. In order to be effectively
moved upward, the mucus cannot be too viscous; rather it must have a thin, watery consistency. The transport of
CI™ and the maintenance of an electronegative environment outside of the cell attract positive ions such as Na* to
the extracellular space. The accumulation of both CI” and Na" ions in the extracellular space creates solute-rich
mucus, which has a low concentration of water molecules. As a result, through osmosis, water moves from cells
and extracellular matrix into the mucus, “thinning” it out. This is how, in a normal respiratory system, the mucus

is kept sufficiently watered-down to be propelled out of the respiratory system.

If the CFTR channel is absent, CI™ ions are not transported out of the cell in adequate numbers, thus preventing
them from drawing positive ions. The absence of ions in the secreted mucus results in the lack of a normal water
concentration gradient. Thus, there is no osmotic pressure pulling water into the mucus. The resulting mucus is
thick and sticky, and the ciliated epithelia cannot effectively remove it from the respiratory system. Passageways
in the lungs become blocked with mucus, along with the debris it carries. Bacterial infections occur more easily

because bacterial cells are not effectively carried away from the lungs.



3.2 The Cytoplasm and Cellular Organelles

Learning Objectives

By the end of this section, you will be able to:

 Describe the structure and function of the cellular organelles associated with the
endomembrane system, including the endoplasmic reticulum, Golgi apparatus, and
lysosomes

* Describe the structure and function of mitochondria and peroxisomes

» Explain the three components of the cytoskeleton, including their composition and
functions

Now that you have learned that the cell membrane surrounds all cells, you can dive inside of a prototypical human
cell to learn about its internal components and their functions. All living cells in multicellular organisms contain
an internal cytoplasmic compartment, and a nucleus within the cytoplasm. Cytesol, the jelly-like substance within
the cell, provides the fluid medium necessary for biochemical reactions. Eukaryotic cells, including all animal
cells, also contain various cellular organelles. An organelle (“little organ”) is one of several different types of
membrane-enclosed bodies in the cell, each performing a unique function. Just as the various bodily organs work
together in harmony to perform all of a human’s functions, the many different cellular organelles work together
to keep the cell healthy and performing all of its important functions. The organelles and cytosol, taken together,

compose the cell’s cytoplasm. The nucleus is a cell’s central organelle, which contains the cell’s DNA (Figure 1).

86
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Figure 1. Prototypical Human Cell. While this image is not indicative of any one
particular human cell, it is a prototypical example of a cell containing the primary
organelles and internal structures.

Organelles of the Endomembrane System

A set of three major organelles together form a system within the cell called the endomembrane system.
These organelles work together to perform various cellular jobs, including the task of producing, packaging,
and exporting certain cellular products. The organelles of the endomembrane system include the endoplasmic
reticulum, Golgi apparatus, and vesicles.

Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a system of channels that is continuous with the nuclear membrane (or
“envelope”) covering the nucleus and composed of the same lipid bilayer material. The ER can be thought of as
a series of winding thoroughfares similar to the waterway canals in Venice. The ER provides passages throughout
much of the cell that function in transporting, synthesizing, and storing materials. The winding structure of the ER

results in a large membranous surface area that supports its many functions (Figure 2).
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Figure 2. Endoplasmic Reticulum (ER). (a) The ER is a winding network of thin membranous sacs found
in close association with the cell nucleus. The smooth and rough endoplasmic reticula are very different in
appearance and function (source: mouse tissue). (b) Rough ER is studded with numerous ribosomes,
which are sites of protein synthesis (source: mouse tissue). EM x 110,000. (c) Smooth ER synthesizes
phospholipids, steroid hormones, regulates the concentration of cellular Ca++,metabolizes some
carbohydrates, and breaks down certain toxins (source: mouse tissue). EM x 110,510. (Micrographs
provided by the Regents of University of Michigan Medical School © 2012)

Endoplasmic reticulum can exist in two forms: rough ER and smooth ER. These two types of ER perform some
very different functions and can be found in very different amounts depending on the type of cell. Rough ER
(RER) is so-called because its membrane is dotted with embedded granules—organelles called ribosomes, giving
the RER a bumpy appearance. A ribosome is an organelle that serves as the site of protein synthesis. It is
composed of two ribosomal RNA subunits that wrap around mRNA to start the process of translation, followed
by protein synthesis. Smooth ER (SER) lacks these ribosomes.

One of the main functions of the smooth ER is in the synthesis of lipids. The smooth ER synthesizes
phospholipids, the main component of biological membranes, as well as steroid hormones. For this reason, cells
that produce large quantities of such hormones, such as those of the female ovaries and male testes, contain large
amounts of smooth ER. In addition to lipid synthesis, the smooth ER also sequesters (i.e., stores) and regulates the
concentration of cellular Ca™™, a function extremely important in cells of the nervous system where Ca*" is the
trigger for neurotransmitter release. The smooth ER additionally metabolizes some carbohydrates and performs a

detoxification role, breaking down certain toxins.
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In contrast with the smooth ER, the primary job of the rough ER is the synthesis and modification of proteins
destined for the cell membrane or for export from the cell. For this protein synthesis, many ribosomes attach to
the ER (giving it the studded appearance of rough ER). Typically, a protein is synthesized within the ribosome and
released inside the channel of the rough ER, where sugars can be added to it (by a process called glycosylation)
before it is transported within a vesicle to the next stage in the packaging and shipping process: the Golgi

apparatus.

The Golgi Apparatus

The Golgi apparatus is responsible for sorting, modifying, and shipping off the products that come from the
rough ER, much like a post-office. The Golgi apparatus looks like stacked flattened discs, almost like stacks of
oddly shaped pancakes. Like the ER, these discs are membranous. The Golgi apparatus has two distinct sides, each
with a different role. One side of the apparatus receives products in vesicles. These products are sorted through
the apparatus, and then they are released from the opposite side after being repackaged into new vesicles. If the
product is to be exported from the cell, the vesicle migrates to the cell surface and fuses to the cell membrane, and
the cargo is secreted (Figure 3).
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Figure 3. Golgi Apparatus. (a) The Golgi apparatus manipulates products from the rough ER, and also
produces new organelles called lysosomes. Proteins and other products of the ER are sent to the Golgi
apparatus, which organizes, modifies, packages, and tags them. Some of these products are transported to
other areas of the cell and some are exported from the cell through exocytosis. Enzymatic proteins are
packaged as new lysosomes (or packaged and sent for fusion with existing lysosomes). (b) An electron
micrograph of the Golgi apparatus.
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Lysosomes

Some of the protein products packaged by the Golgi include digestive enzymes that are meant to remain inside
the cell for use in breaking down certain materials. The enzyme-containing vesicles released by the Golgi may
form new lysosomes, or fuse with existing, lysosomes. A lysosome is an organelle that contains enzymes that
break down and digest unneeded cellular components, such as a damaged organelle. (A lysosome is similar to a
wrecking crew that takes down old and unsound buildings in a neighborhood.) Autophagy (“self-eating”) is the
process of a cell digesting its own structures. Lysosomes are also important for breaking down foreign material.
For example, when certain immune defense cells (white blood cells) phagocytize bacteria, the bacterial cell is
transported into a lysosome and digested by the enzymes inside. As one might imagine, such phagocytic defense
cells contain large numbers of lysosomes.

Under certain circumstances, lysosomes perform a more grand and dire function. In the case of damaged or
unhealthy cells, lysosomes can be triggered to open up and release their digestive enzymes into the cytoplasm of
the cell, killing the cell. This “self-destruct” mechanism is called autolysis, and makes the process of cell death
controlled (a mechanism called “apoptosis™).
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Watch this video to
learn about the
endomembrane
system, which
includes the rough and
smooth ER and the
Golgi body as well as
lysosomes and
vesicles.

Watch this video to learn about the endomembrane system, which includes the rough and smooth ER and the

Golgi body as well as lysosomes and vesicles. What is the primary role of the endomembrane system?

Organelles for Energy Production and Detoxification

In addition to the jobs performed by the endomembrane system, the cell has many other important functions. Just
as you must consume nutrients to provide yourself with energy, so must each of your cells take in nutrients, some
of which convert to chemical energy that can be used to power biochemical reactions. Another important function
of the cell is detoxification. Humans take in all sorts of toxins from the environment and also produce harmful

chemicals as byproducts of cellular processes. Cells called hepatocytes in the liver detoxify many of these toxins.


http://openstaxcollege.org/l/endomembrane1
http://openstaxcollege.org/l/endomembrane1

ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 91
Mitochondria

A mitochondrion (plural = mitochondria) is a membranous, bean-shaped organelle that is the “energy
transformer” of the cell. Mitochondria consist of an outer lipid bilayer membrane as well as an additional inner
lipid bilayer membrane (Figure 4). The inner membrane is highly folded into winding structures with a great
deal of surface area, called cristae. It is along this inner membrane that a series of proteins, enzymes, and other
molecules perform the biochemical reactions of cellular respiration. These reactions convert energy stored in
nutrient molecules (such as glucose) into adenosine triphosphate (ATP), which provides usable cellular energy to
the cell. Cells use ATP constantly, and so the mitochondria are constantly at work. Oxygen molecules are required
during cellular respiration, which is why you must constantly breathe it in. One of the organ systems in the body
that uses huge amounts of ATP is the muscular system because ATP is required to sustain muscle contraction. As
a result, muscle cells are packed full of mitochondria. Nerve cells also need large quantities of ATP to run their
sodium-potassium pumps. Therefore, an individual neuron will be loaded with over a thousand mitochondria.
On the other hand, a bone cell, which is not nearly as metabolically-active, might only have a couple hundred
mitochondria.
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Figure 4. Mitochondrion. The mitochondria are the energy-conversion factories of the cell. (a) A
mitochondrion is composed of two separate lipid bilayer membranes. Along the inner membrane are
various molecules that work together to produce ATP, the cell’s major energy currency. (b) An
electron micrograph of mitochondria. EM x 236,000. (Micrograph provided by the Regents of
University of Michigan Medical School © 2012)

Peroxisomes

Like lysosomes, a peroxisome is a membrane-bound cellular organelle that contains mostly enzymes (Figure 5).
Peroxisomes perform a couple of different functions, including lipid metabolism and chemical detoxification. In
contrast to the digestive enzymes found in lysosomes, the enzymes within peroxisomes serve to transfer hydrogen
atoms from various molecules to oxygen, producing hydrogen peroxide (H»O5). In this way, peroxisomes
neutralize poisons such as alcohol. In order to appreciate the importance of peroxisomes, it is necessary to

understand the concept of reactive oxygen species.
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Figure 5. Peroxisome. Peroxisomes are
membrane-bound organelles that contain an
abundance of enzymes for detoxifying harmful
substances and lipid metabolism.

Reactive oxygen species (ROS) such as peroxides and free radicals are the highly reactive products of many
normal cellular processes, including the mitochondrial reactions that produce ATP and oxygen metabolism.
Examples of ROS include the hydroxyl radical OH, H>0», and superoxide (O2—02-). Some ROS are important
for certain cellular functions, such as cell signaling processes and immune responses against foreign substances.
Free radicals are reactive because they contain free unpaired electrons; they can easily oxidize other molecules
throughout the cell, causing cellular damage and even cell death. Free radicals are thought to play a role in many

destructive processes in the body, from cancer to coronary artery disease.

Peroxisomes, on the other hand, oversee reactions that neutralize free radicals. Peroxisomes produce large
amounts of the toxic H»O, in the process, but peroxisomes contain enzymes that convert H,O, into water
and oxygen. These byproducts are safely released into the cytoplasm. Like miniature sewage treatment plants,
peroxisomes neutralize harmful toxins so that they do not wreak havoc in the cells. The liver is the organ primarily
responsible for detoxifying the blood before it travels throughout the body, and liver cells contain an exceptionally

high number of peroxisomes.

Defense mechanisms such as detoxification within the peroxisome and certain cellular antioxidants serve to
neutralize many of these molecules. Some vitamins and other substances, found primarily in fruits and vegetables,
have antioxidant properties. Antioxidants work by being oxidized themselves, halting the destructive reaction

cascades initiated by the free radicals. Sometimes though, ROS accumulate beyond the capacity of such defenses.

Oxidative stress is the term used to describe damage to cellular components caused by ROS. Due to their
characteristic unpaired electrons, ROS can set off chain reactions where they remove electrons from other
molecules, which then become oxidized and reactive, and do the same to other molecules, causing a chain
reaction. ROS can cause permanent damage to cellular lipids, proteins, carbohydrates, and nucleic acids. Damaged
DNA can lead to genetic mutations and even cancer. A mutation is a change in the nucleotide sequence in a gene
within a cell’s DNA, potentially altering the protein coded by that gene. Other diseases believed to be triggered or

exacerbated by ROS include Alzheimer’s disease, cardiovascular diseases, diabetes, Parkinson’s disease, arthritis,
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Huntington’s disease, and schizophrenia, among many others. It is noteworthy that these diseases are largely age-

related. Many scientists believe that oxidative stress is a major contributor to the aging process.

Aging and the...

Cell: The Free Radical Theory

The free radical theory on aging was originally proposed in the 1950s, and still remains under debate. Generally
speaking, the free radical theory of aging suggests that accumulated cellular damage from oxidative stress
contributes to the physiological and anatomical effects of aging. There are two significantly different versions
of this theory: one states that the aging process itself is a result of oxidative damage, and the other states that
oxidative damage causes age-related disease and disorders. The latter version of the theory is more widely
accepted than the former. However, many lines of evidence suggest that oxidative damage does contribute to
the aging process. Research has shown that reducing oxidative damage can result in a longer lifespan in certain
organisms such as yeast, worms, and fruit flies. Conversely, increasing oxidative damage can shorten the lifespan
of mice and worms. Interestingly, a manipulation called calorie-restriction (moderately restricting the caloric
intake) has been shown to increase life span in some laboratory animals. It is believed that this increase is at
least in part due to a reduction of oxidative stress. However, a long-term study of primates with calorie-restriction
showed no increase in their lifespan. A great deal of additional research will be required to better understand the

link between reactive oxygen species and aging.

The Cytoskeleton

Much like the bony skeleton structurally supports the human body, the cytoskeleton helps the cells to maintain
their structural integrity. The cytoskeleton is a group of fibrous proteins that provide structural support for cells,
but this is only one of the functions of the cytoskeleton. Cytoskeletal components are also critical for cell motility,

cell reproduction, and transportation of substances within the cell.

The cytoskeleton forms a complex thread-like network throughout the cell consisting of three different kinds of
protein-based filaments: microfilaments, intermediate filaments, and microtubules (Figure 6). The thickest of the
three is the microtubule, a structural filament composed of subunits of a protein called tubulin. Microtubules
maintain cell shape and structure, help resist compression of the cell, and play a role in positioning the organelles
within the cell. Microtubules also make up two types of cellular appendages important for motion: cilia and
flagella. Cilia are found on many cells of the body, including the epithelial cells that line the airways of the
respiratory system. Cilia move rhythmically; they beat constantly, moving waste materials such as dust, mucus,
and bacteria upward through the airways, away from the lungs and toward the mouth. Beating cilia on cells in
the female fallopian tubes move egg cells from the ovary towards the uterus. A flagellum (plural = flagella) is
an appendage larger than a cilium and specialized for cell locomotion. The only flagellated cell in humans is the

sperm cell that must propel itself towards female egg cells.
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Figure 6. The Three Components of the Cytoskeleton. The cytoskeleton consists of (a)
microtubules, (b) microfilaments, and (c) intermediate filaments. The cytoskeleton plays an
important role in maintaining cell shape and structure, promoting cellular movement, and aiding cell
division.

A very important function of microtubules is to set the paths (somewhat like railroad tracks) along which the
genetic material can be pulled (a process requiring ATP) during cell division, so that each new daughter cell
receives the appropriate set of chromosomes. Two short, identical microtubule structures called centrioles are
found near the nucleus of cells. A centriole can serve as the cellular origin point for microtubules extending
outward as cilia or flagella or can assist with the separation of DNA during cell division. Microtubules grow out

from the centrioles by adding more tubulin subunits, like adding additional links to a chain.

In contrast with microtubules, the microfilament is a thinner type of cytoskeletal filament (see Figure 6b). Actin,
a protein that forms chains, is the primary component of these microfilaments. Actin fibers, twisted chains of actin
filaments, constitute a large component of muscle tissue and, along with the protein myosin, are responsible for
muscle contraction. Like microtubules, actin filaments are long chains of single subunits (called actin subunits). In
muscle cells, these long actin strands, called thin filaments, are “pulled” by thick filaments of the myosin protein

to contract the cell.

Actin also has an important role during cell division. When a cell is about to split in half during cell division, actin
filaments work with myosin to create a cleavage furrow that eventually splits the cell down the middle, forming

two new cells from the original cell.

The final cytoskeletal filament is the intermediate filament. As its name would suggest, an intermediate filament
is a filament intermediate in thickness between the microtubules and microfilaments (see Figure 6c¢). Intermediate
filaments are made up of long fibrous subunits of a protein called keratin that are wound together like the threads
that compose a rope. Intermediate filaments, in concert with the microtubules, are important for maintaining cell
shape and structure. Unlike the microtubules, which resist compression, intermediate filaments resist tension—the
forces that pull apart cells. There are many cases in which cells are prone to tension, such as when epithelial cells
of the skin are compressed, tugging them in different directions. Intermediate filaments help anchor organelles
together within a cell and also link cells to other cells by forming special cell-to-cell junctions.



Chapter 6. Bone Tissue and the Skeletal
System
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6.1 The Functions of the Skeletal System

Learning Objectives

By the end of this section, you will be able to:

» Define bone, cartilage, and the skeletal system

* List and describe the functions of the skeletal system

Bone, or osseous tissue, is a hard, dense connective tissue that forms most of the adult skeleton, the support
structure of the body. In the areas of the skeleton where bones move (for example, the ribcage and joints),
cartilage, a semi-rigid form of connective tissue, provides flexibility and smooth surfaces for movement. The
skeletal system is the body system composed of bones and cartilage and performs the following critical functions
for the human body:

+ supports the body

+ facilitates movement

* protects internal organs

» produces blood cells

» stores and releases minerals and fat

Support, Movement, and Protection

The most apparent functions of the skeletal system are the gross functions—those visible by observation. Simply

by looking at a person, you can see how the bones support, facilitate movement, and protect the human body.

Just as the steel beams of a building provide a scaffold to support its weight, the bones and cartilage of your
skeletal system compose the scaffold that supports the rest of your body. Without the skeletal system, you would

be a limp mass of organs, muscle, and skin.
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Bones also facilitate movement by serving as points of attachment for your muscles. While some bones only
serve as a support for the muscles, others also transmit the forces produced when your muscles contract. From
a mechanical point of view, bones act as levers and joints serve as fulcrums (Figure 1). Unless a muscle spans a
joint and contracts, a bone is not going to move. For information on the interaction of the skeletal and muscular
systems, that is, the musculoskeletal system, seek additional content.

Figure 1. Bones Support Movement. Bones act as
levers when muscles span a joint and contract. (credit:
Benjamin J. DeLong)

Bones also protect internal organs from injury by covering or surrounding them. For example, your ribs protect
your lungs and heart, the bones of your vertebral column (spine) protect your spinal cord, and the bones of your
cranium (skull) protect your brain (Figure 2).
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Figure 2. Bones Protect Brain. The cranium
completely surrounds and protects the brain
from non-traumatic injury.

Career Connection

Orthopedist
An orthopedist is a doctor who specializes in diagnosing and treating disorders and injuries related to the
musculoskeletal system. Some orthopedic problems can be treated with medications, exercises, braces, and other

devices, but others may be best treated with surgery (Figure 3).

Figure 3. Arm Brace. An orthopedist will sometimes prescribe the use of
a brace that reinforces the underlying bone structure it is being used to
support. (credit: Juhan Sonin)
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While the origin of the word “orthopedics” (ortho- = “straight”; paed- = “child”), literally means “straightening of
the child,” orthopedists can have patients who range from pediatric to geriatric. In recent years, orthopedists have
even performed prenatal surgery to correct spina bifida, a congenital defect in which the neural canal in the spine

of the fetus fails to close completely during embryologic development.

Orthopedists commonly treat bone and joint injuries but they also treat other bone conditions including curvature
of the spine. Lateral curvatures (scoliosis) can be severe enough to slip under the shoulder blade (scapula) forcing
it up as a hump. Spinal curvatures can also be excessive dorsoventrally (kyphosis) causing a hunch back and
thoracic compression. These curvatures often appear in preteens as the result of poor posture, abnormal growth, or
indeterminate causes. Mostly, they are readily treated by orthopedists. As people age, accumulated spinal column
injuries and diseases like osteoporosis can also lead to curvatures of the spine, hence the stooping you sometimes

see in the elderly.

Some orthopedists sub-specialize in sports medicine, which addresses both simple injuries, such as a sprained
ankle, and complex injuries, such as a torn rotator cuff in the shoulder. Treatment can range from exercise to

surgery.

Mineral Storage, Energy Storage, and Hematopoiesis

On a metabolic level, bone tissue performs several critical functions. For one, the bone matrix acts as a reservoir
for a number of minerals important to the functioning of the body, especially calcium, and phosphorus. These
minerals, incorporated into bone tissue, can be released back into the bloodstream to maintain levels needed to
support physiological processes. Calcium ions, for example, are essential for muscle contractions and controlling
the flow of other ions involved in the transmission of nerve impulses.

Bone also serves as a site for fat storage and blood cell production. The softer connective tissue that fills the
interior of most bone is referred to as bone marrow (Figure 4). There are two types of bone marrow: yellow
marrow and red marrow. Yellow marrow contains adipose tissue; the triglycerides stored in the adipocytes of the
tissue can serve as a source of energy. Red marrow is where hematopoiesis—the production of blood cells—takes

place. Red blood cells, white blood cells, and platelets are all produced in the red marrow.
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Outer surface of bone

Red marrow

Yellow marrow

Figure 4. Head of Femur Showing Red and Yellow Marrow. The head of
the femur contains both yellow and red marrow. Yellow marrow stores
fat. Red marrow is responsible for hematopoiesis. (credit: modification
of work by “stevenfruitsmaak”/Wikimedia Commons)



6.2 Bone Classification

Learning Objectives

By the end of this section, you will be able to:

* Classify bones according to their shapes

* Describe the function of each category of bones

The 206 bones that compose the adult skeleton are divided into five categories based on their shapes (Figure 1).
Their shapes and their functions are related such that each categorical shape of bone has a distinct function.
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Flat bone Irregular bone

Vertebra

Sternum
Long bone
Short bones
Femur
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cuneiform
Sesamoid bone
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Medial

cuneiform
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Figure 1. Classifications of Bones. Bones are classified according to their shape.

Long Bones

A long bone is one that is cylindrical in shape, being longer than it is wide. Keep in mind, however, that the term
describes the shape of a bone, not its size. Long bones are found in the arms (humerus, ulna, radius) and legs
(femur, tibia, fibula), as well as in the fingers (metacarpals, phalanges) and toes (metatarsals, phalanges). Long

bones function as levers; they move when muscles contract.
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Short Bones

A short bone is one that is cube-like in shape, being approximately equal in length, width, and thickness. The
only short bones in the human skeleton are in the carpals of the wrists and the tarsals of the ankles. Short bones

provide stability and support as well as some limited motion.

Flat Bones

The term “flat bone” is somewhat of a misnomer because, although a flat bone is typically thin, it is also often
curved. Examples include the cranial (skull) bones, the scapulae (shoulder blades), the sternum (breastbone), and
the ribs. Flat bones serve as points of attachment for muscles and often protect internal organs.

Irregular Bones

An irregular bone is one that does not have any easily characterized shape and therefore does not fit any other
classification. These bones tend to have more complex shapes, like the vertebrae that support the spinal cord and
protect it from compressive forces. Many facial bones, particularly the ones containing sinuses, are classified as

irregular bones.

Sesamoid Bones

A sesamoid bone is a small, round bone that, as the name suggests, is shaped like a sesame seed. These bones
form in tendons (the sheaths of tissue that connect bones to muscles) where a great deal of pressure is generated in
a joint. The sesamoid bones protect tendons by helping them overcome compressive forces. Sesamoid bones vary
in number and placement from person to person but are typically found in tendons associated with the feet, hands,
and knees. The patellae (singular = patella) are the only sesamoid bones found in common with every person.

Table 1 reviews bone classifications with their associated features, functions, and examples.
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Bone Classifications (Table 1)

Bone

classification Features Function(s) Examples
Cylinder-like shape, longer than Femur, tibia, flbulq, metatarsals,
Long O Leverage humerus, ulna, radius, metacarpals,
it is wide
phalanges
Cube-like shape, approximately =~ Provide stability, support,
Short equal in length, width, and while allowing for some Carpals, tarsals
thickness motion
Points of attachment for
Flat Thin and curved muscles; protectors of internal ~Sternum, ribs, scapulae, cranial bones
organs
Irregular Complex shape Protect internal organs Vertebrae, facial bones
. Small and round; embedded in Protect tendons from
Sesamoid Patellae

tendons

compressive forces



6.3 Bone Structure

Learning Objectives

By the end of this section, you will be able to:

+ Identify the anatomical features of a bone

* Define and list examples of bone markings

 Describe the histology of bone tissue

» Compare and contrast compact and spongy bone

* Identify the structures that compose compact and spongy bone

» Describe how bones are nourished and innervated

Bone tissue (osseous tissue) differs greatly from other tissues in the body. Bone is hard and many of its functions
depend on that characteristic hardness. Later discussions in this chapter will show that bone is also dynamic in
that its shape adjusts to accommodate stresses. This section will examine the gross anatomy of bone first and then

move on to its histology.

Gross Anatomy of Bone

The structure of a long bone allows for the best visualization of all of the parts of a bone (Figure 1). A long bone
has two parts: the diaphysis and the epiphysis. The diaphysis is the tubular shaft that runs between the proximal
and distal ends of the bone. The hollow region in the diaphysis is called the medullary cavity, which is filled with

yellow marrow. The walls of the diaphysis are composed of dense and hard compact bone.
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Articular cartilage
Proximal ——
epiphysis
Metaphysis — Spongy bone
Epiphyseal line
Red bone marrow
Endosteum
Compact bone
—— Medullary cavity
Diaphysis — —— Yellow bone marrow
Periosteum
Nutrient artery
Metaphysis —
Distal
epiphysis
T Articular cartilage

Figure 1. Anatomy of a Long Bone. A typical long bone
shows the gross anatomical characteristics of bone.

The wider section at each end of the bone is called the epiphysis (plural = epiphyses), which is filled with spongy
bone. Red marrow fills the spaces in the spongy bone. Each epiphysis meets the diaphysis at the metaphysis,
the narrow area that contains the epiphyseal plate (growth plate), a layer of hyaline (transparent) cartilage in
a growing bone. When the bone stops growing in early adulthood (approximately 18-21 years), the cartilage is

replaced by osseous tissue and the epiphyseal plate becomes an epiphyseal line.

— €€y

The medullary cavity has a delicate membranous lining called the endoesteum (end- = “inside”; oste- = “bone”),
where bone growth, repair, and remodeling occur. The outer surface of the bone is covered with a fibrous
membrane called the periosteum (peri— = “around” or “surrounding”). The periosteum contains blood vessels,
nerves, and lymphatic vessels that nourish compact bone. Tendons and ligaments also attach to bones at the
periosteum. The periosteum covers the entire outer surface except where the epiphyses meet other bones to form
joints (Figure 2). In this region, the epiphyses are covered with articular cartilage, a thin layer of cartilage that
reduces friction and acts as a shock absorber.
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Endosteum
tl
Periosteum
Endosteum /
Periosteum Osteoclast —
(fibrous layer) Osteocyte Bone matrix

in lacuna

_/ Osteocyte
Periosteum Osteogenic cell ———

(cellular layer)

Osteoblast

Figure 2. Periosteum and Endosteum. The periosteum forms the outer surface of bone, and
the endosteum lines the medullary cavity.

Flat bones, like those of the cranium, consist of a layer of diploé (spongy bone), lined on either side by a layer of
compact bone (Figure 3). The two layers of compact bone and the interior spongy bone work together to protect
the internal organs. If the outer layer of a cranial bone fractures, the brain is still protected by the intact inner layer.

B

6,0

]

Compact
bone

Z=
=

Figure 3. Anatomy of a Flat Bone. This cross-section of a flat bone shows the
spongy bone (diploé) lined on either side by a layer of compact bone.

Periosteum

Spongy
bone (diplo&)

Bone Markings

The surface features of bones vary considerably, depending on the function and location in the body. Table 2
describes the bone markings, which are illustrated in (Figure 4). There are three general classes of bone markings:
(1) articulations, (2) projections, and (3) holes. As the name implies, an articulation is where two bone surfaces
come together (articulus = “joint”). These surfaces tend to conform to one another, such as one being rounded
and the other cupped, to facilitate the function of the articulation. A projection is an area of a bone that projects
above the surface of the bone. These are the attachment points for tendons and ligaments. In general, their size and
shape is an indication of the forces exerted through the attachment to the bone. A hole is an opening or groove in
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the bone that allows blood vessels and nerves to enter the bone. As with the other markings, their size and shape
reflect the size of the vessels and nerves that penetrate the bone at these points.

Bone Markings (Table 2)

Marking Description Example

Articulations Where two bones meet Knee joint

Head Prominent rounded surface Head of femur

Facet Flat surface Vertebrae

Condyle Rounded surface Occipital condyles

Projections  Raised markings Spinous process of the vertebrae
Protuberance Protruding Chin

Process Prominence feature Transverse process of vertebra

Spine Sharp process Ischial spine

Tubercle Small, rounded process Tubercle of humerus

Tuberosity Rough surface Deltoid tuberosity

Line Slight, elongated ridge Temporal lines of the parietal bones
Crest Ridge Iliac crest

Holes Holes and depressions Foramen (holes through which blood vessels can pass through)
Fossa Elongated basin Mandibular fossa

Fovea Small pit Fovea capitis on the head of the femur
Sulcus Groove Sigmoid sulcus of the temporal bones
Canal Passage in bone Auditory canal

Fissure Slit through bone Auricular fissure

Foramen Hole through bone Foramen magnum in the occipital bone
Meatus Opening into canal External auditory meatus

Sinus Air-filled space in bone Nasal sinus
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Examples of processes formed where Examples of an elevation or depression
tendons or ligaments attach

Fovea capitis Crest Fossa

Sulcus

| Tuberosity

Pelvis

f Fossa

Humerus Examples of openings

Tubercle Condyle
Facet

Femur
Foramen

Condyles

Examples of processes formed to Fissure

articulate with adjacent bones

Protuberance

Skull

Figure 4. Bone Features. The surface features of bones depend on their function, location,
attachment of ligaments and tendons, or the penetration of blood vessels and nerves.

Bone Cells and Tissue

Bone contains a relatively small number of cells entrenched in a matrix of collagen fibers that provide a surface for
inorganic salt crystals to adhere. These salt crystals form when calcium phosphate and calcium carbonate combine
to create hydroxyapatite, which incorporates other inorganic salts like magnesium hydroxide, fluoride, and sulfate
as it crystallizes, or calcifies, on the collagen fibers. The hydroxyapatite crystals give bones their hardness and

strength, while the collagen fibers give them flexibility so that they are not brittle.

Although bone cells compose a small amount of the bone volume, they are crucial to the function of bones. Four

types of cells are found within bone tissue: osteoblasts, osteocytes, osteogenic cells, and osteoclasts (Figure 5).
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Figure 5. Bone Cells. Four types of cells are found within bone tissue.
Osteogenic cells are undifferentiated and develop into osteoblasts. When
osteoblasts get trapped within the calcified matrix, their structure and
function changes, and they become osteocytes. Osteoclasts develop from
monocytes and macrophages and differ in appearance from other bone cells.

The osteoblast is the bone cell responsible for forming new bone and is found in the growing portions of bone,
including the periosteum and endosteum. Osteoblasts, which do not divide, synthesize and secrete the collagen
matrix and calcium salts. As the secreted matrix surrounding the osteoblast calcifies, the osteoblast become
trapped within it; as a result, it changes in structure and becomes an osteocyte, the primary cell of mature bone
and the most common type of bone cell. Each osteocyte is located in a space called a lacuna and is surrounded
by bone tissue. Osteocytes maintain the mineral concentration of the matrix via the secretion of enzymes. Like
osteoblasts, osteocytes lack mitotic activity. They can communicate with each other and receive nutrients via long

cytoplasmic processes that extend through canaliculi (singular = canaliculus), channels within the bone matrix.

If osteoblasts and osteocytes are incapable of mitosis, then how are they replenished when old ones die? The
answer lies in the properties of a third category of bone cells—the osteogenic cell. These osteogenic cells are
undifferentiated with high mitotic activity and they are the only bone cells that divide. Immature osteogenic cells
are found in the deep layers of the periosteum and the marrow. They differentiate and develop into osteoblasts.

The dynamic nature of bone means that new tissue is constantly formed, and old, injured, or unnecessary bone
is dissolved for repair or for calcium release. The cell responsible for bone resorption, or breakdown, is the
osteoclast. They are found on bone surfaces, are multinucleated, and originate from monocytes and macrophages,
two types of white blood cells, not from osteogenic cells. Osteoclasts are continually breaking down old bone
while osteoblasts are continually forming new bone. The ongoing balance between osteoblasts and osteoclasts
is responsible for the constant but subtle reshaping of bone. Table 3 reviews the bone cells, their functions, and

locations.



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) « 111

Bone Cells (Table 3)
Cell type Function Location
?esﬁtseogemc Develop into osteoblasts Deep layers of the periosteum and the marrow
Osteoblasts Bone formation Growing portions of bone, including periosteumn and
endosteum
Osteocytes Man}taln mineral concentration of Entrapped in matrix
matrix
Osteoclasts Bone resorption Bone surfaces and at sites of old, injured, or unneeded bone
Compact and Spongy Bone

The differences between compact and spongy bone are best explored via their histology. Most bones contain

compact and spongy osseous tissue, but their distribution and concentration vary based on the bone’s overall

function. Compact bone is dense so that it can withstand compressive forces, while spongy (cancellous) bone has

open spaces and supports shifts in weight distribution.

Compact Bone

Compact bone is the denser, stronger of the two types of bone tissue (Figure 6). It can be found under the

periosteum and in the diaphyses of long bones, where it provides support and protection.



112 + OPENSTAX

Compact bone Spongy bone

Medullary cavity Periost
‘eriosteum

\ ®
F
Circumferential K\] / o ﬁ )
lamellae = -
W
Periosteal artery i \

Concentric lamellae

Osteon

Lymphatic vessel

Nerve

Blood vessels

Periosteal vein

Periosteum:
Quter fibrous layer
Inner osteogenic layer

Interstitial lamellae Medullar cavity

Perforating canal
Spongy bone
Central canal
Blood vessels

Lymphatic vessel

Nerve
Compact bone

(b)

Figure 6. Diagram of Compact Bone. (a) This cross-sectional view of compact bone shows
the basic structural unit, the osteon. (b) In this micrograph of the osteon, you can clearly see
the concentric lamellae and central canals. LM x 40. (Micrograph provided by the Regents
of University of Michigan Medical School © 2012)

The microscopic structural unit of compact bone is called an osteon, or Haversian system. Each osteon is

composed of concentric rings of calcified matrix called lamellae (singular = lamella). Running down the center of

each osteon is the central canal, or Haversian canal, which contains blood vessels, nerves, and lymphatic vessels.

These vessels and nerves branch off at right angles through a perforating canal, also known as Volkmann’s

canals, to extend to the periosteum and endosteum.

The osteocytes are located inside spaces called lacunae (singular = lacuna), found at the borders of adjacent

lamellae. As described earlier, canaliculi connect with the canaliculi of other lacunae and eventually with the

central canal. This system allows nutrients to be transported to the osteocytes and wastes to be removed from

them.
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Spongy (Cancellous) Bone

Like compact bone, spongy bone, also known as cancellous bone, contains osteocytes housed in lacunae, but
they are not arranged in concentric circles. Instead, the lacunae and osteocytes are found in a lattice-like network
of matrix spikes called trabeculae (singular = trabecula) (Figure 7). The trabeculae may appear to be a random
network, but each trabecula forms along lines of stress to provide strength to the bone. The spaces of the
trabeculated network provide balance to the dense and heavy compact bone by making bones lighter so that
muscles can move them more easily. In addition, the spaces in some spongy bones contain red marrow, protected

by the trabeculae, where hematopoiesis occurs.

Spongy bone

— Compact bone Trabeculae

*

A \ , ~———— Lacuna

“ o / ¢ /I —— Osteocyte
P ( V|| = Osteoclast

Osteoblasts aligned
along trabeculae of

Y

new bone
Canaliculi Endosteum  Lamellae J
openings Canaliculi
on surface \

Lamellae

Figure 7. Diagram of Spongy Bone. Spongy bone is composed of trabeculae that contain the
osteocytes. Red marrow fills the spaces in some bones.

Aging and the...

Skeletal System: Paget’s Disease
Paget’s disease usually occurs in adults over age 40. It is a disorder of the bone remodeling process that
begins with overactive osteoclasts. This means more bone is resorbed than is laid down. The osteoblasts try to

compensate but the new bone they lay down is weak and brittle and therefore prone to fracture.

While some people with Paget’s disease have no symptoms, others experience pain, bone fractures, and bone
deformities (Figure 8). Bones of the pelvis, skull, spine, and legs are the most commonly affected. When occurring

in the skull, Paget’s disease can cause headaches and hearing loss.
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Normal Paget’s disease

Figure 9. Paget’s Disease. Normal leg bones are relatively
straight, but those affected by Paget’s disease are porous
and curved.

What causes the osteoclasts to become overactive? The answer is still unknown, but hereditary factors seem to

play a role. Some scientists believe Paget’s disease is due to an as-yet-unidentified virus.

Paget’s disease is diagnosed via imaging studies and lab tests. X-rays may show bone deformities or areas of bone
resorption. Bone scans are also useful. In these studies, a dye containing a radioactive ion is injected into the body.
Areas of bone resorption have an affinity for the ion, so they will light up on the scan if the ions are absorbed.
In addition, blood levels of an enzyme called alkaline phosphatase are typically elevated in people with Paget’s
disease.

Bisphosphonates, drugs that decrease the activity of osteoclasts, are often used in the treatment of Paget’s disease.
However, in a small percentage of cases, bisphosphonates themselves have been linked to an increased risk of
fractures because the old bone that is left after bisphosphonates are administered becomes worn out and brittle.
Still, most doctors feel that the benefits of bisphosphonates more than outweigh the risk; the medical professional
has to weigh the benefits and risks on a case-by-case basis. Bisphosphonate treatment can reduce the overall
risk of deformities or fractures, which in turn reduces the risk of surgical repair and its associated risks and

complications.

Blood and Nerve Supply

The spongy bone and medullary cavity receive nourishment from arteries that pass through the compact bone.
The arteries enter through the nutrient foramen (plural = foramina), small openings in the diaphysis ([link]). The
osteocytes in spongy bone are nourished by blood vessels of the periosteum that penetrate spongy bone and blood
that circulates in the marrow cavities. As the blood passes through the marrow cavities, it is collected by veins,

which then pass out of the bone through the foramina.
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In addition to the blood vessels, nerves follow the same paths into the bone where they tend to concentrate in the
more metabolically active regions of the bone. The nerves sense pain, and it appears the nerves also play roles in

regulating blood supplies and in bone growth, hence their concentrations in metabolically active sites of the bone.
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Figure 9. Diagram of Blood and Nerve Supply to
Bone.Blood vessels and nerves enter the bone
through the nutrient foramen.
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Watch this video to see
the microscopic
features of a bone.

Watch this video to see the microscopic features of a bone.
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Chapter 10. Muscle Tissue
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10.1 Overview of Muscle Tissues

Learning Objectives

By the end of this section, you will be able to:

* Describe the different types of muscle

» Explain contractibility and extensibility

Muscle is one of the four primary tissue types of the body, and the body contains three types of muscle tissue:
skeletal muscle, cardiac muscle, and smooth muscle (Figure 1). All three muscle tissues have some properties in
common; they all exhibit a quality called excitability as their plasma membranes can change their electrical states
(from polarized to depolarized) and send an electrical wave called an action potential along the entire length of the
membrane. While the nervous system can influence the excitability of cardiac and smooth muscle to some degree,
skeletal muscle completely depends on signaling from the nervous system to work properly. On the other hand,

both cardiac muscle and smooth muscle can respond to other stimuli, such as hormones and local stimuli.
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Figure 1. The Three Types of Muscle Tissue. The body
contains three types of muscle tissue: (a) skeletal muscle, (b)
smooth muscle, and (c) cardiac muscle. From top, LM x
1600, LM x 1600, LM x 1600. (Micrographs provided by the
Regents of University of Michigan Medical School © 2012)

The muscles all begin the actual process of contracting (shortening) when a protein called actin is pulled by a
protein called myosin. This occurs in striated muscle (skeletal and cardiac) after specific binding sites on the
actin have been exposed in response to the interaction between calcium ions (Ca*™") and proteins (troponin and
tropomyosin) that “shield” the actin-binding sites. Ca** also is required for the contraction of smooth muscle,
although its role is different: here Ca** activates enzymes, which in turn activate myosin heads. All muscles
require adenosine triphosphate (ATP) to continue the process of contracting, and they all relax when the Ca™" is
removed and the actin-binding sites are re-shielded.

A muscle can return to its original length when relaxed due to a quality of muscle tissue called elasticity. It can
recoil back to its original length due to elastic fibers. Muscle tissue also has the quality of extensibility; it can
stretch or extend. Contractility allows muscle tissue to pull on its attachment points and shorten with force.
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Differences among the three muscle types include the microscopic organization of their contractile proteins—actin
and myosin. The actin and myosin proteins are arranged very regularly in the cytoplasm of individual muscle
cells (referred to as fibers) in both skeletal muscle and cardiac muscle, which creates a pattern, or stripes, called
striations. The striations are visible with a light microscope under high magnification (see Figure 1). Skeletal
muscle fibers are multinucleated structures that compose the skeletal muscle. Cardiac muscle fibers each
have one to two nuclei and are physically and electrically connected to each other so that the entire heart

contracts as one unit (called a syncytium).

Because the actin and myosin are not arranged in such regular fashion in smooth muscle, the cytoplasm of
a smooth muscle fiber (which has only a single nucleus) has a uniform, nonstriated appearance (resulting in
the name smooth muscle). However, the less organized appearance of smooth muscle should not be interpreted
as less efficient. Smooth muscle in the walls of arteries is a critical component that regulates blood pressure
necessary to push blood through the circulatory system; and smooth muscle in the skin, visceral organs, and

internal passageways is essential for moving all materials through the body.



10.2 Skeletal Muscle

Learning Objectives

By the end of this section, you will be able to:

* Describe the layers of connective tissues packaging skeletal muscle
+ Explain how muscles work with tendons to move the body
+ Identify areas of the skeletal muscle fibers

» Describe excitation-contraction coupling

The best-known feature of skeletal muscle is its ability to contract and cause movement. Skeletal muscles act
not only to produce movement but also to stop movement, such as resisting gravity to maintain posture. Small,
constant adjustments of the skeletal muscles are needed to hold a body upright or balanced in any position.
Muscles also prevent excess movement of the bones and joints, maintaining skeletal stability and preventing
skeletal structure damage or deformation. Joints can become misaligned or dislocated entirely by pulling on the
associated bones; muscles work to keep joints stable. Skeletal muscles are located throughout the body at the
openings of internal tracts to control the movement of various substances. These muscles allow functions, such as
swallowing, urination, and defecation, to be under voluntary control. Skeletal muscles also protect internal organs
(particularly abdominal and pelvic organs) by acting as an external barrier or shield to external trauma and by

supporting the weight of the organs.

Skeletal muscles contribute to the maintenance of homeostasis in the body by generating heat. Muscle contraction
requires energy, and when ATP is broken down, heat is produced. This heat is very noticeable during exercise,
when sustained muscle movement causes body temperature to rise, and in cases of extreme cold, when shivering

produces random skeletal muscle contractions to generate heat.

Each skeletal muscle is an organ that consists of various integrated tissues. These tissues include the skeletal
muscle fibers, blood vessels, nerve fibers, and connective tissue. Each skeletal muscle has three layers of

connective tissue (called “mysia”) that enclose it and provide structure to the muscle as a whole, and also
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compartmentalize the muscle fibers within the muscle (Figure 1). Each muscle is wrapped in a sheath of dense,
irregular connective tissue called the epimysium, which allows a muscle to contract and move powerfully while
maintaining its structural integrity. The epimysium also separates muscle from other tissues and organs in the area,

allowing the muscle to move independently.

Skeletal muscle Epimysium Muscle fascicles

Perimysium
Endomysium
Muscle fibers

Sarcolemma

Figure 1. The Three Connective Tissue Layers. Bundles of muscle fibers, called
fascicles, are covered by the perimysium. Muscle fibers are covered by the
endomysium.

Inside each skeletal muscle, muscle fibers are organized into individual bundles, each called a fascicle, by a
middle layer of connective tissue called the perimysium. This fascicular organization is common in muscles of
the limbs; it allows the nervous system to trigger a specific movement of a muscle by activating a subset of
muscle fibers within a bundle, or fascicle of the muscle. Inside each fascicle, each muscle fiber is encased in a
thin connective tissue layer of collagen and reticular fibers called the endomysium. The endomysium contains the
extracellular fluid and nutrients to support the muscle fiber. These nutrients are supplied via blood to the muscle

tissue.

In skeletal muscles that work with tendons to pull on bones, the collagen in the three tissue layers (the mysia)
intertwines with the collagen of a tendon. At the other end of the tendon, it fuses with the periosteum coating the
bone. The tension created by contraction of the muscle fibers is then transferred though the mysia, to the tendon,

and then to the periosteum to pull on the bone for movement of the skeleton. In other places, the mysia may fuse
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with a broad, tendon-like sheet called an aponeurosis, or to fascia, the connective tissue between skin and bones.
The broad sheet of connective tissue in the lower back that the latissimus dorsi muscles (the “lats”) fuse into is an

example of an aponeurosis.

Every skeletal muscle is also richly supplied by blood vessels for nourishment, oxygen delivery, and waste
removal. In addition, every muscle fiber in a skeletal muscle is supplied by the axon branch of a somatic motor
neuron, which signals the fiber to contract. Unlike cardiac and smooth muscle, the only way to functionally

contract a skeletal muscle is through signaling from the nervous system.

Skeletal Muscle Fibers

Because skeletal muscle cells are long and cylindrical, they are commonly referred to as muscle fibers. Skeletal
muscle fibers can be quite large for human cells, with diameters up to 100 ym and lengths up to 30 cm (11.8 in)
in the Sartorius of the upper leg. During early development, embryonic myoblasts, each with its own nucleus,
fuse with up to hundreds of other myoblasts to form the multinucleated skeletal muscle fibers. Multiple nuclei
mean multiple copies of genes, permitting the production of the large amounts of proteins and enzymes needed

for muscle contraction.

Some other terminology associated with muscle fibers is rooted in the Greek sarco, which means “flesh.” The
plasma membrane of muscle fibers is called the sarcolemma, the cytoplasm is referred to as sarcoplasm, and
the specialized smooth endoplasmic reticulum, which stores, releases, and retrieves calcium ions (Ca™) is called
the sarcoplasmic reticulum (SR) (Figure 2). As will soon be described, the functional unit of a skeletal muscle
fiber is the sarcomere, a highly organized arrangement of the contractile myofilaments actin (thin filament) and

myosin (thick filament), along with other support proteins.
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Nucleus

Mitochondrion

Sarcolemma

Light |
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Sarcoplasmic
reticulum

Sarcomere

Thin (actin} | | Thick (myosin)
filament Z disc H zone 7 disc filament

| band A band | band M line

Figure 2. Muscle Fiber. A skeletal muscle fiber is surrounded by a plasma
membrane called the sarcolemma, which contains sarcoplasm, the cytoplasm of
muscle cells. A muscle fiber is composed of many fibrils, which give the cell its
striated appearance.

The Sarcomere

The striated appearance of skeletal muscle fibers is due to the arrangement of the myofilaments of actin and
myosin in sequential order from one end of the muscle fiber to the other. Each packet of these microfilaments and
their regulatory proteins, troponin and tropomyosin (along with other proteins) is called a sarcomere.
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microstructures of
skeletal muscles.

Watch this video to learn more about macro- and microstructures of skeletal muscles. (a) What are the names of
the “junction points” between sarcomeres? (b) What are the names of the “subunits” within the myofibrils that run
the length of skeletal muscle fibers? (c) What is the “double strand of pearls” described in the video? (d) What
gives a skeletal muscle fiber its striated appearance?
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The sarcomere is the functional unit of the muscle fiber. The sarcomere itself is bundled within the myofibril that
runs the entire length of the muscle fiber and attaches to the sarcolemma at its end. As myofibrils contract, the
entire muscle cell contracts. Because myofibrils are only approximately 1.2 ym in diameter, hundreds to thousands
(each with thousands of sarcomeres) can be found inside one muscle fiber. Each sarcomere is approximately 2
pm in length with a three-dimensional cylinder-like arrangement and is bordered by structures called Z-discs (also
called Z-lines, because pictures are two-dimensional), to which the actin myofilaments are anchored (Figure 3).
Because the actin and its troponin-tropomyosin complex (projecting from the Z-discs toward the center of the
sarcomere) form strands that are thinner than the myosin, it is called the thin filament of the sarcomere. Likewise,
because the myosin strands and their multiple heads (projecting from the center of the sarcomere, toward but not
all to way to, the Z-discs) have more mass and are thicker, they are called the thick filament of the sarcomere.

Sarcomere

1
H zone

T T 1
Lighter | band Darker A band Lighter | band

Portion of a Portion of a
thick filament thin filament
|

|Tr0ponin Actin  Tropomyosin |

Actin-binding sites Binding site Actin subunits

for myosin

ATP-binding site

Tail Heads

Myosin molecule Flexible hinge region

Figure 3. The Sarcomere. The sarcomere, the region from one Z-line to the
next Z-line, is the functional unit of a skeletal muscle fiber.

The Neuromuscular Junction

Another specialization of the skeletal muscle is the site where a motor neuron’s terminal meets the muscle
fiber—called the neuromuscular junction (NMJ). This is where the muscle fiber first responds to signaling by
the motor neuron. Every skeletal muscle fiber in every skeletal muscle is innervated by a motor neuron at the

NMJ. Excitation signals from the neuron are the only way to functionally activate the fiber to contract.
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Watch this video to
learn more about what
happens at the NMJ.

Every skeletal muscle fiber is supplied by a motor neuron at the NMJ. Watch this video to learn more about
what happens at the NMJ. (a) What is the definition of a motor unit? (b) What is the structural and functional
difference between a large motor unit and a small motor unit? (c) Can you give an example of each? (d) Why is
the neurotransmitter acetylcholine degraded after binding to its receptor?

Excitation-Contraction Coupling

All living cells have membrane potentials, or electrical gradients across their membranes. The inside of the
membrane is usually around -60 to -90 mV, relative to the outside. This is referred to as a cell’s membrane
potential. Neurons and muscle cells can use their membrane potentials to generate electrical signals. They do this
by controlling the movement of charged particles, called ions, across their membranes to create electrical currents.
This is achieved by opening and closing specialized proteins in the membrane called ion channels. Although the
currents generated by ions moving through these channel proteins are very small, they form the basis of both
neural signaling and muscle contraction.

Both neurons and skeletal muscle cells are electrically excitable, meaning that they are able to generate action
potentials. An action potential is a special type of electrical signal that can travel along a cell membrane as a wave.
This allows a signal to be transmitted quickly and faithfully over long distances.

Although the term excitation-contraction coupling confuses or scares some students, it comes down to this: for
a skeletal muscle fiber to contract, its membrane must first be “excited”—in other words, it must be stimulated
to fire an action potential. The muscle fiber action potential, which sweeps along the sarcolemma as a wave, is
“coupled” to the actual contraction through the release of calcium ions (Ca*") from the SR. Once released, the
Ca*™ interacts with the shielding proteins, forcing them to move aside so that the actin-binding sites are available
for attachment by myosin heads. The myosin then pulls the actin filaments toward the center, shortening the
muscle fiber.

In skeletal muscle, this sequence begins with signals from the somatic motor division of the nervous system. In

other words, the “excitation” step in skeletal muscles is always triggered by signaling from the nervous system
(Figure 4).
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Figure 4. Motor End-Plate and Innervation. At the NMJ, the axon
terminal releases ACh. The motor end-plate is the location of the
ACh-receptors in the muscle fiber sarcolemma. When ACh molecules
are released, they diffuse across a minute space called the synaptic cleft
and bind to the receptors.

The motor neurons that tell the skeletal muscle fibers to contract originate in the spinal cord, with a smaller
number located in the brainstem for activation of skeletal muscles of the face, head, and neck. These neurons have
long processes, called axons, which are specialized to transmit action potentials long distances— in this case, all
the way from the spinal cord to the muscle itself (which may be up to three feet away). The axons of multiple

neurons bundle together to form nerves, like wires bundled together in a cable.

Signaling begins when a neuronal action potential travels along the axon of a motor neuron, and then along
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the individual branches to terminate at the NMJ. At the NMJ, the axon terminal releases a chemical messenger,
or neurotransmitter, called acetylcholine (ACh). The ACh molecules diffuse across a minute space called the
synaptic cleft and bind to ACh receptors located within the motor end-plate of the sarcolemma on the other
side of the synapse. Once ACh binds, a channel in the ACh receptor opens and positively charged ions can pass
through into the muscle fiber, causing it to depolarize, meaning that the membrane potential of the muscle fiber
becomes less negative (closer to zero.)

As the membrane depolarizes, another set of ion channels called voltage-gated sodium channels are triggered
to open. Sodium ions enter the muscle fiber, and an action potential rapidly spreads (or “fires”) along the entire
membrane to initiate excitation-contraction coupling.

Things happen very quickly in the world of excitable membranes (just think about how quickly you can snap your
fingers as soon as you decide to do it). Immediately following depolarization of the membrane, it repolarizes,
re-establishing the negative membrane potential. Meanwhile, the ACh in the synaptic cleft is degraded by the
enzyme acetylcholinesterase (AChE) so that the ACh cannot rebind to a receptor and reopen its channel, which

would cause unwanted extended muscle excitation and contraction.

Propagation of an action potential along the sarcolemma is the excitation portion of excitation-contraction
coupling. Recall that this excitation actually triggers the release of calcium ions (Ca’") from its storage in the
cell’s SR. For the action potential to reach the membrane of the SR, there are periodic invaginations in the
sarcolemma, called T-tubules (“T” stands for “transverse”). You will recall that the diameter of a muscle fiber
can be up to 100 pym, so these T-tubules ensure that the membrane can get close to the SR in the sarcoplasm.
The arrangement of a T-tubule with the membranes of SR on either side is called a triad (Figure 5). The triad

surrounds the cylindrical structure called a myofibril, which contains actin and myosin.

Sarcolemma

A [/ === Sarcoplasmic
B |/ = reticulum
- (| B’
| —s—===__ Terminal cisternae

Triad

Figure 5. The T-tubule. Narrow T-tubules permit the conduction of
electrical impulses. The SR functions to regulate intracellular
levels of calcium. Two terminal cisternae (where enlarged SR
connects to the T-tubule) and one T-tubule comprise a triad—a
“threesome” of membranes, with those of SR on two sides and the
T-tubule sandwiched between them.

The T-tubules carry the action potential into the interior of the cell, which triggers the opening of calcium channels



128 + OPENSTAX

in the membrane of the adjacent SR, causing Ca*" to diffuse out of the SR and into the sarcoplasm. It is the arrival

of Ca™" in the sarcoplasm that initiates contraction of the muscle fiber by its contractile units, or sarcomeres.



10.3 Muscle Fiber Contraction and Relaxation

Learning Objectives

By the end of this section, you will be able to:

* Describe the components involved in a muscle contraction
+ Explain how muscles contract and relax

 Describe the sliding filament model of muscle contraction

The sequence of events that result in the contraction of an individual muscle fiber begins with a signal—the
neurotransmitter, ACh—from the motor neuron innervating that fiber. The local membrane of the fiber will
depolarize as positively charged sodium ions (Na") enter, triggering an action potential that spreads to the rest
of the membrane will depolarize, including the T-tubules. This triggers the release of calcium ions (Ca*") from
storage in the sarcoplasmic reticulum (SR). The Ca*™ then initiates contraction, which is sustained by ATP (Figure
1). As long as Ca*" ions remain in the sarcoplasm to bind to troponin, which keeps the actin-binding sites
“unshielded,” and as long as ATP is available to drive the cross-bridge cycling and the pulling of actin strands by

myosin, the muscle fiber will continue to shorten to an anatomical limit.
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Figure 1. Contraction of a Muscle Fiber. A cross-bridge forms between actin
and the myosin heads triggering contraction. As long as Ca++ ions remain in
the sarcoplasm to bind to troponin, and as long as ATP is available, the
muscle fiber will continue to shorten.

Muscle contraction usually stops when signaling from the motor neuron ends, which repolarizes the sarcolemma
and T-tubules, and closes the voltage-gated calcium channels in the SR. Ca*" ions are then pumped back into the
SR, which causes the tropomyosin to reshield (or re-cover) the binding sites on the actin strands. A muscle also
can stop contracting when it runs out of ATP and becomes fatigued (Figure 2).
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Figure 2. Relaxation of a Muscle Fiber. Ca++ ions are pumped back into
the SR, which causes the tropomyosin to reshield the binding sites on the
actin strands. A muscle may also stop contracting when it runs out of
ATP and becomes fatigued.

Watch this video to
learn more about the
role of calcium.

The release of calcium ions initiates muscle contractions. Watch this video to learn more about the role of calcium.

(a) What are “T-tubules” and what is their role? (b) Please describe how actin-binding sites are made available for
cross-bridging with myosin heads during contraction.

The molecular events of muscle fiber shortening occur within the fiber’s sarcomeres (see Figure 3). The
contraction of a striated muscle fiber occurs as the sarcomeres, linearly arranged within myofibrils, shorten as
myosin heads pull on the actin filaments.
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The region where thick and thin filaments overlap has a dense appearance, as there is little space between the
filaments. This zone where thin and thick filaments overlap is very important to muscle contraction, as it is the site
where filament movement starts. Thin filaments, anchored at their ends by the Z-discs, do not extend completely
into the central region that only contains thick filaments, anchored at their bases at a spot called the M-line. A
myofibril is composed of many sarcomeres running along its length; thus, myofibrils and muscle cells contract as

the sarcomeres contract.

The Sliding Filament Model of Contraction

When signaled by a motor neuron, a skeletal muscle fiber contracts as the thin filaments are pulled and then slide
past the thick filaments within the fiber’s sarcomeres. This process is known as the sliding filament model of
muscle contraction (Figure 3). The sliding can only occur when myosin-binding sites on the actin filaments are

exposed by a series of steps that begins with Ca** entry into the sarcoplasm.

LI'I

z

Figure 3. The Sliding Filament Model of Muscle Contraction. When a sarcomere
contracts, the Z lines move closer together, and the I band becomes smaller. The A
band stays the same width. At full contraction, the thin and thick filaments overlap.

Tropomyosin is a protein that winds around the chains of the actin filament and covers the myosin-binding sites to
prevent actin from binding to myosin. Tropomyosin binds to troponin to form a troponin-tropomyosin complex.
The troponin-tropomyosin complex prevents the myosin “heads” from binding to the active sites on the actin

. . . . . . ++ .
microfilaments. Troponin also has a binding site for Ca" " ions.

To initiate muscle contraction, tropomyosin has to expose the myosin-binding site on an actin filament to allow
cross-bridge formation between the actin and myosin microfilaments. The first step in the process of contraction

is for Ca** to bind to troponin so that tropomyosin can slide away from the binding sites on the actin strands. This
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allows the myosin heads to bind to these exposed binding sites and form cross-bridges. The thin filaments are then
pulled by the myosin heads to slide past the thick filaments toward the center of the sarcomere. But each head can
only pull a very short distance before it has reached its limit and must be “re-cocked” before it can pull again, a
step that requires ATP.

ATP and Muscle Contraction

For thin filaments to continue to slide past thick filaments during muscle contraction, myosin heads must pull the
actin at the binding sites, detach, re-cock, attach to more binding sites, pull, detach, re-cock, etc. This repeated
movement is known as the cross-bridge cycle. This motion of the myosin heads is similar to the oars when
an individual rows a boat: The paddle of the oars (the myosin heads) pull, are lifted from the water (detach),
repositioned (re-cocked) and then immersed again to pull (Figure 4). Each cycle requires energy, and the action
of the myosin heads in the sarcomeres repetitively pulling on the thin filaments also requires energy, which is
provided by ATP.
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Figure 4. Skeletal Muscle Contraction. (a) The active site on actin is exposed as
calcium binds to troponin. (b) The myosin head is attracted to actin, and myosin binds
actin at its actin-binding site, forming the cross-bridge. (c) During the power stroke,
the phosphate generated in the previous contraction cycle is released. This results in
the myosin head pivoting toward the center of the sarcomere, after which the attached
ADP and phosphate group are released. (d) A new molecule of ATP attaches to the
myosin head, causing the cross-bridge to detach. (e) The myosin head hydrolyzes ATP
to ADP and phosphate, which returns the myosin to the cocked position.

Cross-bridge formation occurs when the myosin head attaches to the actin while adenosine diphosphate (ADP)

and inorganic phosphate (P;) are still bound to myosin (Figure 4a,b). P; is then released, causing myosin to form
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a stronger attachment to the actin, after which the myosin head moves toward the M-line, pulling the actin along
with it. As actin is pulled, the filaments move approximately 10 nm toward the M-line. This movement is called
the power stroke, as movement of the thin filament occurs at this step (Figure 4c). In the absence of ATP, the

myosin head will not detach from actin.

One part of the myosin head attaches to the binding site on the actin, but the head has another binding site for ATP.
ATP binding causes the myosin head to detach from the actin (Figure 4d). After this occurs, ATP is converted
to ADP and P; by the intrinsic ATPase activity of myosin. The energy released during ATP hydrolysis changes
the angle of the myosin head into a cocked position (Figure 4e). The myosin head is now in position for further

movement.

When the myosin head is cocked, myosin is in a high-energy configuration. This energy is expended as the myosin
head moves through the power stroke, and at the end of the power stroke, the myosin head is in a low-energy
position. After the power stroke, ADP is released; however, the formed cross-bridge is still in place, and actin and
myosin are bound together. As long as ATP is available, it readily attaches to myosin, the cross-bridge cycle can

recur, and muscle contraction can continue.

Note that each thick filament of roughly 300 myosin molecules has multiple myosin heads, and many cross-
bridges form and break continuously during muscle contraction. Multiply this by all of the sarcomeres in one
myofibril, all the myofibrils in one muscle fiber, and all of the muscle fibers in one skeletal muscle, and you can
understand why so much energy (ATP) is needed to keep skeletal muscles working. In fact, it is the loss of ATP
that results in the rigor mortis observed soon after someone dies. With no further ATP production possible, there
is no ATP available for myosin heads to detach from the actin-binding sites, so the cross-bridges stay in place,

causing the rigidity in the skeletal muscles.

Sources of ATP

ATP supplies the energy for muscle contraction to take place. In addition to its direct role in the cross-bridge cycle,
ATP also provides the energy for the active-transport Ca’ " pumps in the SR. Muscle contraction does not occur
without sufficient amounts of ATP. The amount of ATP stored in muscle is very low, only sufficient to power a few
seconds worth of contractions. As it is broken down, ATP must therefore be regenerated and replaced quickly to
allow for sustained contraction. There are three mechanisms by which ATP can be regenerated: creatine phosphate

metabolism, anaerobic glycolysis, fermentation and aerobic respiration.

Creatine phosphate is a molecule that can store energy in its phosphate bonds. In a resting muscle, excess ATP
transfers its energy to creatine, producing ADP and creatine phosphate. This acts as an energy reserve that can
be used to quickly create more ATP. When the muscle starts to contract and needs energy, creatine phosphate
transfers its phosphate back to ADP to form ATP and creatine. This reaction is catalyzed by the enzyme creatine
kinase and occurs very quickly; thus, creatine phosphate-derived ATP powers the first few seconds of muscle
contraction. However, creatine phosphate can only provide approximately 15 seconds worth of energy, at which
point another energy source has to be used (Figure 5).
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Figure 5. Muscle Metabolism. (a) Some ATP is stored in a resting muscle. As
contraction starts, it is used up in seconds. More ATP is generated from creatine
phosphate for about 15 seconds. (b) Each glucose molecule produces two ATP and
two molecules of pyruvic acid, which can be used in aerobic respiration or
converted to lactic acid. If oxygen is not available, pyruvic acid is converted to
lactic acid, which may contribute to muscle fatigue. This occurs during strenuous
exercise when high amounts of energy are needed but oxygen cannot be
sufficiently delivered to muscle. (c) Aerobic respiration is the breakdown of
glucose in the presence of oxygen (02) to produce carbon dioxide, water, and ATP.
Approximately 95 percent of the ATP required for resting or moderately active
muscles is provided by aerobic respiration, which takes place in mitochondria.

As the ATP produced by creatine phosphate is depleted, muscles turn to glycolysis as an ATP source. Glycolysis
is an anaerobic (non-oxygen-dependent) process that breaks down glucose (sugar) to produce ATP; however,
glycolysis cannot generate ATP as quickly as creatine phosphate. Thus, the switch to glycolysis results in a slower
rate of ATP availability to the muscle. The sugar used in glycolysis can be provided by blood glucose or by
metabolizing glycogen that is stored in the muscle. The breakdown of one glucose molecule produces two ATP
and two molecules of pyruvic acid, which can be used in aerobic respiration or when oxygen levels are low,

converted to lactic acid (Figure 5b).

If oxygen is available, pyruvic acid is used in aerobic respiration. However, if oxygen is not available, pyruvic

acid is converted to lactic acid, which may contribute to muscle fatigue. This conversion allows the recycling of



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) « 137

the enzyme NAD™ from NADH, which is needed for glycolysis to continue. This occurs during strenuous exercise
when high amounts of energy are needed but oxygen cannot be sufficiently delivered to muscle. Glycolysis itself
cannot be sustained for very long (approximately 1 minute of muscle activity), but it is useful in facilitating short
bursts of high-intensity output. This is because glycolysis does not utilize glucose very efficiently, producing a
net gain of two ATPs per molecule of glucose, and the end product of lactic acid, which may contribute to muscle
fatigue as it accumulates.

Aerobic respiration is the breakdown of glucose or other nutrients in the presence of oxygen (O,) to produce
carbon dioxide, water, and ATP. Approximately 95 percent of the ATP required for resting or moderately active
muscles is provided by aerobic respiration, which takes place in mitochondria. The inputs for aerobic respiration
include glucose circulating in the bloodstream, pyruvic acid, and fatty acids. Aerobic respiration is much more
efficient than anaerobic glycolysis, producing approximately 36 ATPs per molecule of glucose versus four from
glycolysis. However, aerobic respiration cannot be sustained without a steady supply of O, to the skeletal muscle
and is much slower (Figure 5c). To compensate, muscles store small amount of excess oxygen in proteins call
myoglobin, allowing for more efficient muscle contractions and less fatigue. Aerobic training also increases the

efficiency of the circulatory system so that O, can be supplied to the muscles for longer periods of time.

Muscle fatigue occurs when a muscle can no longer contract in response to signals from the nervous system.
The exact causes of muscle fatigue are not fully known, although certain factors have been correlated with the
decreased muscle contraction that occurs during fatigue. ATP is needed for normal muscle contraction, and as
ATP reserves are reduced, muscle function may decline. This may be more of a factor in brief, intense muscle
output rather than sustained, lower intensity efforts. Lactic acid buildup may lower intracellular pH, affecting
enzyme and protein activity. Imbalances in Na" and K" levels as a result of membrane depolarization may disrupt
Ca*™" flow out of the SR. Long periods of sustained exercise may damage the SR and the sarcolemma, resulting in
impaired Ca*" regulation.

Intense muscle activity results in an oxygen debt, which is the amount of oxygen needed to compensate for ATP
produced without oxygen during muscle contraction. Oxygen is required to restore ATP and creatine phosphate
levels, convert lactic acid to pyruvic acid, and, in the liver, to convert lactic acid into glucose or glycogen. Other
systems used during exercise also require oxygen, and all of these combined processes result in the increased
breathing rate that occurs after exercise. Until the oxygen debt has been met, oxygen intake is elevated, even after

exercise has stopped.

Relaxation of a Skeletal Muscle

Relaxing skeletal muscle fibers, and ultimately, the skeletal muscle, begins with the motor neuron, which stops
releasing its chemical signal, ACh, into the synapse at the NMJ. The muscle fiber will repolarize, which closes the
gates in the SR where Ca™" was being released. ATP-driven pumps will move Ca** out of the sarcoplasm back
into the SR. This results in the “reshielding” of the actin-binding sites on the thin filaments. Without the ability to
form cross-bridges between the thin and thick filaments, the muscle fiber loses its tension and relaxes.
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Muscle Strength

The number of skeletal muscle fibers in a given muscle is genetically determined and does not change. Muscle
strength is directly related to the amount of myofibrils and sarcomeres within each fiber. Factors, such as
hormones and stress (and artificial anabolic steroids), acting on the muscle can increase the production of
sarcomeres and myofibrils within the muscle fibers, a change called hypertrophy, which results in the increased
mass and bulk in a skeletal muscle. Likewise, decreased use of a skeletal muscle results in atrophy, where the
number of sarcomeres and myofibrils disappear (but not the number of muscle fibers). It is common for a limb in
a cast to show atrophied muscles when the cast is removed, and certain diseases, such as polio, show atrophied

muscles.
Disorders of the ...

Muscular System

Duchenne muscular dystrophy (DMD) is a progressive weakening of the skeletal muscles. It is one of several
diseases collectively referred to as “muscular dystrophy.” DMD is caused by a lack of the protein dystrophin,
which helps the thin filaments of myofibrils bind to the sarcolemma. Without sufficient dystrophin, muscle
contractions cause the sarcolemma to tear, causing an influx of Ca*™, leading to cellular damage and muscle fiber
degradation. Over time, as muscle damage accumulates, muscle mass is lost, and greater functional impairments

develop.

DMD is an inherited disorder caused by an abnormal X chromosome. It primarily affects males, and it is
usually diagnosed in early childhood. DMD usually first appears as difficulty with balance and motion, and then
progresses to an inability to walk. It continues progressing upward in the body from the lower extremities to the
upper body, where it affects the muscles responsible for breathing and circulation. It ultimately causes death due

to respiratory failure, and those afflicted do not usually live past their 20s.

Because DMD is caused by a mutation in the gene that codes for dystrophin, it was thought that introducing
healthy myoblasts into patients might be an effective treatment. Myoblasts are the embryonic cells responsible
for muscle development, and ideally, they would carry healthy genes that could produce the dystrophin needed
for normal muscle contraction. This approach has been largely unsuccessful in humans. A recent approach has
involved attempting to boost the muscle’s production of utrophin, a protein similar to dystrophin that may be able

to assume the role of dystrophin and prevent cellular damage from occurring.



10.4 Nervous System Control of Muscle Tension

Learning Objectives

By the end of this section, you will be able to:

+ Explain concentric, isotonic, and eccentric contractions
 Describe the length-tension relationship
* Describe the three phases of a muscle twitch

* Define wave summation, tetanus, and treppe

To move an object, referred to as load, the sarcomeres in the muscle fibers of the skeletal muscle must shorten.
The force generated by the contraction of the muscle (or shortening of the sarcomeres) is called muscle tension.
However, muscle tension also is generated when the muscle is contracting against a load that does not move,

resulting in two main types of skeletal muscle contractions: isotonic contractions and isometric contractions.

In isotonic contractions, where the tension in the muscle stays constant, a load is moved as the length of the
muscle changes (shortens). There are two types of isotonic contractions: concentric and eccentric. A concentric
contraction involves the muscle shortening to move a load. An example of this is the biceps brachii muscle
contracting when a hand weight is brought upward with increasing muscle tension. As the biceps brachii contract,
the angle of the elbow joint decreases as the forearm is brought toward the body. Here, the biceps brachii contracts
as sarcomeres in its muscle fibers are shortening and cross-bridges form; the myosin heads pull the actin. An
eccentric contraction occurs as the muscle tension diminishes and the muscle lengthens. In this case, the hand
weight is lowered in a slow and controlled manner as the amount of cross-bridges being activated by nervous
system stimulation decreases. In this case, as tension is released from the biceps brachii, the angle of the elbow

joint increases. Eccentric contractions are also used for movement and balance of the body.

An isometric contraction occurs as the muscle produces tension without changing the angle of a skeletal joint.
Isometric contractions involve sarcomere shortening and increasing muscle tension, but do not move a load, as the

force produced cannot overcome the resistance provided by the load. For example, if one attempts to lift a hand
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weight that is too heavy, there will be sarcomere activation and shortening to a point, and ever-increasing muscle
tension, but no change in the angle of the elbow joint. In everyday living, isometric contractions are active in
maintaining posture and maintaining bone and joint stability. However, holding your head in an upright position
occurs not because the muscles cannot move the head, but because the goal is to remain stationary and not produce
movement. Most actions of the body are the result of a combination of isotonic and isometric contractions working
together to produce a wide range of outcomes (Figure 1).

(%
3

Muscle
contracts
(concentric
contraction)

Movement

Movement

Muscle
elongates
(eccentric
contraction)

Muscle
contracts
(isometric
contraction)

No movement

Figure 1. Types of Muscle Contractions. During isotonic contractions,
muscle length changes to move a load. During isometric contractions,
muscle length does not change because the load exceeds the tension the
muscle can generate.

All of these muscle activities are under the exquisite control of the nervous system. Neural control regulates
concentric, eccentric and isometric contractions, muscle fiber recruitment, and muscle tone. A crucial aspect of

nervous system control of skeletal muscles is the role of motor units.
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Motor Units

As you have learned, every skeletal muscle fiber must be innervated by the axon terminal of a motor neuron in
order to contract. Each muscle fiber is innervated by only one motor neuron. The actual group of muscle fibers in a
muscle innervated by a single motor neuron is called a motor unit. The size of a motor unit is variable depending

on the nature of the muscle.

A small motor unit is an arrangement where a single motor neuron supplies a small number of muscle fibers in a
muscle. Small motor units permit very fine motor control of the muscle. The best example in humans is the small
motor units of the extraocular eye muscles that move the eyeballs. There are thousands of muscle fibers in each
muscle, but every six or so fibers are supplied by a single motor neuron, as the axons branch to form synaptic
connections at their individual NMJs. This allows for exquisite control of eye movements so that both eyes can
quickly focus on the same object. Small motor units are also involved in the many fine movements of the fingers

and thumb of the hand for grasping, texting, etc.

A large motor unit is an arrangement where a single motor neuron supplies a large number of muscle fibers in a
muscle. Large motor units are concerned with simple, or “gross,” movements, such as powerfully extending the
knee joint. The best example is the large motor units of the thigh muscles or back muscles, where a single motor

neuron will supply thousands of muscle fibers in a muscle, as its axon splits into thousands of branches.

There is a wide range of motor units within many skeletal muscles, which gives the nervous system a wide range
of control over the muscle. The small motor units in the muscle will have smaller, lower-threshold motor neurons
that are more excitable, firing first to their skeletal muscle fibers, which also tend to be the smallest. Activation
of these smaller motor units, results in a relatively small degree of contractile strength (tension) generated in the
muscle. As more strength is needed, larger motor units, with bigger, higher-threshold motor neurons are enlisted to
activate larger muscle fibers. This increasing activation of motor units produces an increase in muscle contraction
known as recruitment. As more motor units are recruited, the muscle contraction grows progressively stronger.
In some muscles, the largest motor units may generate a contractile force of 50 times more than the smallest motor
units in the muscle. This allows a feather to be picked up using the biceps brachii arm muscle with minimal force,

and a heavy weight to be lifted by the same muscle by recruiting the largest motor units.

When necessary, the maximal number of motor units in a muscle can be recruited simultaneously, producing
the maximum force of contraction for that muscle, but this cannot last for very long because of the energy
requirements to sustain the contraction. To prevent complete muscle fatigue, motor units are generally not all
simultaneously active, but instead some motor units rest while others are active, which allows for longer muscle

contractions. The nervous system uses recruitment as a mechanism to efficiently utilize a skeletal muscle.

The Length-Tension Range of a Sarcomere

When a skeletal muscle fiber contracts, myosin heads attach to actin to form cross-bridges followed by the thin
filaments sliding over the thick filaments as the heads pull the actin, and this results in sarcomere shortening,

creating the tension of the muscle contraction. The cross-bridges can only form where thin and thick filaments
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already overlap, so that the length of the sarcomere has a direct influence on the force generated when the

sarcomere shortens. This is called the length-tension relationship.

The ideal length of a sarcomere to produce maximal tension occurs at 80 percent to 120 percent of its resting
length, with 100 percent being the state where the medial edges of the thin filaments are just at the most-medial
myosin heads of the thick filaments (Figure 2). This length maximizes the overlap of actin-binding sites and
myosin heads. If a sarcomere is stretched past this ideal length (beyond 120 percent), thick and thin filaments do
not overlap sufficiently, which results in less tension produced. If a sarcomere is shortened beyond 80 percent, the
zone of overlap is reduced with the thin filaments jutting beyond the last of the myosin heads and shrinks the H
zone, which is normally composed of myosin tails. Eventually, there is nowhere else for the thin filaments to go
and the amount of tension is diminished. If the muscle is stretched to the point where thick and thin filaments do
not overlap at all, no cross-bridges can be formed, and no tension is produced in that sarcomere. This amount of

stretching does not usually occur, as accessory proteins and connective tissue oppose extreme stretching.
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Figure 2. The Ideal Length of a Sarcomere. Sarcomeres produce maximal
tension when thick and thin filaments overlap between about 80 percent
to 120 percent.

The Frequency of Motor Neuron Stimulation

A single action potential from a motor neuron will produce a single contraction in the muscle fibers of its motor
unit. This isolated contraction is called a twitch. A twitch can last for a few milliseconds or 100 milliseconds,
depending on the muscle type. The tension produced by a single twitch can be measured by a myoegram, an
instrument that measures the amount of tension produced over time (Figure 3). Each twitch undergoes three
phases. The first phase is the latent period, during which the action potential is being propagated along the
sarcolemma and Ca™" ions are released from the SR. This is the phase during which excitation and contraction
are being coupled but contraction has yet to occur. The contraction phase occurs next. The Ca™" ions in the

sarcoplasm have bound to troponin, tropomyosin has shifted away from actin-binding sites, cross-bridges formed,
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and sarcomeres are actively shortening to the point of peak tension. The last phase is the relaxation phase, when
tension decreases as contraction stops. Ca’ " ions are pumped out of the sarcoplasm into the SR, and cross-bridge

cycling stops, returning the muscle fibers to their resting state.

Latent Contraction Relaxation
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Figure 3. A Myogram of a Muscle Twitch. A single muscle twitch has a latent period, a
contraction phase when tension increases, and a relaxation phase when tension
decreases. During the latent period, the action potential is being propagated along the
sarcolemma. During the contraction phase, Ca++ ions in the sarcoplasm bind to
troponin, tropomyosin moves from actin-binding sites, cross-bridges form, and
sarcomeres shorten. During the relaxation phase, tension decreases as Ca++ ions are
pumped out of the sarcoplasm and cross-bridge cycling stops.

Although a person can experience a muscle “twitch,” a single twitch does not produce any significant muscle
activity in a living body. A series of action potentials to the muscle fibers is necessary to produce a muscle
contraction that can produce work. Normal muscle contraction is more sustained, and it can be modified by
input from the nervous system to produce varying amounts of force; this is called a graded muscle response.
The frequency of action potentials (nerve impulses) from a motor neuron and the number of motor neurons
transmitting action potentials both affect the tension produced in skeletal muscle.

The rate at which a motor neuron fires action potentials affects the tension produced in the skeletal muscle. If the
fibers are stimulated while a previous twitch is still occurring, the second twitch will be stronger. This response is
called wave summation, because the excitation-contraction coupling effects of successive motor neuron signaling
is summed, or added together (Figure 4a). At the molecular level, summation occurs because the second stimulus
triggers the release of more Ca*" ions, which become available to activate additional sarcomeres while the muscle

is still contracting from the first stimulus. Summation results in greater contraction of the motor unit.
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Figure 4. Wave Summation and Tetanus. (a) The excitation-contraction coupling
effects of successive motor neuron signaling is added together which is referred
to as wave summation. The bottom of each wave, the end of the relaxation
phase, represents the point of stimulus. (b) When the stimulus frequency is so
high that the relaxation phase disappears completely, the contractions become
continuous; this is called tetanus.

If the frequency of motor neuron signaling increases, summation and subsequent muscle tension in the motor unit
continues to rise until it reaches a peak point. The tension at this point is about three to four times greater than the
tension of a single twitch, a state referred to as incomplete tetanus. During incomplete tetanus, the muscle goes
through quick cycles of contraction with a short relaxation phase for each. If the stimulus frequency is so high that

the relaxation phase disappears completely, contractions become continuous in a process called complete tetanus

(Figure 4b).

During tetanus, the concentration of Ca*" ions in the sarcoplasm allows virtually all of the sarcomeres to form
cross-bridges and shorten, so that a contraction can continue uninterrupted (until the muscle fatigues and can no

longer produce tension).

Treppe

When a skeletal muscle has been dormant for an extended period and then activated to contract, with all other
things being equal, the initial contractions generate about one-half the force of later contractions. The muscle
tension increases in a graded manner that to some looks like a set of stairs. This tension increase is called treppe,

a condition where muscle contractions become more efficient. It’s also known as the “staircase effect” (Figure 5).
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Figure 5. Treppe. When muscle tension increases in a
graded manner that looks like a set of stairs, it is
called treppe. The bottom of each wave represents the
point of stimulus.

It is believed that treppe results from a higher concentration of Ca™" in the sarcoplasm resulting from the steady

stream of signals from the motor neuron. It can only be maintained with adequate ATP.

Muscle Tone

Skeletal muscles are rarely completely relaxed, or flaccid. Even if a muscle is not producing movement, it is
contracted a small amount to maintain its contractile proteins and produce muscle tone. The tension produced by

muscle tone allows muscles to continually stabilize joints and maintain posture.

Muscle tone is accomplished by a complex interaction between the nervous system and skeletal muscles that
results in the activation of a few motor units at a time, most likely in a cyclical manner. In this manner, muscles

never fatigue completely, as some motor units can recover while others are active.

The absence of the low-level contractions that lead to muscle tone is referred to as hypetonia or atrophy, and
can result from damage to parts of the central nervous system (CNS), such as the cerebellum, or from loss of
innervations to a skeletal muscle, as in poliomyelitis. Hypotonic muscles have a flaccid appearance and display
functional impairments, such as weak reflexes. Conversely, excessive muscle tone is referred to as hypertonia,
accompanied by hyperreflexia (excessive reflex responses), often the result of damage to upper motor neurons
in the CNS. Hypertonia can present with muscle rigidity (as seen in Parkinson’s disease) or spasticity, a phasic

change in muscle tone, where a limb will “snap” back from passive stretching (as seen in some strokes).



10.5 Types of Muscle Fibers

Learning Objectives

By the end of this section, you will be able to:

 Describe the types of skeletal muscle fibers

+ Explain fast and slow muscle fibers

Two criteria to consider when classifying the types of muscle fibers are how fast some fibers contract relative to
others, and how fibers produce ATP. Using these criteria, there are three main types of skeletal muscle fibers. Slow
oxidative (SO) fibers contract relatively slowly and use aerobic respiration (oxygen and glucose) to produce ATP.
Fast oxidative (FO) fibers have fast contractions and primarily use aerobic respiration, but because they may
switch to anaerobic respiration (glycolysis), can fatigue more quickly than SO fibers. Lastly, fast glycolytic (FG)
fibers have fast contractions and primarily use anaerobic glycolysis. The FG fibers fatigue more quickly than the
others. Most skeletal muscles in a human contain(s) all three types, although in varying proportions.

The speed of contraction is dependent on how quickly myosin’s ATPase hydrolyzes ATP to produce cross-bridge
action. Fast fibers hydrolyze ATP approximately twice as quickly as slow fibers, resulting in much quicker cross-
bridge cycling (which pulls the thin filaments toward the center of the sarcomeres at a faster rate). The primary
metabolic pathway used by a muscle fiber determines whether the fiber is classified as oxidative or glycolytic.
If a fiber primarily produces ATP through aerobic pathways it is oxidative. More ATP can be produced during
each metabolic cycle, making the fiber more resistant to fatigue. Glycolytic fibers primarily create ATP through
anaerobic glycolysis, which produces less ATP per cycle. As a result, glycolytic fibers fatigue at a quicker rate.

The oxidative fibers contain many more mitochondria than the glycolytic fibers, because aerobic metabolism,
which uses oxygen (O;) in the metabolic pathway, occurs in the mitochondria. The SO fibers possess a large
number of mitochondria and are capable of contracting for longer periods because of the large amount of ATP they
can produce, but they have a relatively small diameter and do not produce a large amount of tension. SO fibers
are extensively supplied with blood capillaries to supply O, from the red blood cells in the bloodstream. The SO

fibers also possess myoglobin, an O,-carrying molecule similar to O,-carrying hemoglobin in the red blood cells.
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The myoglobin stores some of the needed O, within the fibers themselves (and gives SO fibers their red color).
All of these features allow SO fibers to produce large quantities of ATP, which can sustain muscle activity without

fatiguing for long periods of time.

The fact that SO fibers can function for long periods without fatiguing makes them useful in maintaining posture,
producing isometric contractions, stabilizing bones and joints, and making small movements that happen often but
do not require large amounts of energy. They do not produce high tension, and thus they are not used for powerful,

fast movements that require high amounts of energy and rapid cross-bridge cycling.

FO fibers are sometimes called intermediate fibers because they possess characteristics that are intermediate
between fast fibers and slow fibers. They produce ATP relatively quickly, more quickly than SO fibers, and
thus can produce relatively high amounts of tension. They are oxidative because they produce ATP aerobically,
possess high amounts of mitochondria, and do not fatigue quickly. However, FO fibers do not possess significant
myoglobin, giving them a lighter color than the red SO fibers. FO fibers are used primarily for movements, such
as walking, that require more energy than postural control but less energy than an explosive movement, such as
sprinting. FO fibers are useful for this type of movement because they produce more tension than SO fibers but
they are more fatigue-resistant than FG fibers.

FG fibers primarily use anaerobic glycolysis as their ATP source. They have a large diameter and possess high
amounts of glycogen, which is used in glycolysis to generate ATP quickly to produce high levels of tension.
Because they do not primarily use aerobic metabolism, they do not possess substantial numbers of mitochondria
or significant amounts of myoglobin and therefore have a white color. FG fibers are used to produce rapid, forceful
contractions to make quick, powerful movements. These fibers fatigue quickly, permitting them to only be used
for short periods. Most muscles possess a mixture of each fiber type. The predominant fiber type in a muscle is
determined by the primary function of the muscle.



10.6 Exercise and Muscle Performance

Learning Objectives

By the end of this section, you will be able to:

* Describe hypertrophy and atrophy
» Explain how resistance exercise builds muscle

+ Explain how performance-enhancing substances affect muscle

Physical training alters the appearance of skeletal muscles and can produce changes in muscle performance.
Conversely, a lack of use can result in decreased performance and muscle appearance. Although muscle cells can
change in size, new cells are not formed when muscles grow. Instead, structural proteins are added to muscle fibers
in a process called hypertrophy, so cell diameter increases. The reverse, when structural proteins are lost and
muscle mass decreases, is called atrophy. Age-related muscle atrophy is called sarcopenia. Cellular components

of muscles can also undergo changes in response to changes in muscle use.

Endurance Exercise

Slow fibers are predominantly used in endurance exercises that require little force but involve numerous
repetitions. The aerobic metabolism used by slow-twitch fibers allows them to maintain contractions over long
periods. Endurance training modifies these slow fibers to make them even more efficient by producing more
mitochondria to enable more aerobic metabolism and more ATP production. Endurance exercise can also increase
the amount of myoglobin in a cell, as increased aerobic respiration increases the need for oxygen. Myoglobin is

found in the sarcoplasm and acts as an oxygen storage supply for the mitochondria.

The training can trigger the formation of more extensive capillary networks around the fiber, a process called
angiogenesis, to supply oxygen and remove metabolic waste. To allow these capillary networks to supply the

deep portions of the muscle, muscle mass does not greatly increase in order to maintain a smaller area for the
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diffusion of nutrients and gases. All of these cellular changes result in the ability to sustain low levels of muscle
contractions for greater periods without fatiguing.

The proportion of SO muscle fibers in muscle determines the suitability of that muscle for endurance, and
may benefit those participating in endurance activities. Postural muscles have a large number of SO fibers and
relatively few FO and FG fibers, to keep the back straight (Figure 1). Endurance athletes, like marathon-runners
also would benefit from a larger proportion of SO fibers, but it is unclear if the most-successful marathoners are
those with naturally high numbers of SO fibers, or whether the most successful marathon runners develop high
numbers of SO fibers with repetitive training. Endurance training can result in overuse injuries such as stress
fractures and joint and tendon inflammation.

Figure 1. Marathoners. Long-distance runners have a large number of SO
fibers and relatively few FO and FG fibers. (credit: “Tseo2”/Wikimedia
Commons)

Resistance Exercise

Resistance exercises, as opposed to endurance exercise, require large amounts of FG fibers to produce short,
powerful movements that are not repeated over long periods. The high rates of ATP hydrolysis and cross-bridge
formation in FG fibers result in powerful muscle contractions. Muscles used for power have a higher ratio of FG
to SO/FO fibers, and trained athletes possess even higher levels of FG fibers in their muscles. Resistance exercise
affects muscles by increasing the formation of myofibrils, thereby increasing the thickness of muscle fibers. This
added structure causes hypertrophy, or the enlargement of muscles, exemplified by the large skeletal muscles seen
in body builders and other athletes (Figure 2). Because this muscular enlargement is achieved by the addition of
structural proteins, athletes trying to build muscle mass often ingest large amounts of protein.
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Figure 2. Hypertrophy. Body builders have a large number of FG
fibers and relatively few FO and SO fibers. (credit: Lin Mei/flickr)

Except for the hypertrophy that follows an increase in the number of sarcomeres and myofibrils in a skeletal
muscle, the cellular changes observed during endurance training do not usually occur with resistance training.
There is usually no significant increase in mitochondria or capillary density. However, resistance training does
increase the development of connective tissue, which adds to the overall mass of the muscle and helps to contain
muscles as they produce increasingly powerful contractions. Tendons also become stronger to prevent tendon

damage, as the force produced by muscles is transferred to tendons that attach the muscle to bone.

For effective strength training, the intensity of the exercise must continually be increased. For instance, continued
weight lifting without increasing the weight of the load does not increase muscle size. To produce ever-greater
results, the weights lifted must become increasingly heavier, making it more difficult for muscles to move the
load. The muscle then adapts to this heavier load, and an even heavier load must be used if even greater muscle
mass is desired.

If done improperly, resistance training can lead to overuse injuries of the muscle, tendon, or bone. These injuries
can occur if the load is too heavy or if the muscles are not given sufficient time between workouts to recover or
if joints are not aligned properly during the exercises. Cellular damage to muscle fibers that occurs after intense
exercise includes damage to the sarcolemma and myofibrils. This muscle damage contributes to the feeling of
soreness after strenuous exercise, but muscles gain mass as this damage is repaired, and additional structural
proteins are added to replace the damaged ones. Overworking skeletal muscles can also lead to tendon damage
and even skeletal damage if the load is too great for the muscles to bear.

Performance-Enhancing Substances

Some athletes attempt to boost their performance by using various agents that may enhance muscle performance.
Anabolic steroids are one of the more widely known agents used to boost muscle mass and increase power output.
Anabolic steroids are a form of testosterone, a male sex hormone that stimulates muscle formation, leading to

increased muscle mass.
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Endurance athletes may also try to boost the availability of oxygen to muscles to increase aerobic respiration by
using substances such as erythropoietin (EPO), a hormone normally produced in the kidneys, which triggers the
production of red blood cells. The extra oxygen carried by these blood cells can then be used by muscles for
aerobic respiration. Human growth hormone (hGH) is another supplement, and although it can facilitate building
muscle mass, its main role is to promote the healing of muscle and other tissues after strenuous exercise. Increased
hGH may allow for faster recovery after muscle damage, reducing the rest required after exercise, and allowing

for more sustained high-level performance.

Although performance-enhancing substances often do improve performance, most are banned by governing
bodies in sports and are illegal for nonmedical purposes. Their use to enhance performance raises ethical issues
of cheating because they give users an unfair advantage over nonusers. A greater concern, however, is that their
use carries serious health risks. The side effects of these substances are often significant, nonreversible, and in
some cases fatal. The physiological strain caused by these substances is often greater than what the body can
handle, leading to effects that are unpredictable and dangerous. Anabolic steroid use has been linked to infertility,

aggressive behavior, cardiovascular disease, and brain cancer.

Similarly, some athletes have used creatine to increase power output. Creatine phosphate provides quick bursts of
ATP to muscles in the initial stages of contraction. Increasing the amount of creatine available to cells is thought
to produce more ATP and therefore increase explosive power output, although its effectiveness as a supplement

has been questioned.
Everyday Connection

Aging and Muscle Tissue

Although atrophy due to disuse can often be reversed with exercise, muscle atrophy with age, referred to as
sarcopenia, is irreversible. This is a primary reason why even highly trained athletes succumb to declining
performance with age. This decline is noticeable in athletes whose sports require strength and powerful
movements, such as sprinting, whereas the effects of age are less noticeable in endurance athletes such as
marathon runners or long-distance cyclists. As muscles age, muscle fibers die, and they are replaced by connective
tissue and adipose tissue (Figure 3). Because those tissues cannot contract and generate force as muscle can,
muscles lose the ability to produce powerful contractions. The decline in muscle mass causes a loss of strength,
including the strength required for posture and mobility. This may be caused by a reduction in FG fibers that
hydrolyze ATP quickly to produce short, powerful contractions. Muscles in older people sometimes possess
greater numbers of SO fibers, which are responsible for longer contractions and do not produce powerful
movements. There may also be a reduction in the size of motor units, resulting in fewer fibers being stimulated
and less muscle tension being produced.
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Normal
Muscle

Atrophied
Muscle

Figure 3. Atrophy. Muscle mass is reduced as muscles atrophy
with disuse.

Sarcopenia can be delayed to some extent by exercise, as training adds structural proteins and causes cellular
changes that can offset the effects of atrophy. Increased exercise can produce greater numbers of cellular
mitochondria, increase capillary density, and increase the mass and strength of connective tissue. The effects of
age-related atrophy are especially pronounced in people who are sedentary, as the loss of muscle cells is displayed
as functional impairments such as trouble with locomotion, balance, and posture. This can lead to a decrease in
quality of life and medical problems, such as joint problems because the muscles that stabilize bones and joints

are weakened. Problems with locomotion and balance can also cause various injuries due to falls.



11.1 Interactions of Skeletal Muscles, Their Fascicle
Arrangement, and Their Lever Systems

Learning Objectives

By the end of this section, you will be able to:

» Compare and contrast agonist and antagonist muscles
* Describe how fascicles are arranged within a skeletal muscle

+ Explain the major events of a skeletal muscle contraction within a muscle in
generating force

To move the skeleton, the tension created by the contraction of the fibers in most skeletal muscles is transferred to
the tendons. The tendons are strong bands of dense, regular connective tissue that connect muscles to bones. The

bone connection is why this muscle tissue is called skeletal muscle.

Interactions of Skeletal Muscles in the Body

To pull on a bone, that is, to change the angle at its synovial joint, which essentially moves the skeleton, a skeletal
muscle must also be attached to a fixed part of the skeleton. The moveable end of the muscle that attaches to the
bone being pulled is called the muscle’s insertion, and the end of the muscle attached to a fixed (stabilized) bone

is called the origin. During forearm flexion—bending the elbow—the brachioradialis assists the brachialis.

Although a number of muscles may be involved in an action, the principal muscle involved is called the prime
mover, or agonist. To lift a cup, a muscle called the biceps brachii is actually the prime mover; however, because
it can be assisted by the brachialis, the brachialis is called a synergist in this action (Figure 1). A synergist can
also be a fixator that stabilizes the bone that is the attachment for the prime mover’s origin.
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A muscle with the opposite action of the prime mover is called an antagonist. Antagonists play two important
roles in muscle function: (1) they maintain body or limb position, such as holding the arm out or standing erect;
and (2) they control rapid movement, as in shadow boxing without landing a punch or the ability to check the

motion of a limb.

For example, to extend the knee, a group of four muscles called the quadriceps femoris in the anterior

compartment of the thigh are activated (and would be called the agonists of knee extension). However, to flex the

OPENSTAX

Biceps brachii
(prime mover)

Brachioradialis
(synergist)

Biceps brachii
(dissected)

Brachialis
(synergist)

Brachioradialis

Figure 1. Prime Movers and Synergists. The biceps brachii flex the lower arm.
The brachoradialis, in the forearm, and brachialis, located deep to the biceps in
the upper arm, are both synergists that aid in this motion.

knee joint, an opposite or antagonistic set of muscles called the hamstrings is activated.

As you can see, these terms would also be reversed for the opposing action. If you consider the first action as the
knee bending, the hamstrings would be called the agonists and the quadriceps femoris would then be called the

antagonists. See Table 1 for a list of some agonists and antagonists.
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Agonist and Antagonist Skeletal Muscle Pairs (Table 1)
Agonist Antagonist Movement
Triceps brachii: in the

posterior compartment of
the arm

Biceps brachii: in the anterior
compartment of the arm

The biceps brachii flexes the forearm, whereas the triceps
brachii extends it.

Quadriceps femoris:
group of four muscles in ~ The hamstrings flex the leg, whereas the quadriceps
the anterior compartment femoris extend it.

Hamstrings: group of three
muscles in the posterior
compartment of the thigh

of the thigh
Flexor digitorum superficialis Extensor digitorum: in The flexor digitorum superficialis and flexor digitorum
and flexor digitorum profundus:  the posterior profundus flex the fingers and the hand at the wrist,
in the anterior compartment of compartment of the whereas the extensor digitorum extends the fingers and the
the forearm forearm hand at the wrist.

There are also skeletal muscles that do not pull against the skeleton for movements. For example, there are the
muscles that produce facial expressions. The insertions and origins of facial muscles are in the skin, so that certain
individual muscles contract to form a smile or frown, form sounds or words, and raise the eyebrows. There also
are skeletal muscles in the tongue, and the external urinary and anal sphincters that allow for voluntary regulation
of urination and defecation, respectively. In addition, the diaphragm contracts and relaxes to change the volume
of the pleural cavities but it does not move the skeleton to do this.

Everyday Connections

Exercise and Stretching

When exercising, it is important to first warm up the muscles. Stretching pulls on the muscle fibers and it also
results in an increased blood flow to the muscles being worked. Without a proper warm-up, it is possible that you
may either damage some of the muscle fibers or pull a tendon. A pulled tendon, regardless of location, results
in pain, swelling, and diminished function; if it is moderate to severe, the injury could immobilize you for an
extended period.

Recall the discussion about muscles crossing joints to create movement. Most of the joints you use during exercise
are synovial joints, which have synovial fluid in the joint space between two bones. Exercise and stretching may
also have a beneficial effect on synovial joints. Synovial fluid is a thin, but viscous film with the consistency of
egg whites. When you first get up and start moving, your joints feel stiff for a number of reasons. After proper
stretching and warm-up, the synovial fluid may become less viscous, allowing for better joint function.

Patterns of Fascicle Organization

Skeletal muscle is enclosed in connective tissue scaffolding at three levels. Each muscle fiber (cell) is covered by
endomysium and the entire muscle is covered by epimysium. When a group of muscle fibers is “bundled” as a unit
within the whole muscle by an additional covering of a connective tissue called perimysium, that bundled group

of muscle fibers is called a fascicle. Fascicle arrangement by perimysia is correlated to the force generated by a
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muscle; it also affects the range of motion of the muscle. Based on the patterns of fascicle arrangement, skeletal
muscles can be classified in several ways. What follows are the most common fascicle arrangements.

Parallel muscles have fascicles that are arranged in the same direction as the long axis of the muscle (Figure 2).
The majority of skeletal muscles in the body have this type of organization. Some parallel muscles are flat sheets
that expand at the ends to make broad attachments. Other parallel muscles are rotund with tendons at one or both
ends. Muscles that seem to be plump have a large mass of tissue located in the middle of the muscle, between
the insertion and the origin, which is known as the central body. A more common name for this muscle is belly.
When a muscle contracts, the contractile fibers shorten it to an even larger bulge. For example, extend and then
flex your biceps brachii muscle; the large, middle section is the belly (Figure 3). When a parallel muscle has a
central, large belly that is spindle-shaped, meaning it tapers as it extends to its origin and insertion, it sometimes

is called fusiform.

Orbicularis oris

Circular

Pectoralis major

Deltoid

Multipennate
Convergent

Extensor digitorum

Biceps brachii (posterior view)

To origin
Parallel- Belly
fusiform
To insertion ——

Bipennate

Unipennate

Sartorius

NI
<

Parallel
(non-fusiform)

AR

Figure 2. Muscle Shapes and Fiber Alignment. The skeletal muscles of the body typically come
in seven different general shapes.
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Figure 3. Biceps Brachii Muscle Contraction. The large mass at the
center of a muscle is called the belly. Tendons emerge from both ends of
the belly and connect the muscle to the bones, allowing the skeleton to
move. The tendons of the bicep connect to the upper arm and the
forearm. (credit: Victoria Garcia)

Circular muscles are also called sphincters (see Figure 2). When they relax, the sphincters’ concentrically
arranged bundles of muscle fibers increase the size of the opening, and when they contract, the size of the opening
shrinks to the point of closure. The orbicularis oris muscle is a circular muscle that goes around the mouth. When
it contracts, the oral opening becomes smaller, as when puckering the lips for whistling. Another example is
the orbicularis oculi, one of which surrounds each eye. Consider, for example, the names of the two orbicularis
muscles (orbicularis oris and oribicularis oculi), where part of the first name of both muscles is the same. The first
part of orbicularis, orb (orb = “circular”), is a reference to a round or circular structure; it may also make one think
of orbit, such as the moon’s path around the earth. The word oris (oris = “oral”) refers to the oral cavity, or the

mouth. The word oculi (ocular = “eye”) refers to the eye.

There are other muscles throughout the body named by their shape or location. The deltoid is a large, triangular-
shaped muscle that covers the shoulder. It is so-named because the Greek letter delta looks like a triangle. The
rectus abdomis (rector = “straight”) is the straight muscle in the anterior wall of the abdomen, while the rectus

femoris is the straight muscle in the anterior compartment of the thigh.

When a muscle has a widespread expansion over a sizable area, but then the fascicles come to a single, common
attachment point, the muscle is called convergent. The attachment point for a convergent muscle could be a
tendon, an aponeurosis (a flat, broad tendon), or a raphe (a very slender tendon). The large muscle on the chest,
the pectoralis major, is an example of a convergent muscle because it converges on the greater tubercle of the

humerus via a tendon. The temporalis muscle of the cranium is another.
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Pennate muscles (penna = “feathers”) blend into a tendon that runs through the central region of the muscle for
its whole length, somewhat like the quill of a feather with the muscle arranged similar to the feathers. Due to
this design, the muscle fibers in a pennate muscle can only pull at an angle, and as a result, contracting pennate
muscles do not move their tendons very far. However, because a pennate muscle generally can hold more muscle

fibers within it, it can produce relatively more tension for its size. There are three subtypes of pennate muscles.

In a unipennate muscle, the fascicles are located on one side of the tendon. The extensor digitorum of the forearm
is an example of a unipennate muscle. A bipennate muscle has fascicles on both sides of the tendon. In some
pennate muscles, the muscle fibers wrap around the tendon, sometimes forming individual fascicles in the process.
This arrangement is referred to as multipennate. A common example is the deltoid muscle of the shoulder, which

covers the shoulder but has a single tendon that inserts on the deltoid tuberosity of the humerus.

Because of fascicles, a portion of a multipennate muscle like the deltoid can be stimulated by the nervous system
to change the direction of the pull. For example, when the deltoid muscle contracts, the arm abducts (moves away
from midline in the sagittal plane), but when only the anterior fascicle is stimulated, the arm will abduct and flex

(move anteriorly at the shoulder joint).

The Lever System of Muscle and Bone Interactions

Skeletal muscles do not work by themselves. Muscles are arranged in pairs based on their functions. For muscles
attached to the bones of the skeleton, the connection determines the force, speed, and range of movement.
These characteristics depend on each other and can explain the general organization of the muscular and skeletal

systems.

The skeleton and muscles act together to move the body. Have you ever used the back of a hammer to remove a
nail from wood? The handle acts as a lever and the head of the hammer acts as a fulcrum, the fixed point that the
force is applied to when you pull back or push down on the handle. The effort applied to this system is the pulling
or pushing on the handle to remove the nail, which is the load, or “resistance” to the movement of the handle in
the system. Our musculoskeletal system works in a similar manner, with bones being stiff levers and the articular
endings of the bones—encased in synovial joints—acting as fulcrums. The load would be an object being lifted or
any resistance to a movement (your head is a load when you are lifting it), and the effort, or applied force, comes
from contracting skeletal muscle.



Chapter 12. The Nervous System
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12.1 Basic Structure and Function of the Nervous System

Learning Objectives

By the end of this section, you will be able to:

+ Identify the anatomical and functional divisions of the nervous system

* Relate the functional and structural differences between gray matter and white matter
structures of the nervous system to the structure of neurons

* List the basic functions of the nervous system

The picture you have in your mind of the nervous system probably includes the brain, the nervous tissue
contained within the cranium, and the spinal cord, the extension of nervous tissue within the vertebral column.
That suggests it is made of two organs—and you may not even think of the spinal cord as an organ—but the
nervous system is a very complex structure. Within the brain, many different and separate regions are responsible
for many different and separate functions. It is as if the nervous system is composed of many organs that all look
similar and can only be differentiated using tools such as the microscope or electrophysiology. In comparison, it
is easy to see that the stomach is different than the esophagus or the liver, so you can imagine the digestive system

as a collection of specific organs.

The Central and Peripheral Nervous Systems

The nervous system can be divided into two major regions: the central and peripheral nervous systems. The
central nervous system (CNS) is the brain and spinal cord, and the peripheral nervous system (PNS) is
everything else (Figure 1). The brain is contained within the cranial cavity of the skull, and the spinal cord is
contained within the vertebral cavity of the vertebral column. It is a bit of an oversimplification to say that the
CNS is what is inside these two cavities and the peripheral nervous system is outside of them, but that is one way
to start to think about it. In actuality, there are some elements of the peripheral nervous system that are within the

cranial or vertebral cavities. The peripheral nervous system is so named because it is on the periphery—meaning
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beyond the brain and spinal cord. Depending on different aspects of the nervous system, the dividing line between

central and peripheral is not necessarily universal.

Central Nervous System

Brain

Spinal cord

Peripheral Nervous System

Ganglion

Nerve

Figure 1. Central and Peripheral Nervous System. The structures of the
PNS are referred to as ganglia and nerves, which can be seen as distinct
structures. The equivalent structures in the CNS are not obvious from
this overall perspective and are best examined in prepared tissue under
the microscope.

Nervous tissue, present in both the CNS and PNS, contains two basic types of cells: neurons and glial cells. A glial
cell is one of a variety of cells that provide a framework of tissue that supports the neurons and their activities.
The neuron is the more functionally important of the two, in terms of the communicative function of the nervous
system. To describe the functional divisions of the nervous system, it is important to understand the structure of
a neuron. Neurons are cells and therefore have a soma, or cell body, but they also have extensions of the cell;
each extension is generally referred to as a process. There is one important process that every neuron has called
an axon, which is the fiber that connects a neuron with its target. Another type of process that branches off from
the soma is the dendrite. Dendrites are responsible for receiving most of the input from other neurons. Looking at
nervous tissue, there are regions that predominantly contain cell bodies and regions that are largely composed of
just axons. These two regions within nervous system structures are often referred to as gray matter (the regions
with many cell bodies and dendrites) or white matter (the regions with many axons). Figure 2 demonstrates the
appearance of these regions in the brain and spinal cord. The colors ascribed to these regions are what would
be seen in “fresh,” or unstained, nervous tissue. Gray matter is not necessarily gray. It can be pinkish because
of blood content, or even slightly tan, depending on how long the tissue has been preserved. But white matter is
white because axons are insulated by a lipid-rich substance called myelin. Lipids can appear as white (“fatty”)
material, much like the fat on a raw piece of chicken or beef. Actually, gray matter may have that color ascribed

to it because next to the white matter, it is just darker—hence, gray.
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The distinction between gray matter and white matter is most often applied to central nervous tissue, which has
large regions that can be seen with the unaided eye. When looking at peripheral structures, often a microscope is
used and the tissue is stained with artificial colors. That is not to say that central nervous tissue cannot be stained
and viewed under a microscope, but unstained tissue is most likely from the CNS—for example, a frontal section
of the brain or cross section of the spinal cord.
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Figure 2. Gray Matter and White Matter. A brain removed during an
autopsy, with a partial section removed, shows white matter surrounded
by gray matter. Gray matter makes up the outer cortex of the brain.
(credit: modification of work by “Suseno”/Wikimedia Commons)

Regardless of the appearance of stained or unstained tissue, the cell bodies of neurons or axons can be located in
discrete anatomical structures that need to be named. Those names are specific to whether the structure is central
or peripheral. A localized collection of neuron cell bodies in the CNS is referred to as a nucleus. In the PNS,
a cluster of neuron cell bodies is referred to as a ganglion. Figure 3 indicates how the term nucleus has a few
different meanings within anatomy and physiology. It is the center of an atom, where protons and neutrons are
found; it is the center of a cell, where the DNA is found; and it is a center of some function in the CNS. There
is also a potentially confusing use of the word ganglion (plural = ganglia) that has a historical explanation. In
the central nervous system, there is a group of nuclei that are connected together and were once called the basal
ganglia before “ganglion” became accepted as a description for a peripheral structure. Some sources refer to this
group of nuclei as the “basal nuclei” to avoid confusion.



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 163

Nucleus
&S

Helium atom

Q Proton
O Neutron
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(a) Nucleus of an atom (b) Nucleus of a cell (c) Nucleus in the brain

Figure 3. What Is a Nucleus? (a) The nucleus of an atom contains its
protons and neutrons. (b) The nucleus of a cell is the organelle that contains
DNA. (c) A nucleus in the CNS is a localized center of function with the
cell bodies of several neurons, shown here circled in red. (credit c: “Was a
bee”/Wikimedia Commons)

Terminology applied to bundles of axons also differs depending on location. A bundle of axons, or fibers, found in
the CNS is called a tract whereas the same thing in the PNS would be called a nerve. There is an important point
to make about these terms, which is that they can both be used to refer to the same bundle of axons. When those
axons are in the PNS, the term is nerve, but if they are CNS, the term is tract. The most obvious example of this is
the axons that project from the retina into the brain. Those axons are called the optic nerve as they leave the eye,
but when they are inside the cranium, they are referred to as the optic tract. There is a specific place where the
name changes, which is the optic chiasm, but they are still the same axons (Figure 4). A similar situation outside
of science can be described for some roads. Imagine a road called “Broad Street” in a town called “Anyville.” The
road leaves Anyville and goes to the next town over, called “Hometown.” When the road crosses the line between
the two towns and is in Hometown, its name changes to “Main Street.” That is the idea behind the naming of the
retinal axons. In the PNS, they are called the optic nerve, and in the CNS, they are the optic tract. Table 1 helps to

clarify which of these terms apply to the central or peripheral nervous systems.
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Optic tract
Thalamus
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lobes

Figure 4. Optic Nerve Versus Optic Tract. This drawing of the
connections of the eye to the brain shows the optic nerve extending from
the eye to the chiasm, where the structure continues as the optic tract.
The same axons extend from the eye to the brain through these two
bundles of fibers, but the chiasm represents the border between

peripheral and central.
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In 2003, the Nobel Prize in Physiology or Medicine was awarded to Paul C. Lauterbur and Sir Peter Mansfield
for discoveries related to magnetic resonance imaging (MRI). This is a tool to see the structures of the body
(not just the nervous system) that depends on magnetic fields associated with certain atomic nuclei. The utility
of this technique in the nervous system is that fat tissue and water appear as different shades between black and
white. Because white matter is fatty (from myelin) and gray matter is not, they can be easily distinguished in MRI
images. Visit the Nobel Prize web site to play an interactive game that demonstrates the use of this technology
and compares it with other types of imaging technologies. Also, the results from an MRI session are compared
with images obtained from X-ray or computed tomography. How do the imaging techniques shown in this game
indicate the separation of white and gray matter compared with the freshly dissected tissue shown earlier?
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Structures of the CNS and PNS (Table 1)
CNS PNS

Group of Neuron Cell Bodies

(i.e., gray matter) Nucleus Ganglion

Bundle of Axons

(i.e., white matter) Tract Nerve

Functional Divisions of the Nervous System

The nervous system can also be divided on the basis of its functions, but anatomical divisions and functional
divisions are different. The CNS and the PNS both contribute to the same functions, but those functions can be
attributed to different regions of the brain (such as the cerebral cortex or the hypothalamus) or to different ganglia
in the periphery. The problem with trying to fit functional differences into anatomical divisions is that sometimes
the same structure can be part of several functions. For example, the optic nerve carries signals from the retina
that are either used for the conscious perception of visual stimuli, which takes place in the cerebral cortex, or for

the reflexive responses of smooth muscle tissue that are processed through the hypothalamus.

There are two ways to consider how the nervous system is divided functionally. First, the basic functions of
the nervous system are sensation, integration, and response. Secondly, control of the body can be somatic or
autonomic—divisions that are largely defined by the structures that are involved in the response. There is also a
region of the peripheral nervous system that is called the enteric nervous system that is responsible for a specific

set of the functions within the realm of autonomic control related to gastrointestinal functions.

Basic Functions

The nervous system is involved in receiving information about the environment around us (sensation) and
generating responses to that information (motor responses). The nervous system can be divided into regions that
are responsible for sensation (sensory functions) and for the response (motor functions). But there is a third
function that needs to be included. Sensory input needs to be integrated with other sensations, as well as with
memories, emotional state, or learning (cognition). Some regions of the nervous system are termed integration or
association areas. The process of integration combines sensory perceptions and higher cognitive functions such as
memories, learning, and emotion to produce a response.

Sensation. The first major function of the nervous system is sensation—receiving information about the
environment to gain input about what is happening outside the body (or, sometimes, within the body). The sensory
functions of the nervous system register the presence of a change from homeostasis or a particular event in the
environment, known as a stimulus. The senses we think of most are the “big five”: taste, smell, touch, sight, and
hearing. The stimuli for taste and smell are both chemical substances (molecules, compounds, ions, etc.), touch
is physical or mechanical stimuli that interact with the skin, sight is light stimuli, and hearing is the perception
of sound, which is a physical stimulus similar to some aspects of touch. There are actually more senses than just

those, but that list represents the major senses. Those five are all senses that receive stimuli from the outside world,
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and of which there is conscious perception. Additional sensory stimuli might be from the internal environment

(inside the body), such as the stretch of an organ wall or the concentration of certain ions in the blood.

Response. The nervous system produces a response on the basis of the stimuli perceived by sensory structures.
An obvious response would be the movement of muscles, such as withdrawing a hand from a hot stove, but
there are broader uses of the term. The nervous system can cause the contraction of all three types of muscle
tissue. For example, skeletal muscle contracts to move the skeleton, cardiac muscle is influenced as heart rate
increases during exercise, and smooth muscle contracts as the digestive system moves food along the digestive
tract. Responses also include the neural control of glands in the body as well, such as the production and secretion

of sweat by the eccrine and merocrine sweat glands found in the skin to lower body temperature.

Responses can be divided into those that are voluntary or conscious (contraction of skeletal muscle) and those
that are involuntary (contraction of smooth muscles, regulation of cardiac muscle, activation of glands). Voluntary
responses are governed by the somatic nervous system and involuntary responses are governed by the autonomic

nervous system, which are discussed in the next section.

Integration. Stimuli that are received by sensory structures are communicated to the nervous system where that
information is processed. This is called integration. Stimuli are compared with, or integrated with, other stimuli,
memories of previous stimuli, or the state of a person at a particular time. This leads to the specific response
that will be generated. Seeing a baseball pitched to a batter will not automatically cause the batter to swing. The
trajectory of the ball and its speed will need to be considered. Maybe the count is three balls and one strike, and
the batter wants to let this pitch go by in the hope of getting a walk to first base. Or maybe the batter’s team is so

far ahead, it would be fun to just swing away.

Controlling the Body

The nervous system can be divided into two parts mostly on the basis of a functional difference in responses. The
somatic nervous system (SNS) is responsible for conscious perception and voluntary motor responses. Voluntary
motor response means the contraction of skeletal muscle, but those contractions are not always voluntary in the
sense that you have to want to perform them. Some somatic motor responses are reflexes, and often happen
without a conscious decision to perform them. If your friend jumps out from behind a corner and yells “Boo!” you
will be startled and you might scream or leap back. You didn’t decide to do that, and you may not have wanted to
give your friend a reason to laugh at your expense, but it is a reflex involving skeletal muscle contractions. Other
motor responses become automatic (in other words, unconscious) as a person learns motor skills (referred to as

“habit learning” or “procedural memory”).

The autonomic nervous system (ANS) is responsible for involuntary control of the body, usually for the sake of
homeostasis (regulation of the internal environment). Sensory input for autonomic functions can be from sensory
structures tuned to external or internal environmental stimuli. The motor output extends to smooth and cardiac
muscle as well as glandular tissue. The role of the autonomic system is to regulate the organ systems of the body,
which usually means to control homeostasis. Sweat glands, for example, are controlled by the autonomic system.

When you are hot, sweating helps cool your body down. That is a homeostatic mechanism. But when you are
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nervous, you might start sweating also. That is not homeostatic, it is the physiological response to an emotional

state.

There is another division of the nervous system that describes functional responses. The enteric nervous system
(ENS) is responsible for controlling the smooth muscle and glandular tissue in your digestive system. It is a large
part of the PNS, and is not dependent on the CNS. It is sometimes valid, however, to consider the enteric system to
be a part of the autonomic system because the neural structures that make up the enteric system are a component
of the autonomic output that regulates digestion. There are some differences between the two, but for our purposes
here there will be a good bit of overlap. See Figure 5 for examples of where these divisions of the nervous system

can be found.

Brain (CNS)
Perception and processing of sensory Spinal cord (CNS)
stimuli (somatic/autonomic) ; Initiation of reflexes from ventral
Execution of voluntary motor horn (somatic) and lateral horn
responses (somatic) (autonomic) gray matter
Regulation of homeostatic Pathways for sensory and motor
mechanisms (autonomic) functions between periphery
and brain (somatic/autonomic)
Nerves (PNS)
Fibers of sensory and motor\L Ganglia (PNS)
neurons (somatic/autonomic) Reception of sensory stimuli by
dorsal root and cranial ganglia
(somatic/autonomic)
Relay of visceral motor responses
Digestive tract (ENS) \E_%_//j) by autonomic ganglia (autonomic)
The enteric nervous system [ / /
(ENS), located in the digestive

tract, is responsible for autonomous
functions and can operate independently
of the brain and spinal cord.

Figure 5. Somatic, Autonomic, and Enteric Structures of the Nervous System. Somatic structures include the
spinal nerves, both motor and sensory fibers, as well as the sensory ganglia (posterior root ganglia and cranial
nerve ganglia). Autonomic structures are found in the nerves also, but include the sympathetic and
parasympathetic ganglia. The enteric nervous system includes the nervous tissue within the organs of the
digestive tract.
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Visit this site to read about a woman that notices that her daughter is having trouble walking up the stairs. This
leads to the discovery of a hereditary condition that affects the brain and spinal cord. The electromyography and
MRI tests indicated deficiencies in the spinal cord and cerebellum, both of which are responsible for controlling

coordinated movements. To what functional division of the nervous system would these structures belong?
Everyday Connection

How Much of Your Brain Do You Use?

Have you ever heard the claim that humans only use 10 percent of their brains? Maybe you have seen an
advertisement on a website saying that there is a secret to unlocking the full potential of your mind—as if there
were 90 percent of your brain sitting idle, just waiting for you to use it. If you see an ad like that, don’t click. It

isn’t true.

An easy way to see how much of the brain a person uses is to take measurements of brain activity while
performing a task. An example of this kind of measurement is functional magnetic resonance imaging (fMRI),
which generates a map of the most active areas and can be generated and presented in three dimensions (Figure
6). This procedure is different from the standard MRI technique because it is measuring changes in the tissue in

time with an experimental condition or event.

Figure 6. fMRI. This fMRI shows activation of the visual cortex in
response to visual stimuli. (credit: “Superborsuk”/Wikimedia Commons)

The underlying assumption is that active nervous tissue will have greater blood flow. By having the subject
perform a visual task, activity all over the brain can be measured. Consider this possible experiment: the subject
is told to look at a screen with a black dot in the middle (a fixation point). A photograph of a face is projected on
the screen away from the center. The subject has to look at the photograph and decipher what it is. The subject
has been instructed to push a button if the photograph is of someone they recognize. The photograph might be of
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a celebrity, so the subject would press the button, or it might be of a random person unknown to the subject, so
the subject would not press the button.

In this task, visual sensory areas would be active, integrating areas would be active, motor areas responsible for
moving the eyes would be active, and motor areas for pressing the button with a finger would be active. Those
areas are distributed all around the brain and the fMRI images would show activity in more than just 10 percent of
the brain (some evidence suggests that about 80 percent of the brain is using energy—based on blood flow to the
tissue—during well-defined tasks similar to the one suggested above). This task does not even include all of the
functions the brain performs. There is no language response, the body is mostly lying still in the MRI machine,
and it does not consider the autonomic functions that would be ongoing in the background.



12.2 Nervous Tissue

Learning Objectives

By the end of this section, you will be able to:

 Describe the basic structure of a neuron

* Identify the different types of neurons on the basis of polarity
+ List the glial cells of the CNS and describe their function

+ List the glial cells of the PNS and describe their function

Nervous tissue is composed of two types of cells, neurons and glial cells. Neurons are the primary type of cell that
most anyone associates with the nervous system. They are responsible for the computation and communication
that the nervous system provides. They are electrically active and release chemical signals to target cells. Glial
cells, or glia, are known to play a supporting role for nervous tissue. Ongoing research pursues an expanded role
that glial cells might play in signaling, but neurons are still considered the basis of this function. Neurons are

important, but without glial support they would not be able to perform their function.

Neurons

Neurons are the cells considered to be the basis of nervous tissue. They are responsible for the electrical signals
that communicate information about sensations, and that produce movements in response to those stimuli, along
with inducing thought processes within the brain. An important part of the function of neurons is in their structure,
or shape. The three-dimensional shape of these cells makes the immense numbers of connections within the

nervous system possible.

Parts of a Neuron

As you learned in the first section, the main part of a neuron is the cell body, which is also known as the

soma (soma = “body”). The cell body contains the nucleus and most of the major organelles. But what makes
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neurons special is that they have many extensions of their cell membranes, which are generally referred to as
processes. Neurons are usually described as having one, and only one, axon—a fiber that emerges from the
cell body and projects to target cells. That single axon can branch repeatedly to communicate with many target
cells. It is the axon that propagates the nerve impulse, which is communicated to one or more cells. The other
processes of the neuron are dendrites, which receive information from other neurons at specialized areas of contact
called synapses. The dendrites are usually highly branched processes, providing locations for other neurons to
communicate with the cell body. Information flows through a neuron from the dendrites, across the cell body, and
down the axon. This gives the neuron a polarity—meaning that information flows in this one direction. Figure 1
shows the relationship of these parts to one another.

% %% Cell body (soma)
& ) / dzqg Axon Oligodendrocyte

Cell membrane —————

Dendrites

A\

Synapse

Figure 1. Parts of a Neuron. The major parts of the neuron are labeled on
a multipolar neuron from the CNS.

Where the axon emerges from the cell body, there is a special region referred to as the axon hillock. This is a
tapering of the cell body toward the axon fiber. Within the axon hillock, the cytoplasm changes to a solution of
limited components called axoplasm. Because the axon hillock represents the beginning of the axon, it is also
referred to as the initial segment.

Many axons are wrapped by an insulating substance called myelin, which is actually made from glial cells. Myelin
acts as insulation much like the plastic or rubber that is used to insulate electrical wires. A key difference between
myelin and the insulation on a wire is that there are gaps in the myelin covering of an axon. Each gap is called a
node of Ranvier and is important to the way that electrical signals travel down the axon. The length of the axon
between each gap, which is wrapped in myelin, is referred to as an axon segment. At the end of the axon is the
axon terminal, where there are usually several branches extending toward the target cell, each of which ends in
an enlargement called a synaptic end bulb. These bulbs are what make the connection with the target cell at the

synapse.
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Visit this site to learn about how nervous tissue is composed of neurons and glial cells. Neurons are dynamic cells
with the ability to make a vast number of connections, to respond incredibly quickly to stimuli, and to initiate
movements on the basis of those stimuli. They are the focus of intense research because failures in physiology

can lead to devastating illnesses. Why are neurons only found in animals? Based on what this article says about
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neuron function, why wouldn’t they be helpful for plants or microorganisms?

Types of Neurons

There are many neurons in the nervous system—a number in the trillions. And there are many different types
of neurons. They can be classified by many different criteria. The first way to classify them is by the number
of processes attached to the cell body. Using the standard model of neurons, one of these processes is the axon,

and the rest are dendrites. Because information flows through the neuron from dendrites or cell bodies toward the

axon, these names are based on the neuron’s polarity (Figure 2).

Unipolar cells have only one process emerging from the cell. True unipolar cells are only found in invertebrate

Unipolar neuron

Figure 2. Neuron Classification by Shape. Unipolar cells have one process that
includes both the axon and dendrite. Bipolar cells have two processes, the axon
and a dendrite. Multipolar cells have more than two processes, the axon and two

or more dendrites.

Multipolar neuron

Bipolar neuron
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animals, so the unipolar cells in humans are more appropriately called “pseudo-unipolar” cells. Invertebrate
unipolar cells do not have dendrites. Human unipolar cells have an axon that emerges from the cell body, but it
splits so that the axon can extend along a very long distance. At one end of the axon are dendrites, and at the other
end, the axon forms synaptic connections with a target. Unipolar cells are exclusively sensory neurons and have
two unique characteristics. First, their dendrites are receiving sensory information, sometimes directly from the
stimulus itself. Secondly, the cell bodies of unipolar neurons are always found in ganglia. Sensory reception is a
peripheral function (those dendrites are in the periphery, perhaps in the skin) so the cell body is in the periphery,
though closer to the CNS in a ganglion. The axon projects from the dendrite endings, past the cell body in a

ganglion, and into the central nervous system.

Bipolar cells have two processes, which extend from each end of the cell body, opposite to each other. One is the
axon and one the dendrite. Bipolar cells are not very common. They are found mainly in the olfactory epithelium

(where smell stimuli are sensed), and as part of the retina.

Multipolar neurons are all of the neurons that are not unipolar or bipolar. They have one axon and two or more
dendrites (usually many more). With the exception of the unipolar sensory ganglion cells, and the two specific
bipolar cells mentioned above, all other neurons are multipolar. Some cutting edge research suggests that certain
neurons in the CNS do not conform to the standard model of “one, and only one” axon. Some sources describe a
fourth type of neuron, called an anaxonic neuron. The name suggests that it has no axon (an- = “without”), but this
is not accurate. Anaxonic neurons are very small, and if you look through a microscope at the standard resolution
used in histology (approximately 400X to 1000X total magnification), you will not be able to distinguish any
process specifically as an axon or a dendrite. Any of those processes can function as an axon depending on
the conditions at any given time. Nevertheless, even if they cannot be easily seen, and one specific process is

definitively the axon, these neurons have multiple processes and are therefore multipolar.

Neurons can also be classified on the basis of where they are found, who found them, what they do, or even
what chemicals they use to communicate with each other. Some neurons referred to in this section on the nervous
system are named on the basis of those sorts of classifications (Figure 3). For example, a multipolar neuron that
has a very important role to play in a part of the brain called the cerebellum is known as a Purkinje (commonly
pronounced per-KIN-gee) cell. It is named after the anatomist who discovered it (Jan Evangilista Purkinje,
1787-1869).
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(a) Pyramidal cell of the (b) Purkinje cell of the (c) Olfactory cells in the olfactory
cerebral cortex cerebellar cortex epithelium and olfactory bulbs

Figure 3. Other Neuron Classifications. Three examples of neurons that are classified
on the basis of other criteria. (a) The pyramidal cell is a multipolar cell with a cell
body that is shaped something like a pyramid. (b) The Purkinje cell in the cerebellum
was named after the scientist who originally described it. (c) Olfactory neurons are
named for the functional group with which they belong.

Glial Cells

Glial cells, or neuroglia or simply glia, are the other type of cell found in nervous tissue. They are considered to be
supporting cells, and many functions are directed at helping neurons complete their function for communication.
The name glia comes from the Greek word that means “glue,” and was coined by the German pathologist Rudolph
Virchow, who wrote in 1856: “This connective substance, which is in the brain, the spinal cord, and the special
sense nerves, is a kind of glue (neuroglia) in which the nervous elements are planted.” Today, research into
nervous tissue has shown that there are many deeper roles that these cells play. And research may find much more

about them in the future.

There are six types of glial cells. Four of them are found in the CNS and two are found in the PNS. Table 2 outlines

some common characteristics and functions.

Glial Cell Types by Location and Basic Function (Table 2)
CNS glia PNS glia Basic function

Astrocyte Satellite cell ~ Support

Oligodendrocyte Schwann cell Insulation, myelination

Microglia - Immune surveillance and phagocytosis

Ependymal cell - Creating CSF
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Glial Cells of the CNS

One cell providing support to neurons of the CNS is the astrocyte, so named because it appears to be star-shaped
under the microscope (astro- = “star”). Astrocytes have many processes extending from their main cell body (not
axons or dendrites like neurons, just cell extensions). Those processes extend to interact with neurons, blood
vessels, or the connective tissue covering the CNS that is called the pia mater (Figure 4). Generally, they are
supporting cells for the neurons in the central nervous system. Some ways in which they support neurons in the
central nervous system are by maintaining the concentration of chemicals in the extracellular space, removing
excess signaling molecules, reacting to tissue damage, and contributing to the blood-brain barrier (BBB). The
blood-brain barrier is a physiological barrier that keeps many substances that circulate in the rest of the body from
getting into the central nervous system, restricting what can cross from circulating blood into the CNS. Nutrient
molecules, such as glucose or amino acids, can pass through the BBB, but other molecules cannot. This actually
causes problems with drug delivery to the CNS. Pharmaceutical companies are challenged to design drugs that

can cross the BBB as well as have an effect on the nervous system.

. H ‘\)U ’
Microglial ceII 3 \>

P

Astrocyte A

}” Ependymal cells Py Oligodendrocytes

Figure 4. Glial Cells of the CNS. The CNS has astrocytes, oligodendrocytes,
microglia, and ependymal cells that support the neurons of the CNS in several
ways.

Like a few other parts of the body, the brain has a privileged blood supply. Very little can pass through by
diffusion. Most substances that cross the wall of a blood vessel into the CNS must do so through an active
transport process. Because of this, only specific types of molecules can enter the CNS. Glucose—the primary
energy source—is allowed, as are amino acids. Water and some other small particles, like gases and ions, can
enter. But most everything else cannot, including white blood cells, which are one of the body’s main lines of
defense. While this barrier protects the CNS from exposure to toxic or pathogenic substances, it also keeps out

the cells that could protect the brain and spinal cord from disease and damage. The BBB also makes it harder for
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pharmaceuticals to be developed that can affect the nervous system. Aside from finding efficacious substances,
the means of delivery is also crucial.

Also found in CNS tissue is the oligodendrocyte, sometimes called just “oligo,” which is the glial cell type that
insulates axons in the CNS. The name means “cell of a few branches” (oligo- = “few”; dendro- = “branches”;
-cyte = “cell”). There are a few processes that extend from the cell body. Each one reaches out and surrounds an
axon to insulate it in myelin. One oligodendrocyte will provide the myelin for multiple axon segments, either for
the same axon or for separate axons. The function of myelin will be discussed below.

Microglia are, as the name implies, smaller than most of the other glial cells. Ongoing research into these cells,
although not entirely conclusive, suggests that they may originate as white blood cells, called macrophages,
that become part of the CNS during early development. While their origin is not conclusively determined, their
function is related to what macrophages do in the rest of the body. When macrophages encounter diseased or
damaged cells in the rest of the body, they ingest and digest those cells or the pathogens that cause disease.
Microglia are the cells in the CNS that can do this in normal, healthy tissue, and they are therefore also referred

to as CNS-resident macrophages.

The ependymal cell is a glial cell that filters blood to make cerebrospinal fluid (CSF), the fluid that circulates
through the CNS. Because of the privileged blood supply inherent in the BBB, the extracellular space in
nervous tissue does not easily exchange components with the blood. Ependymal cells line each ventricle, one
of four central cavities that are remnants of the hollow center of the neural tube formed during the embryonic
development of the brain. The choroid plexus is a specialized structure in the ventricles where ependymal cells
come in contact with blood vessels and filter and absorb components of the blood to produce cerebrospinal fluid.
Because of this, ependymal cells can be considered a component of the BBB, or a place where the BBB breaks
down. These glial cells appear similar to epithelial cells, making a single layer of cells with little intracellular
space and tight connections between adjacent cells. They also have cilia on their apical surface to help move the
CSF through the ventricular space. The relationship of these glial cells to the structure of the CNS is seen in Figure
4.

Glial Cells of the PNS

One of the two types of glial cells found in the PNS is the satellite cell. Satellite cells are found in sensory
and autonomic ganglia, where they surround the cell bodies of neurons. This accounts for the name, based on
their appearance under the microscope. They provide support, performing similar functions in the periphery as
astrocytes do in the CNS—except, of course, for establishing the BBB.

The second type of glial cell is the Schwann cell, which insulate axons with myelin in the periphery. Schwann
cells are different than oligodendrocytes, in that a Schwann cell wraps around a portion of only one axon segment
and no others. Oligodendrocytes have processes that reach out to multiple axon segments, whereas the entire
Schwann cell surrounds just one axon segment. The nucleus and cytoplasm of the Schwann cell are on the edge

of the myelin sheath. The relationship of these two types of glial cells to ganglia and nerves in the PNS is seen in
Figure 5.
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Figure 5. Glial Cells of the PNS. The PNS has satellite cells and Schwann cells.

Myelin

The insulation for axons in the nervous system is provided by glial cells, oligodendrocytes in the CNS, and
Schwann cells in the PNS. Whereas the manner in which either cell is associated with the axon segment, or
segments, that it insulates is different, the means of myelinating an axon segment is mostly the same in the two
situations. Myelin is a lipid-rich sheath that surrounds the axon and by doing so creates a myelin sheath that
facilitates the transmission of electrical signals along the axon. The lipids are essentially the phospholipids of the
glial cell membrane. Myelin, however, is more than just the membrane of the glial cell. It also includes important
proteins that are integral to that membrane. Some of the proteins help to hold the layers of the glial cell membrane
closely together.

The appearance of the myelin sheath can be thought of as similar to the pastry wrapped around a hot dog for “pigs
in a blanket” or a similar food. The glial cell is wrapped around the axon several times with little to no cytoplasm
between the glial cell layers. For oligodendrocytes, the rest of the cell is separate from the myelin sheath as a
cell process extends back toward the cell body. A few other processes provide the same insulation for other axon
segments in the area. For Schwann cells, the outermost layer of the cell membrane contains cytoplasm and the
nucleus of the cell as a bulge on one side of the myelin sheath. During development, the glial cell is loosely or
incompletely wrapped around the axon (Figure 6a). The edges of this loose enclosure extend toward each other,
and one end tucks under the other. The inner edge wraps around the axon, creating several layers, and the other

edge closes around the outside so that the axon is completely enclosed.
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View the University of
Michigan WebScope
to see an electron
micrograph of a
cross-section of a
myelinated nerve fiber.

View the University of Michigan WebScope to see an electron micrograph of a cross-section of a myelinated

nerve fiber. The axon contains microtubules and neurofilaments that are bounded by a plasma membrane known
as the axolemma. Outside the plasma membrane of the axon is the myelin sheath, which is composed of the tightly
wrapped plasma membrane of a Schwann cell. What aspects of the cells in this image react with the stain to make
them a deep, dark, black color, such as the multiple layers that are the myelin sheath?

Myelin sheaths can extend for one or two millimeters, depending on the diameter of the axon. Axon diameters can

be as small as 1 to 20 micrometers. Because a micrometer is 1/1000 of a millimeter, this means that the length of a

myelin sheath can be 100-1000 times the diameter of the axon. Figure 1, Figure 4, and Figure 5 show the myelin
sheath surrounding an axon segment, but are not to scale. If the myelin sheath were drawn to scale, the neuron
would have to be immense—possibly covering an entire wall of the room in which you are sitting.
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Figure 5. The Process of Myelination. Myelinating glia wrap several layers of cell membrane around the
cell membrane of an axon segment. A single Schwann cell insulates a segment of a peripheral nerve,
whereas in the CNS, an oligodendrocyte may provide insulation for a few separate axon segments. EM x
1,460,000. (Micrograph provided by the Regents of University of Michigan Medical School © 2012)

Disorders of the...

Nervous Tissue
Several diseases can result from the demyelination of axons. The causes of these diseases are not the same; some
have genetic causes, some are caused by pathogens, and others are the result of autoimmune disorders. Though the
causes are varied, the results are largely similar. The myelin insulation of axons is compromised, making electrical
signaling slower.

Multiple sclerosis (MS) is one such disease. It is an example of an autoimmune disease. The antibodies produced
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by lymphocytes (a type of white blood cell) mark myelin as something that should not be in the body. This causes
inflammation and the destruction of the myelin in the central nervous system. As the insulation around the axons
is destroyed by the disease, scarring becomes obvious. This is where the name of the disease comes from; sclerosis
means hardening of tissue, which is what a scar is. Multiple scars are found in the white matter of the brain and
spinal cord. The symptoms of MS include both somatic and autonomic deficits. Control of the musculature is

compromised, as is control of organs such as the bladder.

Guillain-Barré (pronounced gee-YAN bah-RAY) syndrome is an example of a demyelinating disease of the
peripheral nervous system. It is also the result of an autoimmune reaction, but the inflammation is in peripheral
nerves. Sensory symptoms or motor deficits are common, and autonomic failures can lead to changes in the heart

rhythm or a drop in blood pressure, especially when standing, which causes dizziness.



12.3 The Function of Nervous Tissue

Learning Objectives

By the end of this section, you will be able to:

* Distinguish the major functions of the nervous system: sensation, integration, and
response

* List the sequence of events in a simple sensory receptor—-motor response pathway

Having looked at the components of nervous tissue, and the basic anatomy of the nervous system, next comes an
understanding of how nervous tissue is capable of communicating within the nervous system. Before getting to
the nuts and bolts of how this works, an illustration of how the components come together will be helpful. An

example is summarized in Figure 1.

181



182 + OPENSTAX

Right side of brain Left side of brain
@ Sensory pathway reaches

the cerebral cortex for %
conscious perception
Cerebral cortex (

"
Thalamus

Interneuron

@ An upper motor
neuron from the
cortex executes
a motor command

Upper motor
neuron

with second neuron

@ Sensory pathway continues i
projecting to the thalamus K

Interneuron \ |
N g

@ Sensory axon enters
the spinal cord and
synapses with brain

Spinal cord

(e

Sensory

] @ Action potential neuron
in sensory axon\
(@ Sensory endings e

in skin

Lower motor
neuron

Po &
N7~

@ The upper motor
neuron contacts a
lower motor neuron

The lower motor neuron in the spinal cord

Neuromuscular junction causes contraction of the

target skeletal muscle

Figure 1. Testing the Water. (1) The sensory neuron has endings in the skin that sense a
stimulus such as water temperature. The strength of the signal that starts here is
dependent on the strength of the stimulus. (2) The graded potential from the sensory
endings, if strong enough, will initiate an action potential at the initial segment of the
axon (which is immediately adjacent to the sensory endings in the skin). (3) The axon
of the peripheral sensory neuron enters the spinal cord and contacts another neuron in
the gray matter. The contact is a synapse where another graded potential is caused by
the release of a chemical signal from the axon terminals. (4) An action potential is
initiated at the initial segment of this neuron and travels up the sensory pathway to a
region of the brain called the thalamus. Another synapse passes the information along
to the next neuron. (5) The sensory pathway ends when the signal reaches the cerebral
cortex. (6) After integration with neurons in other parts of the cerebral cortex, a motor
command is sent from the precentral gyrus of the frontal cortex. (7) The upper motor
neuron sends an action potential down to the spinal cord. The target of the upper motor
neuron is the dendrites of the lower motor neuron in the gray matter of the spinal cord.
(8) The axon of the lower motor neuron emerges from the spinal cord in a nerve and
connects to a muscle through a neuromuscular junction to cause contraction of the
target muscle.

Imagine you are about to take a shower in the morning before going to school. You have turned on the faucet to
start the water as you prepare to get in the shower. After a few minutes, you expect the water to be a temperature
that will be comfortable to enter. So you put your hand out into the spray of water. What happens next depends on
how your nervous system interacts with the stimulus of the water temperature and what you do in response to that

stimulus.

Found in the skin of your fingers or toes is a type of sensory receptor that is sensitive to temperature, called
a thermoreceptor. When you place your hand under the shower (Figure 2), the cell membrane of the
thermoreceptors changes its electrical state (voltage). The amount of change is dependent on the strength of
the stimulus (how hot the water is). This is called a graded potential. If the stimulus is strong, the voltage
of the cell membrane will change enough to generate an electrical signal that will travel down the axon. You
have learned about this type of signaling before, with respect to the interaction of nerves and muscles at the

neuromuscular junction. The voltage at which such a signal is generated is called the threshold, and the resulting
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electrical signal is called an action potential. In this example, the action potential travels—a process known as
propagation—along the axon from the axon hillock to the axon terminals and into the synaptic end bulbs. When

this signal reaches the end bulbs, it causes the release of a signaling molecule called a neurotransmitter.

Sensory receptor

Figure 2. The Sensory Input. Receptors in the skin sense the temperature
of the water.

The neurotransmitter diffuses across the short distance of the synapse and binds to a receptor protein of the target
neuron. When the molecular signal binds to the receptor, the cell membrane of the target neuron changes its
electrical state and a new graded potential begins. If that graded potential is strong enough to reach threshold,
the second neuron generates an action potential at its axon hillock. The target of this neuron is another neuron
in the thalamus of the brain, the part of the CNS that acts as a relay for sensory information. At another
synapse, neurotransmitter is released and binds to its receptor. The thalamus then sends the sensory information
to the cerebral cortex, the outermost layer of gray matter in the brain, where conscious perception of that water

temperature begins.

Within the cerebral cortex, information is processed among many neurons, integrating the stimulus of the water
temperature with other sensory stimuli, with your emotional state (you just aren’t ready to wake up; the bed is
calling to you), memories (perhaps of the lab notes you have to study before a quiz). Finally, a plan is developed
about what to do, whether that is to turn the temperature up, turn the whole shower off and go back to bed, or step

into the shower. To do any of these things, the cerebral cortex has to send a command out to your body to move

muscles (Figure 3).
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Figure 3. The Motor Response. On the basis of the sensory input and the
integration in the CNS, a motor response is formulated and executed.

A region of the cortex is specialized for sending signals down to the spinal cord for movement. The upper motor
neuron is in this region, called the precentral gyrus of the frontal cortex, which has an axon that extends all
the way down the spinal cord. At the level of the spinal cord at which this axon makes a synapse, a graded
potential occurs in the cell membrane of a lower motor neuron. This second motor neuron is responsible for
causing muscle fibers to contract. In the manner described in the chapter on muscle tissue, an action potential
travels along the motor neuron axon into the periphery. The axon terminates on muscle fibers at the neuromuscular
junction. Acetylcholine is released at this specialized synapse, which causes the muscle action potential to begin,
following a large potential known as an end plate potential. When the lower motor neuron excites the muscle
fiber, it contracts. All of this occurs in a fraction of a second, but this story is the basis of how the nervous system

functions.

Career Connections

Neurophysiologist
Understanding how the nervous system works could be a driving force in your career. Studying neurophysiology
is a very rewarding path to follow. It means that there is a lot of work to do, but the rewards are worth the effort.

The career path of a research scientist can be straightforward: college, graduate school, postdoctoral research,
academic research position at a university. A Bachelor’s degree in science will get you started, and for
neurophysiology that might be in biology, psychology, computer science, engineering, or neuroscience. But the
real specialization comes in graduate school. There are many different programs out there to study the nervous
system, not just neuroscience itself. Most graduate programs are doctoral, meaning that a Master’s degree is not
part of the work. These are usually considered five-year programs, with the first two years dedicated to course
work and finding a research mentor, and the last three years dedicated to finding a research topic and pursuing

that with a near single-mindedness. The research will usually result in a few publications in scientific journals,
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which will make up the bulk of a doctoral dissertation. After graduating with a Ph.D., researchers will go on to
find specialized work called a postdoctoral fellowship within established labs. In this position, a researcher starts

to establish their own research career with the hopes of finding an academic position at a research university.

Other options are available if you are interested in how the nervous system works. Especially for neurophysiology,
a medical degree might be more suitable so you can learn about the clinical applications of neurophysiology and
possibly work with human subjects. An academic career is not a necessity. Biotechnology firms are eager to find
motivated scientists ready to tackle the tough questions about how the nervous system works so that therapeutic
chemicals can be tested on some of the most challenging disorders such as Alzheimer’s disease or Parkinson’s

disease, or spinal cord injury.

Others with a medical degree and a specialization in neuroscience go on to work directly with patients, diagnosing
and treating mental disorders. You can do this as a psychiatrist, a neuropsychologist, a neuroscience nurse, or a

neurodiagnostic technician, among other possible career paths.



12.4 The Action Potential

Learning Objectives

By the end of this section, you will be able to:

* Describe the components of the membrane that establish the resting membrane
potential

* Describe the changes that occur to the membrane that result in the action potential

The functions of the nervous system—sensation, integration, and response—depend on the functions of the
neurons underlying these pathways. To understand how neurons are able to communicate, it is necessary to
describe the role of an excitable membrane in generating these signals. The basis of this communication is the
action potential, which demonstrates how changes in the membrane can constitute a signal. Looking at the way
these signals work in more variable circumstances involves a look at graded potentials, which will be covered in

the next section.

Electrically Active Cell Membranes

Most cells in the body make use of charged particles, ions, to build up a charge across the cell membrane.
Previously, this was shown to be a part of how muscle cells work. For skeletal muscles to contract, based on
excitation—contraction coupling, requires input from a neuron. Both of the cells make use of the cell membrane to

regulate ion movement between the extracellular fluid and cytosol.

As you learned in the chapter on cells, the cell membrane is primarily responsible for regulating what can cross
the membrane and what stays on only one side. The cell membrane is a phospholipid bilayer, so only substances
that can pass directly through the hydrophobic core can diffuse through unaided. Charged particles, which are
hydrophilic by definition, cannot pass through the cell membrane without assistance (Figure 1). Transmembrane
proteins, specifically channel proteins, make this possible. Several passive transport channels, as well as active

transport pumps, are necessary to generate a transmembrane potential and an action potential. Of special interest
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is the carrier protein referred to as the sodium/potassium pump that moves sodium ions (Na®) out of a cell and

potassium ions (K*) into a cell, thus regulating ion concentration on both sides of the cell membrane.

Extracellular fluid

Pore Channel protein

0 I OO DR
.........
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— Phospholipid
bilayer with
hydrophobic core

Figure 1. Cell Membrane and Transmembrane Proteins. The cell membrane is composed of a
phospholipid bilayer and has many transmembrane proteins, including different types of channel proteins
that serve as ion channels.

The sodium/potassium pump requires energy in the form of adenosine triphosphate (ATP), so it is also referred to
as an ATPase. As was explained in the cell chapter, the concentration of Na™ is higher outside the cell than inside,
and the concentration of K* is higher inside the cell than outside. That means that this pump is moving the ions
against the concentration gradients for sodium and potassium, which is why it requires energy. In fact, the pump

basically maintains those concentration gradients.

Ion channels are pores that allow specific charged particles to cross the membrane in response to an existing
concentration gradient. Proteins are capable of spanning the cell membrane, including its hydrophobic core, and
can interact with the charge of ions because of the varied properties of amino acids found within specific domains
or regions of the protein channel. Hydrophobic amino acids are found in the domains that are apposed to the
hydrocarbon tails of the phospholipids. Hydrophilic amino acids are exposed to the fluid environments of the
extracellular fluid and cytosol. Additionally, the ions will interact with the hydrophilic amino acids, which will be
selective for the charge of the ion. Channels for cations (positive ions) will have negatively charged side chains in
the pore. Channels for anions (negative ions) will have positively charged side chains in the pore. This is called

electrochemical exclusion, meaning that the channel pore is charge-specific.

Ion channels can also be specified by the diameter of the pore. The distance between the amino acids will be
specific for the diameter of the ion when it dissociates from the water molecules surrounding it. Because of the
surrounding water molecules, larger pores are not ideal for smaller ions because the water molecules will interact,
by hydrogen bonds, more readily than the amino acid side chains. This is called size exclusion. Some ion channels
are selective for charge but not necessarily for size, and thus are called a nonspecific channel. These nonspecific

channels allow cations—particularly Na*, K*, and Ca?*—to cross the membrane, but exclude anions.

Ion channels do not always freely allow ions to diffuse across the membrane. Some are opened by certain events,
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meaning the channels are gated. So another way that channels can be categorized is on the basis of how they are
gated. Although these classes of ion channels are found primarily in the cells of nervous or muscular tissue, they

also can be found in the cells of epithelial and connective tissues.

A ligand-gated channel opens because a signaling molecule, a ligand, binds to the extracellular region of the
channel. This type of channel is also known as an ionetropic receptor because when the ligand, known as a
neurotransmitter in the nervous system, binds to the protein, ions cross the membrane changing its charge (Figure
2).

A neurotransmitter, Neurotransmitter Neurotransmitter

the ligand, is required receptor site attaches to receptor
to open the ion channel

Channel closed Extracellular fluid

Na* and Ca?* concentration gradient |
K* concentration gradient

Cell
membrane
Cytosol Chemical stimulus lons move in response
opens the channel to gradient

Figure 2. Ligand-Gated Channels. When the ligand, in this case the neurotransmitter acetylcholine, binds to a
specific location on the extracellular surface of the channel protein, the pore opens to allow select ions through.
The ions, in this case, are cations of sodium, calcium, and potassium.

A mechanically gated channel opens because of a physical distortion of the cell membrane. Many channels
associated with the sense of touch (somatosensation) are mechanically gated. For example, as pressure is applied
to the skin, these channels open and allow ions to enter the cell. Similar to this type of channel would be the

channel that opens on the basis of temperature changes, as in testing the water in the shower (Figure 3).
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Mechanically gated channel closed
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Figure 3. Mechanically Gated Channels. When a mechanical change occurs in the surrounding tissue, such as

pressure or touch

the channel is physically opened. Thermoreceptors work on a similar principle. When the

]

local tissue temperature changes, the protein reacts by physically opening the channel.

A voltage-gated channel is a channel that responds to changes in the electrical properties of the membrane in

which it is embedded. Normally, the inner portion of the membrane is at a negative voltage. When that voltage

becomes less negative, the channel begins to allow ions to cross the membrane (Figure 4).

Voltage-gated channel open

Voltage-gated channel closed

Extracellular fluid

Voltage = -50 mV

membrane

Voltage = —70 mV/

Gated Channels. Voltage-gated channels open when the transmembrane

Figure 4. Voltage-

voltage changes around them. Amino acids in the structure of the protein are sensitive to charge

and cause the pore to open to the selected ion.

meaning that it opens and closes at random, hence the reference to leaking.

A leakage channel is randomly gated,

There is no actual event that opens the channel; instead, it has an intrinsic rate of switching between the open

and closed states. Leakage channels contribute to the resting transmembrane voltage of the excitable membrane

(Figure 5).
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Figure 5. Leakage Channels. In certain situations, ions need to move across the membrane randomly. The
particular electrical properties of certain cells are modified by the presence of this type of channel.
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The Membrane Potential

The electrical state of the cell membrane can have several variations. These are all variations in the membrane

potential. A potential is a distribution of charge across the cell membrane, measured in millivolts (mV). The

standard is to compare the inside of the cell relative to the outside, so the membrane potential is a value

representing the charge on the intracellular side of the membrane based on the outside being zero, relatively

speaking (Figure 6).

Recording microelectrode

+70 mV

0omVv
Voltmeter

~

-70 mV,

the transmembrane voltage is determined. It is conventional to express that value for the

Reference electrode

Figure 6. Measuring Charge across a Membrane with a Voltmeter. A recording electrode is inserted into
the cell and a reference electrode is outside the cell. By comparing the charge measured by these two

electrodes,
cytosol relative to the outside.

Extracellular fluid

Cytosol

The concentration of ions in extracellular and intracellular fluids is largely balanced, with a net neutral charge.

However, a slight difference in charge occurs right at the membrane surface, both internally and externally. It is
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the difference in this very limited region that has all the power in neurons (and muscle cells) to generate electrical

signals, including action potentials.

Before these electrical signals can be described, the resting state of the membrane must be explained. When
the cell is at rest, and the ion channels are closed (except for leakage channels which randomly open), ions
are distributed across the membrane in a very predictable way. The concentration of Na* outside the cell is 10
times greater than the concentration inside. Also, the concentration of K" inside the cell is greater than outside.
The cytosol contains a high concentration of anions, in the form of phosphate ions and negatively charged
proteins. Large anions are a component of the inner cell membrane, including specialized phospholipids and
proteins associated with the inner leaflet of the membrane (leaflet is a term used for one side of the lipid bilayer

membrane). The negative charge is localized in the large anions.

With the ions distributed across the membrane at these concentrations, the difference in charge is measured at -70
mV, the value described as the resting membrane potential. The exact value measured for the resting membrane
potential varies between cells, but -70 mV is most commonly used as this value. This voltage would actually be
much lower except for the contributions of some important proteins in the membrane. Leakage channels allow
Na" to slowly move into the cell or K* to slowly move out, and the Na*/K" pump restores them. This may appear

to be a waste of energy, but each has a role in maintaining the membrane potential.

The Action Potential

Resting membrane potential describes the steady state of the cell, which is a dynamic process that is balanced by
ion leakage and ion pumping. Without any outside influence, it will not change. To get an electrical signal started,

the membrane potential has to change.

This starts with a channel opening for Na* in the membrane. Because the concentration of Na™ is higher outside
the cell than inside the cell by a factor of 10, ions will rush into the cell that are driven largely by the concentration
gradient. Because sodium is a positively charged ion, it will change the relative voltage immediately inside the
cell relative to immediately outside. The resting potential is the state of the membrane at a voltage of -70 mV,
so the sodium cation entering the cell will cause it to become less negative. This is known as depolarization,

meaning the membrane potential moves toward zero.

The concentration gradient for Na™ is so strong that it will continue to enter the cell even after the membrane
potential has become zero, so that the voltage immediately around the pore begins to become positive. The
electrical gradient also plays a role, as negative proteins below the membrane attract the sodium ion. The

membrane potential will reach +30 mV by the time sodium has entered the cell.

As the membrane potential reaches +30 mV, other voltage-gated channels are opening in the membrane. These
channels are specific for the potassium ion. A concentration gradient acts on K, as well. As K" starts to leave the
cell, taking a positive charge with it, the membrane potential begins to move back toward its resting voltage. This
is called repolarization, meaning that the membrane voltage moves back toward the -70 mV value of the resting

membrane potential.
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Repolarization returns the membrane potential to the -70 mV value that indicates the resting potential, but it
actually overshoots that value. Potassium ions reach equilibrium when the membrane voltage is below -70 mV, so
a period of hyperpolarization occurs while the K* channels are open. Those K* channels are slightly delayed in

closing, accounting for this short overshoot.

What has been described here is the action potential, which is presented as a graph of voltage over time in Figure
7. It is the electrical signal that nervous tissue generates for communication. The change in the membrane voltage
from -70 mV at rest to +30 mV at the end of depolarization is a 100-mV change. That can also be written as
a 0.1-V change. To put that value in perspective, think about a battery. An AA battery that you might find in a
television remote has a voltage of 1.5 V, or a 9-V battery (the rectangular battery with two posts on one end) is,
obviously, 9 V. The change seen in the action potential is one or two orders of magnitude less than the charge
in these batteries. In fact, the membrane potential can be described as a battery. A charge is stored across the
membrane that can be released under the correct conditions. A battery in your remote has stored a charge that is

“released” when you push a button.
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Figure 7. Graph of Action Potential. Plotting voltage measured across the
cell membrane against time, the action potential begins with
depolarization, followed by repolarization, which goes past the resting
potential into hyperpolarization, and finally the membrane returns to rest.
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What happens across the membrane of an electrically active cell is a dynamic process that is hard to visualize
with static images or through text descriptions. View this animation to learn more about this process. What is the

difference between the driving force for Na* and K™? And what is similar about the movement of these two ions?
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http://openstaxcollege.org/l/dynamic1

ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 193

The question is, now, what initiates the action potential? The description above conveniently glosses over that
point. But it is vital to understanding what is happening. The membrane potential will stay at the resting voltage
until something changes. The description above just says that a Na* channel opens. Now, to say “a channel opens”
does not mean that one individual transmembrane protein changes. Instead, it means that one kind of channel
opens. There are a few different types of channels that allow Na* to cross the membrane. A ligand-gated Na*
channel will open when a neurotransmitter binds to it and a mechanically gated Na* channel will open when
a physical stimulus affects a sensory receptor (like pressure applied to the skin compresses a touch receptor).
Whether it is a neurotransmitter binding to its receptor protein or a sensory stimulus activating a sensory receptor
cell, some stimulus gets the process started. Sodium starts to enter the cell and the membrane becomes less

negative.

A third type of channel that is an important part of depolarization in the action potential is the voltage-gated Na*
channel. The channels that start depolarizing the membrane because of a stimulus help the cell to depolarize from
-70 mV to -55 mV. Once the membrane reaches that voltage, the voltage-gated Na* channels open. This is what
is known as the threshold. Any depolarization that does not change the membrane potential to -55 mV or higher
will not reach threshold and thus will not result in an action potential. Also, any stimulus that depolarizes the
membrane to -55 mV or beyond will cause a large number of channels to open and an action potential will be
initiated.

Because of the threshold, the action potential can be likened to a digital event—it either happens or it does
not. If the threshold is not reached, then no action potential occurs. If depolarization reaches -55 mV, then the
action potential continues and runs all the way to +30 mV, at which K™ causes repolarization, including the
hyperpolarizing overshoot. Also, those changes are the same for every action potential, which means that once the
threshold is reached, the exact same thing happens. A stronger stimulus, which might depolarize the membrane
well past threshold, will not make a “bigger” action potential. Action potentials are “all or none.” Either the
membrane reaches the threshold and everything occurs as described above, or the membrane does not reach
the threshold and nothing else happens. All action potentials peak at the same voltage (+30 mV), so one action
potential is not bigger than another. Stronger stimuli will initiate multiple action potentials more quickly, but the
individual signals are not bigger. Thus, for example, you will not feel a greater sensation of pain, or have a stronger

muscle contraction, because of the size of the action potential because they are not different sizes.

As we have seen, the depolarization and repolarization of an action potential are dependent on two types of
channels (the voltage-gated Na* channel and the voltage-gated K™ channel). The voltage-gated Na* channel
actually has two gates. One is the activation gate, which opens when the membrane potential crosses -55 mV.
The other gate is the inactivation gate, which closes after a specific period of time—on the order of a fraction
of a millisecond. When a cell is at rest, the activation gate is closed and the inactivation gate is open. However,
when the threshold is reached, the activation gate opens, allowing Na* to rush into the cell. Timed with the peak
of depolarization, the inactivation gate closes. During repolarization, no more sodium can enter the cell. When
the membrane potential passes -55 mV again, the activation gate closes. After that, the inactivation gate re-opens,

making the channel ready to start the whole process over again.

The voltage-gated K* channel has only one gate, which is sensitive to a membrane voltage of -50 mV. However,
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it does not open as quickly as the voltage-gated Na™ channel does. It might take a fraction of a millisecond for
the channel to open once that voltage has been reached. The timing of this coincides exactly with when the Na*
flow peaks, so voltage-gated K* channels open just as the voltage-gated Na* channels are being inactivated. As
the membrane potential repolarizes and the voltage passes -50 mV again, the channel closes—again, with a little
delay. Potassium continues to leave the cell for a short while and the membrane potential becomes more negative,
resulting in the hyperpolarizing overshoot. Then the channel closes again and the membrane can return to the

resting potential because of the ongoing activity of the non-gated channels and the Na*/K* pump.

All of this takes place within approximately 2 milliseconds (Figure 8). While an action potential is in progress,
another one cannot be initiated. That effect is referred to as the refractory period. There are two phases of the
refractory period: the absolute refractory period and the relative refractory period. During the absolute phase,
another action potential will not start. This is because of the inactivation gate of the voltage-gated Na* channel.
Once that channel is back to its resting conformation (less than -55 mV), a new action potential could be started,
but only by a stronger stimulus than the one that initiated the current action potential. This is because of the flow
of K" out of the cell. Because that ion is rushing out, any Na" that tries to enter will not depolarize the cell, but

will only keep the cell from hyperpolarizing.
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Figure 8. Stages of an Action Potential. Plotting voltage measured across
the cell membrane against time, the events of the action potential can be
related to specific changes in the membrane voltage. (1) At rest, the
membrane voltage is -70 mV. (2) The membrane begins to depolarize
when an external stimulus is applied. (3) The membrane voltage begins a
rapid rise toward +30 mV. (4) The membrane voltage starts to return to a
negative value. (5) Repolarization continues past the resting membrane
voltage, resulting in hyperpolarization. (6) The membrane voltage returns
to the resting value shortly after hyperpolarization.

Propagation of the Action Potential

The action potential is initiated at the beginning of the axon, at what is called the initial segment. There is a
high density of voltage-gated Na* channels so that rapid depolarization can take place here. Going down the
length of the axon, the action potential is propagated because more voltage-gated Na* channels are opened as the

depolarization spreads. This spreading occurs because Na* enters through the channel and moves along the inside
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of the cell membrane. As the Na” moves, or flows, a short distance along the cell membrane, its positive charge
depolarizes a little more of the cell membrane. As that depolarization spreads, new voltage-gated Na™ channels

open and more ions rush into the cell, spreading the depolarization a little farther.

Because voltage-gated Na* channels are inactivated at the peak of the depolarization, they cannot be opened again
for a brief time—the absolute refractory period. Because of this, depolarization spreading back toward previously
opened channels has no effect. The action potential must propagate toward the axon terminals; as a result, the

polarity of the neuron is maintained, as mentioned above.

Propagation, as described above, applies to unmyelinated axons. When myelination is present, the action potential
propagates differently. Sodium ions that enter the cell at the initial segment start to spread along the length of
the axon segment, but there are no voltage-gated Na* channels until the first node of Ranvier. Because there is
not constant opening of these channels along the axon segment, the depolarization spreads at an optimal speed.
The distance between nodes is the optimal distance to keep the membrane still depolarized above threshold at the
next node. As Na" spreads along the inside of the membrane of the axon segment, the charge starts to dissipate.
If the node were any farther down the axon, that depolarization would have fallen off too much for voltage-gated
Na" channels to be activated at the next node of Ranvier. If the nodes were any closer together, the speed of
propagation would be slower.

Propagation along an unmyelinated axon is referred to as continuous conduction; along the length of a
myelinated axon, it is saltatory conduction. Continuous conduction is slow because there are always voltage-
gated Na' channels opening, and more and more Na' is rushing into the cell. Saltatory conduction is faster
because the action potential basically jumps from one node to the next (saltare = “to leap”), and the new influx
of Na* renews the depolarized membrane. Along with the myelination of the axon, the diameter of the axon can
influence the speed of conduction. Much as water runs faster in a wide river than in a narrow creek, Na'-based
depolarization spreads faster down a wide axon than down a narrow one. This concept is known as resistance and
is generally true for electrical wires or plumbing, just as it is true for axons, although the specific conditions are

different at the scales of electrons or ions versus water in a river.
Homeostatic Imbalances

Potassium Concentration
Glial cells, especially astrocytes, are responsible for maintaining the chemical environment of the CNS tissue. The
concentrations of ions in the extracellular fluid are the basis for how the membrane potential is established and

changes in electrochemical signaling. If the balance of ions is upset, drastic outcomes are possible.

Normally the concentration of K is higher inside the neuron than outside. After the repolarizing phase of the
action potential, K" leakage channels and the Na"/K" pump ensure that the ions return to their original locations.
Following a stroke or other ischemic event, extracellular K* levels are elevated. The astrocytes in the area
are equipped to clear excess K' to aid the pump. But when the level is far out of balance, the effects can be

irreversible.

Astrocytes can become reactive in cases such as these, which impairs their ability to maintain the local chemical
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environment. The glial cells enlarge and their processes swell. They lose their K* buffering ability and the
function of the pump is affected, or even reversed. One of the early signs of cell disease is this “leaking” of
sodium ions into the body cells. This sodium/potassium imbalance negatively affects the internal chemistry of

cells, preventing them from functioning normally.
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Visit this site to see a
virtual
neurophysiology lab,
and to observe
electrophysiological
processes in the
nervous system, where
scientists directly
measure the electrical
signals produced by
neurons.

Visit this site to see a virtual neurophysiology lab, and to observe electrophysiological processes in the nervous
system, where scientists directly measure the electrical signals produced by neurons. Often, the action potentials
occur so rapidly that watching a screen to see them occur is not helpful. A speaker is powered by the signals
recorded from a neuron and it “pops” each time the neuron fires an action potential. These action potentials are
firing so fast that it sounds like static on the radio. Electrophysiologists can recognize the patterns within that static
to understand what is happening. Why is the leech model used for measuring the electrical activity of neurons

instead of using humans?
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12.5 Communication Between Neurons

Learning Objectives

By the end of this section, you will be able to:

» Explain the differences between the types of graded potentials

» Categorize the major neurotransmitters by chemical type and effect

The electrical changes taking place within a neuron, as described in the previous section, are similar to a light
switch being turned on. A stimulus starts the depolarization, but the action potential runs on its own once a
threshold has been reached. The question is now, “What flips the light switch on?” Temporary changes to the cell
membrane voltage can result from neurons receiving information from the environment, or from the action of one
neuron on another. These special types of potentials influence a neuron and determine whether an action potential

will occur or not. Many of these transient signals originate at the synapse.

Graded Potentials

Local changes in the membrane potential are called graded potentials and are usually associated with the dendrites
of a neuron. The amount of change in the membrane potential is determined by the size of the stimulus that causes
it. In the example of testing the temperature of the shower, slightly warm water would only initiate a small change

in a thermoreceptor, whereas hot water would cause a large amount of change in the membrane potential.

Graded potentials can be of two sorts, either they are depolarizing or hyperpolarizing (Figure 1). For a membrane
at the resting potential, a graded potential represents a change in that voltage either above -70 mV or below -70
mV. Depolarizing graded potentials are often the result of Na® or Ca>" entering the cell. Both of these ions have
higher concentrations outside the cell than inside; because they have a positive charge, they will move into the cell
causing it to become less negative relative to the outside. Hyperpolarizing graded potentials can be caused by K*
leaving the cell or CI” entering the cell. If a positive charge moves out of a cell, the cell becomes more negative;

if a negative charge enters the cell, the same thing happens.

197
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Figure 1. Graded Potentials. Graded potentials are temporary changes in the membrane voltage,
the characteristics of which depend on the size of the stimulus. Some types of stimuli cause
depolarization of the membrane, whereas others cause hyperpolarization. It depends on the
specific ion channels that are activated in the cell membrane.

Types of Graded Potentials

For the unipolar cells of sensory neurons—both those with free nerve endings and those within
encapsulations—graded potentials develop in the dendrites that influence the generation of an action potential in
the axon of the same cell. This is called a generator potential. For other sensory receptor cells, such as taste cells
or photoreceptors of the retina, graded potentials in their membranes result in the release of neurotransmitters at

synapses with sensory neurons. This is called a receptor potential.

A postsynaptic potential (PSP) is the graded potential in the dendrites of a neuron that is receiving synapses
from other cells. Postsynaptic potentials can be depolarizing or hyperpolarizing. Depolarization in a postsynaptic
potential is called an excitatory postsynaptic potential (EPSP) because it causes the membrane potential to
move toward threshold. Hyperpolarization in a postsynaptic potential is an inhibitory postsynaptic potential

(IPSP) because it causes the membrane potential to move away from threshold.

Summation

All types of graded potentials will result in small changes of either depolarization or hyperpolarization in the
voltage of a membrane. These changes can lead to the neuron reaching threshold if the changes add together,
or summate. The combined effects of different types of graded potentials are illustrated in Figure 2. If the total
change in voltage in the membrane is a positive 15 mV, meaning that the membrane depolarizes from -70 mV to

-55 mV, then the graded potentials will result in the membrane reaching threshold.

For receptor potentials, threshold is not a factor because the change in membrane potential for receptor cells
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directly causes neurotransmitter release. However, generator potentials can initiate action potentials in the sensory
neuron axon, and postsynaptic potentials can initiate an action potential in the axon of other neurons. Graded
potentials summate at a specific location at the beginning of the axon to initiate the action potential, namely the
initial segment. For sensory neurons, which do not have a cell body between the dendrites and the axon, the initial
segment is directly adjacent to the dendritic endings. For all other neurons, the axon hillock is essentially the
initial segment of the axon, and it is where summation takes place. These locations have a high density of voltage-

gated Na* channels that initiate the depolarizing phase of the action potential.

Summation can be spatial or temporal, meaning it can be the result of multiple graded potentials at different
locations on the neuron, or all at the same place but separated in time. Spatial summation is related to associating
the activity of multiple inputs to a neuron with each other. Temporal summation is the relationship of multiple
action potentials from a single cell resulting in a significant change in the membrane potential. Spatial and

temporal summation can act together, as well.
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Figure 2. Postsynaptic Potential Summation. The result of summation of
postsynaptic potentials is the overall change in the membrane potential.
At point A, several different excitatory postsynaptic potentials add up to
a large depolarization. At point B, a mix of excitatory and inhibitory
postsynaptic potentials result in a different end result for the membrane

potential.
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Watch this video to
learn about
summation.

Watch this video to learn about summation. The process of converting electrical signals to chemical signals and

back requires subtle changes that can result in transient increases or decreases in membrane voltage. To cause a
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lasting change in the target cell, multiple signals are usually added together, or summated. Does spatial summation
have to happen all at once, or can the separate signals arrive on the postsynaptic neuron at slightly different times?

Explain your answer.

Synapses

There are two types of connections between electrically active cells, chemical synapses and electrical synapses. In
a chemical synapse, a chemical signal-—namely, a neurotransmitter—is released from one cell and it affects the
other cell. In an electrical synapse, there is a direct connection between the two cells so that ions can pass directly
from one cell to the next. If one cell is depolarized in an electrical synapse, the joined cell also depolarizes because
the ions pass between the cells. Chemical synapses involve the transmission of chemical information from one

cell to the next. This section will concentrate on the chemical type of synapse.

An example of a chemical synapse is the neuromuscular junction (NMJ) described in the chapter on muscle tissue.
In the nervous system, there are many more synapses that are essentially the same as the NMJ. All synapses have
common characteristics, which can be summarized in this list:

* presynaptic element

* neurotransmitter (packaged in vesicles)

* synaptic cleft

* receptor proteins

 postsynaptic element

* neurotransmitter elimination or re-uptake
For the NMJ, these characteristics are as follows: the presynaptic element is the motor neuron’s axon terminals,
the neurotransmitter is acetylcholine, the synaptic cleft is the space between the cells where the neurotransmitter
diffuses, the receptor protein is the nicotinic acetylcholine receptor, the postsynaptic element is the sarcolemma of

the muscle cell, and the neurotransmitter is eliminated by acetylcholinesterase. Other synapses are similar to this,

and the specifics are different, but they all contain the same characteristics.

Neurotransmitter Release

When an action potential reaches the axon terminals, voltage-gated Ca®" channels in the membrane of the
synaptic end bulb open. The concentration of Ca’" increases inside the end bulb, and the Ca®* ion associates with
proteins in the outer surface of neurotransmitter vesicles. The Ca®" facilitates the merging of the vesicle with the
presynaptic membrane so that the neurotransmitter is released through exocytosis into the small gap between the
cells, known as the synaptic cleft.

Once in the synaptic cleft, the neurotransmitter diffuses the short distance to the postsynaptic membrane and

can interact with neurotransmitter receptors. Receptors are specific for the neurotransmitter, and the two fit
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together like a key and lock. One neurotransmitter binds to its receptor and will not bind to receptors for other

neurotransmitters, making the binding a specific chemical event (Figure 3).

Presynaptic neuron

\@5"
%% \5 sl

Axon terminal

' Synaptic
D vesicles
Neurotransmitters \

/ \ Synaptic
Ligand-gated channels /\§ cleft

with receptors for
neurotransmitters ; \ -y

—_—

Postsynaptic neuron

Figure 3. The Synapse. The synapse is a connection between a neuron and its target cell
(which is not necessarily a neuron). The presynaptic element is the synaptic end bulb of the
axon where Ca2+ enters the bulb to cause vesicle fusion and neurotransmitter release. The
neurotransmitter diffuses across the synaptic cleft to bind to its receptor. The
neurotransmitter is cleared from the synapse either by enzymatic degradation, neuronal
reuptake, or glial reuptake.

Neurotransmitter Systems

There are several systems of neurotransmitters that are found at various synapses in the nervous system. These
groups refer to the chemicals that are the neurotransmitters, and within the groups are specific systems.

The first group, which is a neurotransmitter system of its own, is the cholinergic system. It is the system based on
acetylcholine. This includes the NMJ as an example of a cholinergic synapse, but cholinergic synapses are found
in other parts of the nervous system. They are in the autonomic nervous system, as well as distributed throughout

the brain.

The cholinergic system has two types of receptors, the nicotinic receptor is found in the NMJ as well as other
synapses. There is also an acetylcholine receptor known as the muscarinic receptor. Both of these receptors are
named for drugs that interact with the receptor in addition to acetylcholine. Nicotine will bind to the nicotinic



202 + OPENSTAX

receptor and activate it similar to acetylcholine. Muscarine, a product of certain mushrooms, will bind to the
muscarinic receptor. However, nicotine will not bind to the muscarinic receptor and muscarine will not bind to the

nicotinic receptor.

Another group of neurotransmitters are amino acids. This includes glutamate (Glu), GABA (gamma-aminobutyric
acid, a derivative of glutamate), and glycine (Gly). These amino acids have an amino group and a carboxyl group
in their chemical structures. Glutamate is one of the 20 amino acids that are used to make proteins. Each amino
acid neurotransmitter would be part of its own system, namely the glutamatergic, GABAergic, and glycinergic
systems. They each have their own receptors and do not interact with each other. Amino acid neurotransmitters are
eliminated from the synapse by reuptake. A pump in the cell membrane of the presynaptic element, or sometimes
a neighboring glial cell, will clear the amino acid from the synaptic cleft so that it can be recycled, repackaged in

vesicles, and released again.

Another class of neurotransmitter is the biogenic amine, a group of neurotransmitters that are enzymatically made
from amino acids. They have amino groups in them, but no longer have carboxyl groups and are therefore no
longer classified as amino acids. Serotonin is made from tryptophan. It is the basis of the serotonergic system,

which has its own specific receptors. Serotonin is transported back into the presynaptic cell for repackaging.

Other biogenic amines are made from tyrosine, and include dopamine, norepinephrine, and epinephrine.
Dopamine is part of its own system, the dopaminergic system, which has dopamine receptors. Dopamine
is removed from the synapse by transport proteins in the presynaptic cell membrane. Norepinephrine and
epinephrine belong to the adrenergic neurotransmitter system. The two molecules are very similar and bind to
the same receptors, which are referred to as alpha and beta receptors. Norepinephrine and epinephrine are also
transported back into the presynaptic cell. The chemical epinephrine (epi- = “on”; “-nephrine” = kidney) is
also known as adrenaline (renal = “kidney”), and norepinephrine is sometimes referred to as noradrenaline. The
adrenal gland produces epinephrine and norepinephrine to be released into the blood stream as hormones.

A neuropeptide is a neurotransmitter molecule made up of chains of amino acids connected by peptide bonds.
This is what a protein is, but the term protein implies a certain length to the molecule. Some neuropeptides are
quite short, such as met-enkephalin, which is five amino acids long. Others are long, such as beta-endorphin,
which is 31 amino acids long. Neuropeptides are often released at synapses in combination with another
neurotransmitter, and they often act as hormones in other systems of the body, such as vasoactive intestinal peptide
(VIP) or substance P.

The effect of a neurotransmitter on the postsynaptic element is entirely dependent on the receptor protein. First,
if there is no receptor protein in the membrane of the postsynaptic element, then the neurotransmitter has no
effect. The depolarizing or hyperpolarizing effect is also dependent on the receptor. When acetylcholine binds to
the nicotinic receptor, the postsynaptic cell is depolarized. This is because the receptor is a cation channel and
positively charged Na* will rush into the cell. However, when acetylcholine binds to the muscarinic receptor, of

which there are several variants, it might cause depolarization or hyperpolarization of the target cell.

The amino acid neurotransmitters, glutamate, glycine, and GABA, are almost exclusively associated with just

one effect. Glutamate is considered an excitatory amino acid, but only because Glu receptors in the adult cause
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depolarization of the postsynaptic cell. Glycine and GABA are considered inhibitory amino acids, again because
their receptors cause hyperpolarization.

The biogenic amines have mixed effects. For example, the dopamine receptors that are classified as D1 receptors
are excitatory whereas D2-type receptors are inhibitory. Biogenic amine receptors and neuropeptide receptors
can have even more complex effects because some may not directly affect the membrane potential, but rather
have an effect on gene transcription or other metabolic processes in the neuron. The characteristics of the various

neurotransmitter systems presented in this section are organized in Table 3.

The important thing to remember about neurotransmitters, and signaling chemicals in general, is that the effect is
entirely dependent on the receptor. Neurotransmitters bind to one of two classes of receptors at the cell surface,
ionotropic or metabotropic (Figure 4). Ionotropic receptors are ligand-gated ion channels, such as the nicotinic
receptor for acetylcholine or the glycine receptor. A metabotropic receptor involves a complex of proteins
that result in metabolic changes within the cell. The receptor complex includes the transmembrane receptor
protein, a G protein, and an effector protein. The neurotransmitter, referred to as the first messenger, binds to the
receptor protein on the extracellular surface of the cell, and the intracellular side of the protein initiates activity
of the G protein. The G protein is a guanosine triphosphate (GTP) hydrolase that physically moves from the
receptor protein to the effector protein to activate the latter. An effector protein is an enzyme that catalyzes the
generation of a new molecule, which acts as the intracellular mediator of the signal that binds to the receptor. This

intracellular mediator is called the second messenger.

Different receptors use different second messengers. Two common examples of second messengers are cyclic
adenosine monophosphate (cAMP) and inositol triphosphate (IP3). The enzyme adenylate cyclase (an example
of an effector protein) makes cAMP, and phospholipase C is the enzyme that makes IP3. Second messengers,
after they are produced by the effector protein, cause metabolic changes within the cell. These changes are most
likely the activation of other enzymes in the cell. In neurons, they often modify ion channels, either opening or
closing them. These enzymes can also cause changes in the cell, such as the activation of genes in the nucleus,
and therefore the increased synthesis of proteins. In neurons, these kinds of changes are often the basis of stronger

connections between cells at the synapse and may be the basis of learning and memory.
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Figure 4. Receptor Types. (a) An ionotropic receptor is a channel that opens when the
neurotransmitter binds to it. (b) A metabotropic receptor is a complex that causes
metabolic changes in the cell when the neurotransmitter binds to it (1). After binding,
the G protein hydrolyzes GTP and moves to the effector protein (2). When the G
protein contacts the effector protein, a second messenger is generated, such as cAMP
(3). The second messenger can then go on to cause changes in the neuron, such as
opening or closing ion channels, metabolic changes, and changes in gene transcription.

Watch this video to
learn about the release
of a neurotransmitter.

Watch this video to learn about the release of a neurotransmitter. The action potential reaches the end of the axon,
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called the axon terminal, and a chemical signal is released to tell the target cell to do something—either to initiate
a new action potential, or to suppress that activity. In a very short space, the electrical signal of the action potential
is changed into the chemical signal of a neurotransmitter and then back to electrical changes in the target cell

membrane. What is the importance of voltage-gated calcium channels in the release of neurotransmitters?

Characteristics of Neurotransmitter Systems (Table 3)
System Cholinergic Amino acids Biogenic amines Neuropeptides

Met-enkephalin,

Neurotransmitters  Acetvlcholine Glutamate, Serotonin (5-HT), dopamine, beta-endorphin,
y glycine, GABA norepinephrine, (epinephrine) VIP, Substance P,
etc.

Receptors are too

Glu receptors, gly 5-HT receptors, D1 and D2 numerous to list,

Nicotinic and muscarinic

Receptors receptors, GABA  receptors, a-adrenergic and e
receptors . but are specific
receptors [-adrenergic receptors .
to the peptides.
o Degradation by Reuptake by Degradation by
Elimination - . Reuptake by neurons enzymes called
acetylcholinesterase neurons or glia .
peptidases
Nicotinic receptor causes Glu receptors Depolarization or
depolarization. Muscarinic ~ cause hyperpolarization depends on Depolarization or
Postsynaptic receptors can cause both depolarization. the specific receptor. For hyperpolarization
effect depolarization or Gly and GABA example, D1 receptors cause depends on the
hyperpolarization receptors cause depolarization and D2 receptors specific receptor.

depending on the subtype.  hyperpolarization. cause hyperpolarization.

Disorders of the...

Nervous SystemThe underlying cause of some neurodegenerative diseases, such as Alzheimer’s and Parkinson’s,
appears to be related to proteins—specifically, to proteins behaving badly. One of the strongest theories of what
causes Alzheimer’s disease is based on the accumulation of beta-amyloid plaques, dense conglomerations of a
protein that is not functioning correctly. Parkinson’s disease is linked to an increase in a protein known as alpha-

synuclein that is toxic to the cells of the substantia nigra nucleus in the midbrain.

For proteins to function correctly, they are dependent on their three-dimensional shape. The linear sequence of
amino acids folds into a three-dimensional shape that is based on the interactions between and among those amino
acids. When the folding is disturbed, and proteins take on a different shape, they stop functioning correctly. But
the disease is not necessarily the result of functional loss of these proteins; rather, these altered proteins start to
accumulate and may become toxic. For example, in Alzheimer’s, the hallmark of the disease is the accumulation
of these amyloid plaques in the cerebral cortex. The term coined to describe this sort of disease is “proteopathy”
and it includes other diseases. Creutzfeld-Jacob disease, the human variant of the prion disease known as mad
cow disease in the bovine, also involves the accumulation of amyloid plaques, similar to Alzheimer’s. Diseases
of other organ systems can fall into this group as well, such as cystic fibrosis or type 2 diabetes. Recognizing the

relationship between these diseases has suggested new therapeutic possibilities. Interfering with the accumulation
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of the proteins, and possibly as early as their original production within the cell, may unlock new ways to alleviate

these devastating diseases.



Chapter 19. The Cardiovascular System
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19.1 Heart Anatomy

Learning Objectives
By the end of this section, you will be able to:

* Describe the location and position of the heart within the body cavity
 Describe the internal and external anatomy of the heart

+ Identify the tissue layers of the heart

* Relate the structure of the heart to its function as a pump

» Compare systemic circulation to pulmonary circulation

+ Identify the veins and arteries of the coronary circulation system

 Trace the pathway of oxygenated and deoxygenated blood thorough the chambers of the
heart

The vital importance of the heart is obvious. If one assumes an average rate of contraction of 75 contractions
per minute, a human heart would contract approximately 108,000 times in one day, more than 39 million times
in one year, and nearly 3 billion times during a 75-year lifespan. Each of the major pumping chambers of the
heart ejects approximately 70 mL blood per contraction in a resting adult. This would be equal to 5.25 liters of
fluid per minute and approximately 14,000 liters per day. Over one year, that would equal 10,000,000 liters or 2.6
million gallons of blood sent through roughly 60,000 miles of vessels. In order to understand how that happens, it

is necessary to understand the anatomy and physiology of the heart.

Location of the Heart

The human heart is located within the thoracic cavity, medially between the lungs in the space known as the
mediastinum. (Figure) shows the position of the heart within the thoracic cavity. Within the mediastinum, the heart
is separated from the other mediastinal structures by a tough membrane known as the pericardium, or pericardial
sac, and sits in its own space called the pericardial cavity. The dorsal surface of the heart lies near the bodies of

the vertebrae, and its anterior surface sits deep to the sternum and costal cartilages. The great veins, the superior

208
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and inferior venae cavae, and the great arteries, the aorta and pulmonary trunk, are attached to the superior surface
of the heart, called the base. The base of the heart is located at the level of the third costal cartilage, as seen in
(Figure). The inferior tip of the heart, the apex, lies just to the left of the sternum between the junction of the fourth
and fifth ribs near their articulation with the costal cartilages. The right side of the heart is deflected anteriorly,
and the left side is deflected posteriorly. It is important to remember the position and orientation of the heart when
placing a stethoscope on the chest of a patient and listening for heart sounds, and also when looking at images
taken from a midsagittal perspective. The slight deviation of the apex to the left is reflected in a depression in the

medial surface of the inferior lobe of the left lung, called the cardiac notch.

Position of the Heart in the Thorax
The heart is located within the thoracic cavity, medially between the lungs in the mediastinum. It is about the

size of a fist, is broad at the top, and tapers toward the base.
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Everyday Connection

CPR The position of the heart in the torso between the vertebrae and sternum (see (Figure) for the
position of the heart within the thorax) allows for individuals to apply an emergency technique known as
cardiopulmonary resuscitation (CPR) if the heart of a patient should stop. By applying pressure with the flat
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portion of one hand on the sternum in the area between the line at T4 and T9 ((Figure)), it is possible to
manually compress the blood within the heart enough to push some of the blood within it into the pulmonary
and systemic circuits. This is particularly critical for the brain, as irreversible damage and death of neurons
occur within minutes of loss of blood flow. Current standards call for compression of the chest at least 5 cm
deep and at a rate of 100 compressions per minute, a rate equal to the beat in “Staying Alive,” recorded in
1977 by the Bee Gees. If you are unfamiliar with this song, a version is available on www.youtube.com. At
this stage, the emphasis is on performing high-quality chest compressions, rather than providing artificial
respiration. CPR is generally performed until the patient regains spontaneous contraction or is declared dead

by an experienced healthcare professional.

When performed by untrained or overzealous individuals, CPR can result in broken ribs or a broken sternum,
and can inflict additional severe damage on the patient. It is also possible, if the hands are placed too low
on the sternum, to manually drive the xiphoid process into the liver, a consequence that may prove fatal for
the patient. Proper training is essential. This proven life-sustaining technique is so valuable that virtually all
medical personnel as well as concerned members of the public should be certified and routinely recertified in
its application. CPR courses are offered at a variety of locations, including colleges, hospitals, the American
Red Cross, and some commercial companies. They normally include practice of the compression technique

on a mannequin.

CPR Technique

If the heart should stop, CPR can maintain the flow of blood until the heart resumes beating. By applying
pressure to the sternum, the blood within the heart will be squeezed out of the heart and into the circulation.
Proper positioning of the hands on the sternum to perform CPR would be between the lines at T4 and T9.
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Visit the American Heart Association website to help locate a course near your home in the United States.

There are also many other national and regional heart associations that offer the same service, depending

upon the location.

Shape and Size of the Heart

The shape of the heart is similar to a pinecone, rather broad at the superior surface and tapering to the apex
(see (Figure)). A typical heart is approximately the size of your fist: 12 cm (5 in) in length, 8 cm (3.5 in) wide,
and 6 cm (2.5 in) in thickness. Given the size difference between most members of the sexes, the weight of a
female heart is approximately 250-300 grams (9 to 11 ounces), and the weight of a male heart is approximately
300-350 grams (11 to 12 ounces). The heart of a well-trained athlete, especially one specializing in aerobic sports,
can be considerably larger than this. Cardiac muscle responds to exercise in a manner similar to that of skeletal
muscle. That is, exercise results in the addition of protein myofilaments that increase the size of the individual
cells without increasing their numbers, a concept called hypertrophy. Hearts of athletes can pump blood more
effectively at lower rates than those of nonathletes. Enlarged hearts are not always a result of exercise; they
can result from pathologies, such as hypertrophic cardiomyopathy. The cause of an abnormally enlarged heart
muscle is unknown, but the condition is often undiagnosed and can cause sudden death in apparently otherwise

healthy young people.

Chambers and Circulation through the Heart

The human heart consists of four chambers: The left side and the right side each have one atrium and one
ventricle. Each of the upper chambers, the right atrium (plural = atria) and the left atrium, acts as a receiving
chamber and contracts to push blood into the lower chambers, the right ventricle and the left ventricle. The
ventricles serve as the primary pumping chambers of the heart, propelling blood to the lungs or to the rest of the
body.

There are two distinct but linked circuits in the human circulation called the pulmonary and systemic circuits.
Although both circuits transport blood and everything it carries, we can initially view the circuits from the point
of view of gases. The pulmonary circuit transports blood to and from the lungs, where it picks up oxygen and
delivers carbon dioxide for exhalation. The systemic circuit transports oxygenated blood to virtually all of the
tissues of the body and returns relatively deoxygenated blood and carbon dioxide to the heart to be sent back to

the pulmonary circulation.

The right ventricle pumps deoxygenated blood into the pulmonary trunk, which leads toward the lungs and
bifurcates into the left and right pulmonary arteries. These vessels in turn branch many times before reaching
the pulmonary capillaries, where gas exchange occurs: Carbon dioxide exits the blood and oxygen enters. The
pulmonary trunk arteries and their branches are the only arteries in the post-natal body that carry relatively
deoxygenated blood. Highly oxygenated blood returning from the pulmonary capillaries in the lungs passes

through a series of vessels that join together to form the pulmonary veins—the only post-natal veins in the body
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that carry highly oxygenated blood. The pulmonary veins conduct blood into the left atrium, which pumps the
blood into the left ventricle, which in turn pumps oxygenated blood into the aorta and on to the many branches of
the systemic circuit. Eventually, these vessels will lead to the systemic capillaries, where exchange with the tissue
fluid and cells of the body occurs. In this case, oxygen and nutrients exit the systemic capillaries to be used by the
cells in their metabolic processes, and carbon dioxide and waste products will enter the blood.

The blood exiting the systemic capillaries is lower in oxygen concentration than when it entered. The capillaries
will ultimately unite to form venules, joining to form ever-larger veins, eventually flowing into the two major
systemic veins, the superior vena cava and the inferior vena cava, which return blood to the right atrium. The
blood in the superior and inferior venae cavae flows into the right atrium, which pumps blood into the right
ventricle. This process of blood circulation continues as long as the individual remains alive. Understanding the

flow of blood through the pulmonary and systemic circuits is critical to all health professions ((Figure)).

Dual System of the Human Blood Circulation

Blood flows from the right atrium to the right ventricle, where it is pumped into the pulmonary circuit. The
blood in the pulmonary artery branches is low in oxygen but relatively high in carbon dioxide. Gas exchange
occurs in the pulmonary capillaries (oxygen into the blood, carbon dioxide out), and blood high in oxygen and
low in carbon dioxide is returned to the left atrium. From here, blood enters the left ventricle, which pumps it
into the systemic circuit. Following exchange in the systemic capillaries (oxygen and nutrients out of the

capillaries and carbon dioxide and wastes in), blood returns to the right atrium and the cycle is repeated.
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Membranes, Surface Features, and Layers

Our exploration of more in-depth heart structures begins by examining the membrane that surrounds the heart, the
prominent surface features of the heart, and the layers that form the wall of the heart. Each of these components

plays its own unique role in terms of function.

Membranes

The membrane that directly surrounds the heart and defines the pericardial cavity is called the pericardium
or pericardial sac. It also surrounds the “roots” of the major vessels, or the areas of closest proximity to the
heart. The pericardium, which literally translates as “around the heart,” consists of two distinct sublayers: the
sturdy outer fibrous pericardium and the inner serous pericardium. The fibrous pericardium is made of tough,
dense connective tissue that protects the heart and maintains its position in the thorax. The more delicate serous

pericardium consists of two layers: the parietal pericardium, which is fused to the fibrous pericardium, and an
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inner visceral pericardium, or epicardium, which is fused to the heart and is part of the heart wall. The pericardial

cavity, filled with lubricating serous fluid, lies between the epicardium and the pericardium.

In most organs within the body, visceral serous membranes such as the epicardium are microscopic. However, in
the case of the heart, it is not a microscopic layer but rather a macroscopic layer, consisting of a simple squamous
epithelium called a mesothelium, reinforced with loose, irregular, or areolar connective tissue that attaches to the
pericardium. This mesothelium secretes the lubricating serous fluid that fills the pericardial cavity and reduces

friction as the heart contracts. (Figure) illustrates the pericardial membrane and the layers of the heart.

Pericardial Membranes and Layers of the Heart Wall
The pericardial membrane that surrounds the heart consists of three layers and the pericardial cavity. The heart

wall also consists of three layers. The pericardial membrane and the heart wall share the epicardium.
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Fibrous pericardium
Myocardium
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——— Epicardium (viceral layer
of serous pericardium)

Disorders of the...

Heart: Cardiac Tamponade If excess fluid builds within the pericardial space, it can lead to a condition
called cardiac tamponade, or pericardial tamponade. With each contraction of the heart, more fluid—in
most instances, blood—accumulates within the pericardial cavity. In order to fill with blood for the next
contraction, the heart must relax. However, the excess fluid in the pericardial cavity puts pressure on the
heart and prevents full relaxation, so the chambers within the heart contain slightly less blood as they begin
each heart cycle. Over time, less and less blood is ejected from the heart. If the fluid builds up slowly,
as in hypothyroidism, the pericardial cavity may be able to expand gradually to accommodate this extra
volume. Some cases of fluid in excess of one liter within the pericardial cavity have been reported. Rapid

accumulation of as little as 100 mL of fluid following trauma may trigger cardiac tamponade. Other common
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causes include myocardial rupture, pericarditis, cancer, or even cardiac surgery. Removal of this excess fluid
requires insertion of drainage tubes into the pericardial cavity. Premature removal of these drainage tubes,
for example, following cardiac surgery, or clot formation within these tubes are causes of this condition.

Untreated, cardiac tamponade can lead to death.

Surface Features of the Heart

Inside the pericardium, the surface features of the heart are visible, including the four chambers. There is a
superficial leaf-like extension of the atria near the superior surface of the heart, one on each side, called an
auricle—a name that means “ear like”—because its shape resembles the external ear of a human ((Figure)).
Auricles are relatively thin-walled structures that can fill with blood and empty into the atria or upper chambers
of the heart. You may also hear them referred to as atrial appendages. Also prominent is a series of fat-filled
grooves, each of which is known as a sulcus (plural = sulci), along the superior surfaces of the heart. Major
coronary blood vessels are located in these sulci. The deep coronary sulcus is located between the atria and
ventricles. Located between the left and right ventricles are two additional sulci that are not as deep as the
coronary sulcus. The anterior interventricular sulcus is visible on the anterior surface of the heart, whereas the
posterior interventricular sulcus is visible on the posterior surface of the heart. (Figure) illustrates anterior and

posterior views of the surface of the heart.

External Anatomy of the Heart

Inside the pericardium, the surface features of the heart are visible.
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Layers

The wall of the heart is composed of three layers of unequal thickness. From superficial to deep, these are the
epicardium, the myocardium, and the endocardium (see (Figure)). The outermost layer of the wall of the heart is
also the innermost layer of the pericardium, the epicardium, or the visceral pericardium discussed earlier.

The middle and thickest layer is the myocardium, made largely of cardiac muscle cells. It is built upon a
framework of collagenous fibers, plus the blood vessels that supply the myocardium and the nerve fibers that help
regulate the heart. It is the contraction of the myocardium that pumps blood through the heart and into the major
arteries. The muscle pattern is elegant and complex, as the muscle cells swirl and spiral around the chambers of the
heart. They form a figure 8 pattern around the atria and around the bases of the great vessels. Deeper ventricular
muscles also form a figure 8 around the two ventricles and proceed toward the apex. More superficial layers of
ventricular muscle wrap around both ventricles. This complex swirling pattern allows the heart to pump blood

more effectively than a simple linear pattern would. (Figure) illustrates the arrangement of muscle cells.

Heart Musculature
The swirling pattern of cardiac muscle tissue contributes significantly to the heart’s ability to pump blood

effectively.
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Atrial
musculature

Ventricular
musculature

Although the ventricles on the right and left sides pump the same amount of blood per contraction, the muscle
of the left ventricle is much thicker and better developed than that of the right ventricle. In order to overcome
the high resistance required to pump blood into the long systemic circuit, the left ventricle must generate a great
amount of pressure. The right ventricle does not need to generate as much pressure, since the pulmonary circuit is
shorter and provides less resistance. (Figure) illustrates the differences in muscular thickness needed for each of
the ventricles.

Differences in Ventricular Muscle Thickness

The myocardium in the left ventricle is significantly thicker than that of the right ventricle. Both ventricles pump
the same amount of blood, but the left ventricle must generate a much greater pressure to overcome greater
resistance in the systemic circuit. The ventricles are shown in both relaxed and contracting states. Note the
differences in the relative size of the lumens, the region inside each ventricle where the blood is contained.

Left ventricle

Right ventricle

Relaxed Contracted

The innermost layer of the heart wall, the endocardium, is joined to the myocardium with a thin layer of
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connective tissue. The endocardium lines the chambers where the blood circulates and covers the heart valves. It
is made of simple squamous epithelium called endothelium, which is continuous with the endothelial lining of
the blood vessels (see (Figure)).

Once regarded as a simple lining layer, recent evidence indicates that the endothelium of the endocardium and the
coronary capillaries may play active roles in regulating the contraction of the muscle within the myocardium. The
endothelium may also regulate the growth patterns of the cardiac muscle cells throughout life, and the endothelins
it secretes create an environment in the surrounding tissue fluids that regulates ionic concentrations and states of
contractility. Endothelins are potent vasoconstrictors and, in a normal individual, establish a homeostatic balance

with other vasoconstrictors and vasodilators.

Internal Structure of the Heart

Recall that the heart’s contraction cycle follows a dual pattern of circulation—the pulmonary and systemic
circuits—because of the pairs of chambers that pump blood into the circulation. In order to develop a more precise

understanding of cardiac function, it is first necessary to explore the internal anatomical structures in more detail.

Septa of the Heart

>

The word septum is derived from the Latin for “something that encloses;” in this case, a septum (plural =
septa) refers to a wall or partition that divides the heart into chambers. The septa are physical extensions of the
myocardium lined with endocardium. Located between the two atria is the interatrial septum. Normally in an
adult heart, the interatrial septum bears an oval-shaped depression known as the fossa ovalis, a remnant of an
opening in the fetal heart known as the foramen ovale. The foramen ovale allowed blood in the fetal heart to
pass directly from the right atrium to the left atrium, allowing some blood to bypass the pulmonary circuit. Within
seconds after birth, a flap of tissue known as the septum primum that previously acted as a valve closes the

foramen ovale and establishes the typical cardiac circulation pattern.

Between the two ventricles is a second septum known as the interventricular septum. Unlike the interatrial
septum, the interventricular septum is normally intact after its formation during fetal development. It is
substantially thicker than the interatrial septum, since the ventricles generate far greater pressure when they

contract.

The septum between the atria and ventricles is known as the atrioventricular septum. It is marked by the
presence of four openings that allow blood to move from the atria into the ventricles and from the ventricles into
the pulmonary trunk and aorta. Located in each of these openings between the atria and ventricles is a valve, a
specialized structure that ensures one-way flow of blood. The valves between the atria and ventricles are known
generically as atrioventricular valves. The valves at the openings that lead to the pulmonary trunk and aorta
are known generically as semilunar valves. The interventricular septum is visible in (Figure). In this figure, the
atrioventricular septum has been removed to better show the bicupid and tricuspid valves; the interatrial septum
is not visible, since its location is covered by the aorta and pulmonary trunk. Since these openings and valves
structurally weaken the atrioventricular septum, the remaining tissue is heavily reinforced with dense connective

tissue called the cardiac skeleton, or skeleton of the heart. It includes four rings that surround the openings
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between the atria and ventricles, and the openings to the pulmonary trunk and aorta, and serve as the point of
attachment for the heart valves. The cardiac skeleton also provides an important boundary in the heart electrical
conduction system.

Internal Structures of the Heart

This anterior view of the heart shows the four chambers, the major vessels and their early branches, as well as
the valves. The presence of the pulmonary trunk and aorta covers the interatrial septum, and the atrioventricular
septum is cut away to show the atrioventricular valves.
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Disorders of the...

Heart: Heart Defects One very common form of interatrial septum pathology is patent foramen ovale, which
occurs when the septum primum does not close at birth, and the fossa ovalis is unable to fuse. The word
patent is from the Latin root patens for “open.” It may be benign or asymptomatic, perhaps never being
diagnosed, or in extreme cases, it may require surgical repair to close the opening permanently. As much
as 20-25 percent of the general population may have a patent foramen ovale, but fortunately, most have the
benign, asymptomatic version. Patent foramen ovale is normally detected by auscultation of a heart murmur
(an abnormal heart sound) and confirmed by imaging with an echocardiogram. Despite its prevalence in the
general population, the causes of patent ovale are unknown, and there are no known risk factors. In nonlife-
threatening cases, it is better to monitor the condition than to risk heart surgery to repair and seal the opening.

Coarctation of the aorta is a congenital abnormal narrowing of the aorta that is normally located at the

insertion of the ligamentum arteriosum, the remnant of the fetal shunt called the ductus arteriosus. If severe,
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this condition drastically restricts blood flow through the primary systemic artery, which is life threatening.
In some individuals, the condition may be fairly benign and not detected until later in life. Detectable
symptoms in an infant include difficulty breathing, poor appetite, trouble feeding, or failure to thrive. In
older individuals, symptoms include dizziness, fainting, shortness of breath, chest pain, fatigue, headache,
and nosebleeds. Treatment involves surgery to resect (remove) the affected region or angioplasty to open the
abnormally narrow passageway. Studies have shown that the earlier the surgery is performed, the better the

chance of survival.

A patent ductus arteriosus is a congenital condition in which the ductus arteriosus fails to close. The
condition may range from severe to benign. Failure of the ductus arteriosus to close results in blood flowing
from the higher pressure aorta into the lower pressure pulmonary trunk. This additional fluid moving toward
the lungs increases pulmonary pressure and makes respiration difficult. Symptoms include shortness of
breath (dyspnea), tachycardia, enlarged heart, a widened pulse pressure, and poor weight gain in infants.
Treatments include surgical closure (ligation), manual closure using platinum coils or specialized mesh
inserted via the femoral artery or vein, or nonsteroidal anti-inflammatory drugs to block the synthesis of
prostaglandin E2, which maintains the vessel in an open position. If untreated, the condition can result in

congestive heart failure.

Septal defects are not uncommon in individuals and may be congenital or caused by various disease
processes. Tetralogy of Fallot is a congenital condition that may also occur from exposure to unknown
environmental factors; it occurs when there is an opening in the interventricular septum caused by blockage
of the pulmonary trunk, normally at the pulmonary semilunar valve. This allows blood that is relatively
low in oxygen from the right ventricle to flow into the left ventricle and mix with the blood that is
relatively high in oxygen. Symptoms include a distinct heart murmur, low blood oxygen percent saturation,
dyspnea or difficulty in breathing, polycythemia, broadening (clubbing) of the fingers and toes, and in
children, difficulty in feeding or failure to grow and develop. It is the most common cause of cyanosis
following birth. The term “tetralogy” is derived from the four components of the condition, although only
three may be present in an individual patient: pulmonary infundibular stenosis (rigidity of the pulmonary
valve), overriding aorta (the aorta is shifted above both ventricles), ventricular septal defect (opening), and
right ventricular hypertrophy (enlargement of the right ventricle). Other heart defects may also accompany
this condition, which is typically confirmed by echocardiography imaging. Tetralogy of Fallot occurs in
approximately 400 out of one million live births. Normal treatment involves extensive surgical repair,
including the use of stents to redirect blood flow and replacement of valves and patches to repair the septal
defect, but the condition has a relatively high mortality. Survival rates are currently 75 percent during the

first year of life; 60 percent by 4 years of age; 30 percent by 10 years; and 5 percent by 40 years.

In the case of severe septal defects, including both tetralogy of Fallot and patent foramen ovale, failure of the
heart to develop properly can lead to a condition commonly known as a “blue baby.” Regardless of normal
skin pigmentation, individuals with this condition have an insufficient supply of oxygenated blood, which

leads to cyanosis, a blue or purple coloration of the skin, especially when active.
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Septal defects are commonly first detected through auscultation, listening to the chest using a stethoscope.
In this case, instead of hearing normal heart sounds attributed to the flow of blood and closing of heart
valves, unusual heart sounds may be detected. This is often followed by medical imaging to confirm or rule
out a diagnosis. In many cases, treatment may not be needed. Some common congenital heart defects are
illustrated in (Figure).

Congenital Heart Defects

(a) A patent foramen ovale defect is an abnormal opening in the interatrial septum, or more commonly, a
failure of the foramen ovale to close. (b) Coarctation of the aorta is an abnormal narrowing of the aorta. (c)
A patent ductus arteriosus is the failure of the ductus arteriosus to close. (d) Tetralogy of Fallot includes an

abnormal opening in the interventricular septum.
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(c) Patent ductus arteriosus (d) Tetralogy of Fallot

Right Atrium

The right atrium serves as the receiving chamber for blood returning to the heart from the systemic circulation.
The two major systemic veins, the superior and inferior venae cavae, and the large coronary vein called the
coronary sinus that drains the heart myocardium empty into the right atrium. The superior vena cava drains blood
from regions superior to the diaphragm: the head, neck, upper limbs, and the thoracic region. It empties into the
superior and posterior portions of the right atrium. The inferior vena cava drains blood from areas inferior to the
diaphragm: the lower limbs and abdominopelvic region of the body. It, too, empties into the posterior portion of
the atria, but inferior to the opening of the superior vena cava. Immediately superior and slightly medial to the
opening of the inferior vena cava on the posterior surface of the atrium is the opening of the coronary sinus. This
thin-walled vessel drains most of the coronary veins that return systemic blood from the heart. The majority of the

internal heart structures discussed in this and subsequent sections are illustrated in (Figure).
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While the bulk of the internal surface of the right atrium is smooth, the depression of the fossa ovalis is medial,
and the anterior surface demonstrates prominent ridges of muscle called the pectinate muscles. The right auricle

also has pectinate muscles. The left atrium does not have pectinate muscles except in the auricle.

The atria receive venous blood on a nearly continuous basis, preventing venous flow from stopping while the
ventricles are contracting. While most ventricular filling occurs while the atria are relaxed, they do demonstrate
a contractile phase and actively pump blood into the ventricles just prior to ventricular contraction. The opening

between the atrium and ventricle is guarded by the tricuspid valve.

Right Ventricle

The right ventricle receives blood from the right atrium through the tricuspid valve. Each flap of the valve is
attached to strong strands of connective tissue, the chordae tendineae, literally “tendinous cords,” or sometimes
more poetically referred to as “heart strings.” There are several chordae tendineae associated with each of the
flaps. They are composed of approximately 80 percent collagenous fibers with the remainder consisting of elastic
fibers and endothelium. They connect each of the flaps to a papillary muscle that extends from the inferior
ventricular surface. There are three papillary muscles in the right ventricle, called the anterior, posterior, and septal

muscles, which correspond to the three sections of the valves.

When the myocardium of the ventricle contracts, pressure within the ventricular chamber rises. Blood, like any
fluid, flows from higher pressure to lower pressure areas, in this case, toward the pulmonary trunk and the
atrium. To prevent any potential backflow, the papillary muscles also contract, generating tension on the chordae
tendineae. This prevents the flaps of the valves from being forced into the atria and regurgitation of the blood back
into the atria during ventricular contraction. (Figure) shows papillary muscles and chordae tendineae attached to

the tricuspid valve.

Chordae Tendineae and Papillary Muscles
In this frontal section, you can see papillary muscles attached to the tricuspid valve on the right as well as the

mitral valve on the left via chordae tendineae. (credit: modification of work by “PV KS”/flickr.com)

Chordae tendineae
Papillary muscles

Trabeculae carneae
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The walls of the ventricle are lined with trabeculae carneae, ridges of cardiac muscle covered by endocardium.
In addition to these muscular ridges, a band of cardiac muscle, also covered by endocardium, known as the
moderator band (see (Figure)) reinforces the thin walls of the right ventricle and plays a crucial role in cardiac
conduction. It arises from the inferior portion of the interventricular septum and crosses the interior space of the
right ventricle to connect with the inferior papillary muscle.

When the right ventricle contracts, it ejects blood into the pulmonary trunk, which branches into the left and
right pulmonary arteries that carry it to each lung. The superior surface of the right ventricle begins to taper as
it approaches the pulmonary trunk. At the base of the pulmonary trunk is the pulmonary semilunar valve that

prevents backflow from the pulmonary trunk.

Left Atrium

After exchange of gases in the pulmonary capillaries, blood returns to the left atrium high in oxygen via one
of the four pulmonary veins. While the left atrium does not contain pectinate muscles, it does have an auricle
that includes these pectinate ridges. Blood flows nearly continuously from the pulmonary veins back into the
atrium, which acts as the receiving chamber, and from here through an opening into the left ventricle. Most blood
flows passively into the heart while both the atria and ventricles are relaxed, but toward the end of the ventricular
relaxation period, the left atrium will contract, pumping blood into the ventricle. This atrial contraction accounts
for approximately 20 percent of ventricular filling. The opening between the left atrium and ventricle is guarded

by the mitral valve.

Left Ventricle

Recall that, although both sides of the heart will pump the same amount of blood, the muscular layer is much
thicker in the left ventricle compared to the right (see (Figure)). Like the right ventricle, the left also has trabeculae
carneae, but there is no moderator band. The mitral valve is connected to papillary muscles via chordae tendineae.

There are two papillary muscles on the left—the anterior and posterior—as opposed to three on the right.

The left ventricle is the major pumping chamber for the systemic circuit; it ejects blood into the aorta through the

aortic semilunar valve.

Heart Valve Structure and Function

A transverse section through the heart slightly above the level of the atrioventricular septum reveals all four heart
valves along the same plane ((Figure)). The valves ensure unidirectional blood flow through the heart. Between
the right atrium and the right ventricle is the right atrioventricular valve, or tricuspid valve. It typically
consists of three flaps, or leaflets, made of endocardium reinforced with additional connective tissue. The flaps

are connected by chordae tendineae to the papillary muscles, which control the opening and closing of the valves.

Heart Valves
With the atria and major vessels removed, all four valves are clearly visible, although it is difficult to distinguish

the three separate cusps of the tricuspid valve.
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Emerging from the right ventricle at the base of the pulmonary trunk is the pulmonary semilunar valve, or the
pulmonary valve; it is also known as the pulmonic valve or the right semilunar valve. The pulmonary valve is
comprised of three small flaps of endothelium reinforced with connective tissue. When the ventricle relaxes, the
pressure differential causes blood to flow back into the ventricle from the pulmonary trunk. This flow of blood fills
the pocket-like flaps of the pulmonary valve, causing the valve to close and producing an audible sound. Unlike
the atrioventricular valves, there are no papillary muscles or chordae tendineae associated with the pulmonary
valve.

Located at the opening between the left atrium and left ventricle is the mitral valve, also called the bicuspid valve
or the left atrioventricular valve. Structurally, this valve consists of two cusps, known as the anterior medial cusp
and the posterior medial cusp, compared to the three cusps of the tricuspid valve. In a clinical setting, the valve
is referred to as the mitral valve, rather than the bicuspid valve. The two cusps of the mitral valve are attached by
chordae tendineae to two papillary muscles that project from the wall of the ventricle.

At the base of the aorta is the aortic semilunar valve, or the aortic valve, which prevents backflow from the
aorta. It normally is composed of three flaps. When the ventricle relaxes and blood attempts to flow back into the
ventricle from the aorta, blood will fill the cusps of the valve, causing it to close and producing an audible sound.

In (Figure)a, the two atrioventricular valves are open and the two semilunar valves are closed. This occurs when
both atria and ventricles are relaxed and when the atria contract to pump blood into the ventricles. (Figure)b shows
a frontal view. Although only the left side of the heart is illustrated, the process is virtually identical on the right.

Blood Flow from the Left Atrium to the Left Ventricle

(a) A transverse section through the heart illustrates the four heart valves. The two atrioventricular valves are
open; the two semilunar valves are closed. The atria and vessels have been removed. (b) A frontal section
through the heart illustrates blood flow through the mitral valve. When the mitral valve is open, it allows blood
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to move from the left atrium to the left ventricle. The aortic semilunar valve is closed to prevent backflow of
blood from the aorta to the left ventricle.
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(Figure)a shows the atrioventricular valves closed while the two semilunar valves are open. This occurs when the
ventricles contract to eject blood into the pulmonary trunk and aorta. Closure of the two atrioventricular valves

prevents blood from being forced back into the atria. This stage can be seen from a frontal view in (Figure)b.

Blood Flow from the Left Ventricle into the Great Vessels

(a) A transverse section through the heart illustrates the four heart valves during ventricular contraction. The two
atrioventricular valves are closed, but the two semilunar valves are open. The atria and vessels have been
removed. (b) A frontal view shows the closed mitral (bicuspid) valve that prevents backflow of blood into the
left atrium. The aortic semilunar valve is open to allow blood to be ejected into the aorta.
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When the ventricles begin to contract, pressure within the ventricles rises and blood flows toward the area of

lowest pressure, which is initially in the atria. This backflow causes the cusps of the tricuspid and mitral (bicuspid)

valves to close. These valves are tied down to the papillary muscles by chordae tendineae. During the relaxation

phase of the cardiac cycle, the papillary muscles are also relaxed and the tension on the chordae tendineae is slight

(see (Figure)b). However, as the myocardium of the ventricle contracts, so do the papillary muscles. This creates

tension on the chordae tendineae (see (Figure)b), helping to hold the cusps of the atrioventricular valves in place

and preventing them from being blown back into the atria.

The aortic and pulmonary semilunar valves lack the chordae tendineae and papillary muscles associated with

the atrioventricular valves. Instead, they consist of pocket-like folds of endocardium reinforced with additional

connective tissue. When the ventricles relax and the change in pressure forces the blood toward the ventricles, the

blood presses against these cusps and seals the openings.

Visit this site to observe an echocardiogram of actual heart valves opening and closing. Although much

of the heart has been “removed” from this gif loop so the chordae tendineae are not visible, why is their
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presence more critical for the atrioventricular valves (tricuspid and mitral) than the semilunar (aortic and

pulmonary) valves?

Disorders of the...

Heart Valves When heart valves do not function properly, they are often described as incompetent and result
in valvular heart disease, which can range from benign to lethal. Some of these conditions are congenital,
that is, the individual was born with the defect, whereas others may be attributed to disease processes or
trauma. Some malfunctions are treated with medications, others require surgery, and still others may be mild

enough that the condition is merely monitored since treatment might trigger more serious consequences.

Valvular disorders are often caused by carditis, or inflammation of the heart. One common trigger for this
inflammation is rheumatic fever, or scarlet fever, an autoimmune response to the presence of a bacterium,

Streptococcus pyogenes, normally a disease of childhood.

While any of the heart valves may be involved in valve disorders, mitral regurgitation is the most common,
detected in approximately 2 percent of the population, and the pulmonary semilunar valve is the least
frequently involved. When a valve malfunctions, the flow of blood to a region will often be disrupted. The
resulting inadequate flow of blood to this region will be described in general terms as an insufficiency.
The specific type of insufficiency is named for the valve involved: aortic insufficiency, mitral insufficiency,

tricuspid insufficiency, or pulmonary insufficiency.

If one of the cusps of the valve is forced backward by the force of the blood, the condition is referred to as
a prolapsed valve. Prolapse may occur if the chordae tendineae are damaged or broken, causing the closure
mechanism to fail. The failure of the valve to close properly disrupts the normal one-way flow of blood
and results in regurgitation, when the blood flows backward from its normal path. Using a stethoscope, the

disruption to the normal flow of blood produces a heart murmur.

Stenosis is a condition in which the heart valves become rigid and may calcify over time. The loss of
flexibility of the valve interferes with normal function and may cause the heart to work harder to propel
blood through the valve, which eventually weakens the heart. Aortic stenosis affects approximately 2 percent
of the population over 65 years of age, and the percentage increases to approximately 4 percent in individuals
over 85 years. Occasionally, one or more of the chordae tendineae will tear or the papillary muscle itself
may die as a component of a myocardial infarction (heart attack). In this case, the patient’s condition will

deteriorate dramatically and rapidly, and immediate surgical intervention may be required.

Auscultation, or listening to a patient’s heart sounds, is one of the most useful diagnostic tools, since it
is proven, safe, and inexpensive. The term auscultation is derived from the Latin for “to listen,” and the
technique has been used for diagnostic purposes as far back as the ancient Egyptians. Valve and septal
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disorders will trigger abnormal heart sounds. If a valvular disorder is detected or suspected, a test called an
echocardiogram, or simply an “echo,” may be ordered. Echocardiograms are sonograms of the heart and can

help in the diagnosis of valve disorders as well as a wide variety of heart pathologies.

Visit this site for a free download, including excellent animations and audio of heart sounds.

Career Connection

Cardiologist Cardiologists are medical doctors that specialize in the diagnosis and treatment of diseases
of the heart. After completing 4 years of medical school, cardiologists complete a three-year residency in
internal medicine followed by an additional three or more years in cardiology. Following this 10-year period
of medical training and clinical experience, they qualify for a rigorous two-day examination administered by
the Board of Internal Medicine that tests their academic training and clinical abilities, including diagnostics
and treatment. After successful completion of this examination, a physician becomes a board-certified
cardiologist. Some board-certified cardiologists may be invited to become a Fellow of the American College
of Cardiology (FACC). This professional recognition is awarded to outstanding physicians based upon merit,
including outstanding credentials, achievements, and community contributions to cardiovascular medicine.

Visit this site to learn more about cardiologists.

Career Connection

Cardiovascular Technologist/Technician Cardiovascular technologists/technicians are trained professionals
who perform a variety of imaging techniques, such as sonograms or echocardiograms, used by physicians
to diagnose and treat diseases of the heart. Nearly all of these positions require an associate degree, and
these technicians earn a median salary of $49,410 as of May 2010, according to the U.S. Bureau of Labor
Statistics. Growth within the field is fast, projected at 29 percent from 2010 to 2020.

There is a considerable overlap and complementary skills between cardiac technicians and vascular
technicians, and so the term cardiovascular technician is often used. Special certifications within the field
require documenting appropriate experience and completing additional and often expensive certification
examinations. These subspecialties include Certified Rhythm Analysis Technician (CRAT), Certified
Cardiographic Technician (CCT), Registered Congenital Cardiac Sonographer (RCCS), Registered Cardiac
Electrophysiology Specialist (RCES), Registered Cardiovascular Invasive Specialist (RCIS), Registered


http://openstax.org/l/heartsounds
http://openstax.org/l/cardiologist

ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) -« 229

Cardiac Sonographer (RCS), Registered Vascular Specialist (RVS), and Registered Phlebology Sonographer
(RPhS).

Visit this site for more information on cardiovascular technologists/technicians.

Coronary Circulation

You will recall that the heart is a remarkable pump composed largely of cardiac muscle cells that are incredibly
active throughout life. Like all other cells, a cardiomyocyte requires a reliable supply of oxygen and nutrients,
and a way to remove wastes, so it needs a dedicated, complex, and extensive coronary circulation. And because
of the critical and nearly ceaseless activity of the heart throughout life, this need for a blood supply is even greater
than for a typical cell. However, coronary circulation is not continuous; rather, it cycles, reaching a peak when the

heart muscle is relaxed and nearly ceasing while it is contracting.

Coronary Arteries

Coronary arteries supply blood to the myocardium and other components of the heart. The first portion of the
aorta after it arises from the left ventricle gives rise to the coronary arteries. There are three dilations in the wall
of the aorta just superior to the aortic semilunar valve. Two of these, the left posterior aortic sinus and anterior
aortic sinus, give rise to the left and right coronary arteries, respectively. The third sinus, the right posterior aortic
sinus, typically does not give rise to a vessel. Coronary vessel branches that remain on the surface of the artery
and follow the sulci are called epicardial coronary arteries.

The left coronary artery distributes blood to the left side of the heart, the left atrium and ventricle, and the
interventricular septum. The circumflex artery arises from the left coronary artery and follows the coronary
sulcus to the left. Eventually, it will fuse with the small branches of the right coronary artery. The larger
anterior interventricular artery, also known as the left anterior descending artery (LAD), is the second major
branch arising from the left coronary artery. It follows the anterior interventricular sulcus around the pulmonary
trunk. Along the way it gives rise to numerous smaller branches that interconnect with the branches of the
posterior interventricular artery, forming anastomoses. An anastomosis is an area where vessels unite to form
interconnections that normally allow blood to circulate to a region even if there may be partial blockage in another
branch. The anastomoses in the heart are very small. Therefore, this ability is somewhat restricted in the heart
so a coronary artery blockage often results in death of the cells (myocardial infarction) supplied by the particular

vessel.

The right coronary artery proceeds along the coronary sulcus and distributes blood to the right atrium, portions
of both ventricles, and the heart conduction system. Normally, one or more marginal arteries arise from the right

coronary artery inferior to the right atrium. The marginal arteries supply blood to the superficial portions of
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the right ventricle. On the posterior surface of the heart, the right coronary artery gives rise to the posterior
interventricular artery, also known as the posterior descending artery. It runs along the posterior portion of the
interventricular sulcus toward the apex of the heart, giving rise to branches that supply the interventricular septum
and portions of both ventricles. (Figure) presents views of the coronary circulation from both the anterior and

posterior views.

Coronary Circulation
The anterior view of the heart shows the prominent coronary surface vessels. The posterior view of the heart

shows the prominent coronary surface vessels.
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Diseases of the...

Heart: Myocardial Infarction Myocardial infarction (MI) is the formal term for what is commonly referred
to as a heart attack. It normally results from a lack of blood flow (ischemia) and oxygen (hypoxia) to a

region of the heart, resulting in death of the cardiac muscle cells. An MI often occurs when a coronary
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artery is blocked by the buildup of atherosclerotic plaque consisting of lipids, cholesterol and fatty acids,
and white blood cells, primarily macrophages. It can also occur when a portion of an unstable atherosclerotic
plaque travels through the coronary arterial system and lodges in one of the smaller vessels. The resulting
blockage restricts the flow of blood and oxygen to the myocardium and causes death of the tissue. MIs may
be triggered by excessive exercise, in which the partially occluded artery is no longer able to pump sufficient

quantities of blood, or severe stress, which may induce spasm of the smooth muscle in the walls of the vessel.

In the case of acute MI, there is often sudden pain beneath the sternum (retrosternal pain) called angina
pectoris, often radiating down the left arm in males but not in female patients. Until this anomaly between the
sexes was discovered, many female patients suffering MIs were misdiagnosed and sent home. In addition,
patients typically present with difficulty breathing and shortness of breath (dyspnea), irregular heartbeat
(palpations), nausea and vomiting, sweating (diaphoresis), anxiety, and fainting (syncope), although not
all of these symptoms may be present. Many of the symptoms are shared with other medical conditions,
including anxiety attacks and simple indigestion, so differential diagnosis is critical. It is estimated that

between 22 and 64 percent of MIs present without any symptoms.

An MI can be confirmed by examining the patient’s ECG, which frequently reveals alterations in the ST
and Q components. Some classification schemes of MI are referred to as ST-elevated MI (STEMI) and non-
elevated MI (non-STEMI). In addition, echocardiography or cardiac magnetic resonance imaging may be
employed. Common blood tests indicating an MI include elevated levels of creatine kinase MB (an enzyme
that catalyzes the conversion of creatine to phosphocreatine, consuming ATP) and cardiac troponin (the

regulatory protein for muscle contraction), both of which are released by damaged cardiac muscle cells.

Immediate treatments for MI are essential and include administering supplemental oxygen, aspirin that helps
to break up clots, and nitroglycerine administered sublingually (under the tongue) to facilitate its absorption.
Despite its unquestioned success in treatments and use since the 1880s, the mechanism of nitroglycerine
is still incompletely understood but is believed to involve the release of nitric oxide, a known vasodilator,
and endothelium-derived releasing factor, which also relaxes the smooth muscle in the tunica media of
coronary vessels. Longer-term treatments include injections of thrombolytic agents such as streptokinase
that dissolve the clot, the anticoagulant heparin, balloon angioplasty and stents to open blocked vessels, and
bypass surgery to allow blood to pass around the site of blockage. If the damage is extensive, coronary
replacement with a donor heart or coronary assist device, a sophisticated mechanical device that supplements
the pumping activity of the heart, may be employed. Despite the attention, development of artificial hearts to
augment the severely limited supply of heart donors has proven less than satisfactory but will likely improve

in the future.

MIs may trigger cardiac arrest, but the two are not synonymous. Important risk factors for MI include
cardiovascular disease, age, smoking, high blood levels of the low-density lipoprotein (LDL, often referred

to as “bad” cholesterol), low levels of high-density lipoprotein (HDL, or “good” cholesterol), hypertension,
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diabetes mellitus, obesity, lack of physical exercise, chronic kidney disease, excessive alcohol consumption,

and use of illegal drugs.

Coronary Veins

Coronary veins drain the heart and generally parallel the large surface arteries (see (Figure)). The great cardiac
vein can be seen initially on the surface of the heart following the interventricular sulcus, but it eventually flows
along the coronary sulcus into the coronary sinus on the posterior surface. The great cardiac vein initially parallels
the anterior interventricular artery and drains the areas supplied by this vessel. It receives several major branches,
including the posterior cardiac vein, the middle cardiac vein, and the small cardiac vein. The posterior cardiac
vein parallels and drains the areas supplied by the marginal artery branch of the circumflex artery. The middle
cardiac vein parallels and drains the areas supplied by the posterior interventricular artery. The small cardiac
vein parallels the right coronary artery and drains the blood from the posterior surfaces of the right atrium and
ventricle. The coronary sinus is a large, thin-walled vein on the posterior surface of the heart lying within the
atrioventricular sulcus and emptying directly into the right atrium. The anterior cardiac veins parallel the small
cardiac arteries and drain the anterior surface of the right ventricle. Unlike these other cardiac veins, it bypasses

the coronary sinus and drains directly into the right atrium.

Diseases of the...

Heart: Coronary Artery Disease

Coronary artery disease is the leading cause of death worldwide. It occurs when the buildup of plaque—a
fatty material including cholesterol, connective tissue, white blood cells, and some smooth muscle
cells—within the walls of the arteries obstructs the flow of blood and decreases the flexibility or compliance
of the vessels. This condition is called atherosclerosis, a hardening of the arteries that involves the
accumulation of plaque. As the coronary blood vessels become occluded, the flow of blood to the tissues
will be restricted, a condition called ischemia that causes the cells to receive insufficient amounts of oxygen,
called hypoxia. (Figure) shows the blockage of coronary arteries highlighted by the injection of dye. Some
individuals with coronary artery disease report pain radiating from the chest called angina pectoris, but

others remain asymptomatic. If untreated, coronary artery disease can lead to MI or a heart attack.

Atherosclerotic Coronary Arteries
In this coronary angiogram (X-ray), the dye makes visible two occluded coronary arteries. Such blockages
can lead to decreased blood flow (ischemia) and insufficient oxygen (hypoxia) delivered to the cardiac

tissues. If uncorrected, this can lead to cardiac muscle death (myocardial infarction).
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The disease progresses slowly and often begins in children and can be seen as fatty “streaks” in the vessels.
It then gradually progresses throughout life. Well-documented risk factors include smoking, family history,
hypertension, obesity, diabetes, high alcohol consumption, lack of exercise, stress, and hyperlipidemia or
high circulating levels of lipids in the blood. Treatments may include medication, changes to diet and

exercise, angioplasty with a balloon catheter, insertion of a stent, or coronary bypass procedure.

Angioplasty is a procedure in which the occlusion is mechanically widened with a balloon. A specialized
catheter with an expandable tip is inserted into a superficial vessel, normally in the leg, and then directed
to the site of the occlusion. At this point, the balloon is inflated to compress the plaque material and to
open the vessel to increase blood flow. Then, the balloon is deflated and retracted. A stent consisting of a
specialized mesh is typically inserted at the site of occlusion to reinforce the weakened and damaged walls.
Stent insertions have been routine in cardiology for more than 40 years.

Coronary bypass surgery may also be performed. This surgical procedure grafts a replacement vessel
obtained from another, less vital portion of the body to bypass the occluded area. This procedure is clearly
effective in treating patients experiencing a MI, but overall does not increase longevity. Nor does it seem
advisable in patients with stable although diminished cardiac capacity since frequently loss of mental acuity

occurs following the procedure. Long-term changes to behavior, emphasizing diet and exercise plus a
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medicine regime tailored to lower blood pressure, lower cholesterol and lipids, and reduce clotting are

equally as effective.



19.2 Cardiac Muscle and Electrical Activity

Learning Objectives

By the end of this section, you will be able to:

» Describe the structure of cardiac muscle

* Identify and describe the components of the conducting system that distributes electrical
impulses through the heart

» Compare the effect of ion movement on membrane potential of cardiac conductive and
contractile cells

+ Relate characteristics of an electrocardiogram to events in the cardiac cycle

+ Identify blocks that can interrupt the cardiac cycle

Recall that cardiac muscle shares a few characteristics with both skeletal muscle and smooth muscle, but it has
some unique properties of its own. Not the least of these exceptional properties is its ability to initiate an electrical
potential at a fixed rate that spreads rapidly from cell to cell to trigger the contractile mechanism. This property
is known as autorhythmicity. Neither smooth nor skeletal muscle can do this. Even though cardiac muscle has

autorhythmicity, heart rate is modulated by the endocrine and nervous systems.

There are two major types of cardiac muscle cells: myocardial contractile cells and myocardial conducting
cells. The myocardial contractile cells constitute the bulk (99 percent) of the cells in the atria and ventricles.
Contractile cells conduct impulses and are responsible for contractions that pump blood through the body. The
myocardial conducting cells (1 percent of the cells) form the conduction system of the heart. Except for Purkinje
cells, they are generally much smaller than the contractile cells and have few of the myofibrils or filaments
needed for contraction. Their function is similar in many respects to neurons, although they are specialized muscle
cells. Myocardial conduction cells initiate and propagate the action potential (the electrical impulse) that travels
throughout the heart and triggers the contractions that propel the blood.

235
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Structure of Cardiac Muscle

Compared to the giant cylinders of skeletal muscle, cardiac muscle cells, or cardiomyocytes, are considerably
shorter with much smaller diameters. Cardiac muscle also demonstrates striations, the alternating pattern of dark
A bands and light I bands attributed to the precise arrangement of the myofilaments and fibrils that are organized
in sarcomeres along the length of the cell ((Figure)a). These contractile elements are virtually identical to skeletal
muscle. T (transverse) tubules penetrate from the surface plasma membrane, the sarcolemma, to the interior of
the cell, allowing the electrical impulse to reach the interior. The T tubules are only found at the Z discs, whereas
in skeletal muscle, they are found at the junction of the A and I bands. Therefore, there are one-half as many
T tubules in cardiac muscle as in skeletal muscle. In addition, the sarcoplasmic reticulum stores few calcium
ions, so most of the calcium ions must come from outside the cells. The result is a slower onset of contraction.
Mitochondria are plentiful, providing energy for the contractions of the heart. Typically, cardiomyocytes have a

single, central nucleus, but two or more nuclei may be found in some cells.

Cardiac muscle cells branch freely. A junction between two adjoining cells is marked by a critical structure
called an intercalated disc, which helps support the synchronized contraction of the muscle ((Figure)b). The
sarcolemmas from adjacent cells bind together at the intercalated discs. They consist of desmosomes, specialized
linking proteoglycans, tight junctions, and large numbers of gap junctions that allow the passage of ions between
the cells and help to synchronize the contraction ((Figure)c). Intercellular connective tissue also helps to bind the
cells together. The importance of strongly binding these cells together is necessitated by the forces exerted by

contraction.

Cardiac Muscle

(a) Cardiac muscle cells have myofibrils composed of myofilaments arranged in sarcomeres, T tubules to
transmit the impulse from the sarcolemma to the interior of the cell, numerous mitochondria for energy, and
intercalated discs that are found at the junction of different cardiac muscle cells. (b) A photomicrograph of
cardiac muscle cells shows the nuclei and intercalated discs. (c) An intercalated disc connects cardiac muscle
cells and consists of desmosomes and gap junctions. LM x 1600. (Micrograph provided by the Regents of the
University of Michigan Medical School © 2012)
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Cardiac muscle undergoes aerobic respiration patterns, primarily metabolizing lipids and carbohydrates.
Myoglobin, lipids, and glycogen are all stored within the cytoplasm. Cardiac muscle cells undergo twitch-type
contractions with long refractory periods followed by brief relaxation periods. The relaxation is essential so the
heart can fill with blood for the next cycle. The refractory period is very long to prevent the possibility of tetany, a
condition in which muscle remains involuntarily contracted. In the heart, tetany is not compatible with life, since
it would prevent the heart from pumping blood.

Everyday Connection

Repair and Replacement Damaged cardiac muscle cells have extremely limited abilities to repair themselves
or to replace dead cells via mitosis. Recent evidence indicates that at least some stem cells remain within
the heart that continue to divide and at least potentially replace these dead cells. However, newly formed
or repaired cells are rarely as functional as the original cells, and cardiac function is reduced. In the event
of a heart attack or MI, dead cells are often replaced by patches of scar tissue. Autopsies performed on
individuals who had successfully received heart transplants show some proliferation of original cells. If
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researchers can unlock the mechanism that generates new cells and restore full mitotic capabilities to heart
muscle, the prognosis for heart attack survivors will be greatly enhanced. To date, myocardial cells produced
within the patient (in situ) by cardiac stem cells seem to be nonfunctional, although those grown in Petri
dishes (in vitro) do beat. Perhaps soon this mystery will be solved, and new advances in treatment will be

commonplace.

Conduction System of the Heart

If embryonic heart cells are separated into a Petri dish and kept alive, each is capable of generating its own
electrical impulse followed by contraction. When two independently beating embryonic cardiac muscle cells are
placed together, the cell with the higher inherent rate sets the pace, and the impulse spreads from the faster to
the slower cell to trigger a contraction. As more cells are joined together, the fastest cell continues to assume
control of the rate. A fully developed adult heart maintains the capability of generating its own electrical impulse,
triggered by the fastest cells, as part of the cardiac conduction system. The components of the cardiac conduction
system include the sinoatrial node, the atrioventricular node, the atrioventricular bundle, the atrioventricular
bundle branches, and the Purkinje cells ((Figure)).

Conduction System of the Heart
Specialized conducting components of the heart include the sinoatrial node, the internodal pathways, the
atrioventricular node, the atrioventricular bundle, the right and left bundle branches, and the Purkinje fibers.
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Sinoatrial (SA) Node

Normal cardiac rhythm is established by the sinoatrial (SA) node, a specialized clump of myocardial conducting
cells located in the superior and posterior walls of the right atrium in close proximity to the orifice of the superior
vena cava. The SA node has the highest inherent rate of depolarization and is known as the pacemaker of the

heart. It initiates the sinus rhythm, or normal electrical pattern followed by contraction of the heart.

This impulse spreads from its initiation in the SA node throughout the atria through specialized internodal
pathways, to the atrial myocardial contractile cells and the atrioventricular node. The internodal pathways
consist of three bands (anterior, middle, and posterior) that lead directly from the SA node to the next node
in the conduction system, the atrioventricular node (see (Figure)). The impulse takes approximately 50 ms
(milliseconds) to travel between these two nodes. The relative importance of this pathway has been debated
since the impulse would reach the atrioventricular node simply following the cell-by-cell pathway through the
contractile cells of the myocardium in the atria. In addition, there is a specialized pathway called Bachmann’s
bundle or the interatrial band that conducts the impulse directly from the right atrium to the left atrium.
Regardless of the pathway, as the impulse reaches the atrioventricular septum, the connective tissue of the
cardiac skeleton prevents the impulse from spreading into the myocardial cells in the ventricles except at the
atrioventricular node. (Figure) illustrates the initiation of the impulse in the SA node that then spreads the impulse

throughout the atria to the atrioventricular node.

Cardiac Conduction

(1) The sinoatrial (SA) node and the remainder of the conduction system are at rest. (2) The SA node initiates the
action potential, which sweeps across the atria. (3) After reaching the atrioventricular node, there is a delay of
approximately 100 ms that allows the atria to complete pumping blood before the impulse is transmitted to the
atrioventricular bundle. (4) Following the delay, the impulse travels through the atrioventricular bundle and
bundle branches to the Purkinje fibers, and also reaches the right papillary muscle via the moderator band. (5)

The impulse spreads to the contractile fibers of the ventricle. (6) Ventricular contraction begins.
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The electrical event, the wave of depolarization, is the trigger for muscular contraction. The wave of
depolarization begins in the right atrium, and the impulse spreads across the superior portions of both atria and
then down through the contractile cells. The contractile cells then begin contraction from the superior to the

inferior portions of the atria, efficiently pumping blood into the ventricles.

Atrioventricular (AV) Node

The atrioventricular (AV) node is a second clump of specialized myocardial conductive cells, located in the
inferior portion of the right atrium within the atrioventricular septum. The septum prevents the impulse from
spreading directly to the ventricles without passing through the AV node. There is a critical pause before the
AV node depolarizes and transmits the impulse to the atrioventricular bundle (see (Figure), step 3). This delay
in transmission is partially attributable to the small diameter of the cells of the node, which slow the impulse.
Also, conduction between nodal cells is less efficient than between conducting cells. These factors mean that it
takes the impulse approximately 100 ms to pass through the node. This pause is critical to heart function, as it
allows the atrial cardiomyocytes to complete their contraction that pumps blood into the ventricles before the
impulse is transmitted to the cells of the ventricle itself. With extreme stimulation by the SA node, the AV node
can transmit impulses maximally at 220 per minute. This establishes the typical maximum heart rate in a healthy
young individual. Damaged hearts or those stimulated by drugs can contract at higher rates, but at these rates, the

heart can no longer effectively pump blood.
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Atrioventricular Bundle (Bundle of His), Bundle Branches, and Purkinje Fibers

Arising from the AV node, the atrioventricular bundle, or bundle of His, proceeds through the interventricular
septum before dividing into two atrioventricular bundle branches, commonly called the left and right bundle
branches. The left bundle branch has two fascicles. The left bundle branch supplies the left ventricle, and the
right bundle branch the right ventricle. Since the left ventricle is much larger than the right, the left bundle branch
is also considerably larger than the right. Portions of the right bundle branch are found in the moderator band
and supply the right papillary muscles. Because of this connection, each papillary muscle receives the impulse
at approximately the same time, so they begin to contract simultaneously just prior to the remainder of the
myocardial contractile cells of the ventricles. This is believed to allow tension to develop on the chordae tendineae
prior to right ventricular contraction. There is no corresponding moderator band on the left. Both bundle branches
descend and reach the apex of the heart where they connect with the Purkinje fibers (see (Figure), step 4). This

passage takes approximately 25 ms.

The Purkinje fibers are additional myocardial conductive fibers that spread the impulse to the myocardial
contractile cells in the ventricles. They extend throughout the myocardium from the apex of the heart toward the
atrioventricular septum and the base of the heart. The Purkinje fibers have a fast inherent conduction rate, and
the electrical impulse reaches all of the ventricular muscle cells in about 75 ms (see (Figure), step 5). Since the
electrical stimulus begins at the apex, the contraction also begins at the apex and travels toward the base of the
heart, similar to squeezing a tube of toothpaste from the bottom. This allows the blood to be pumped out of the
ventricles and into the aorta and pulmonary trunk. The total time elapsed from the initiation of the impulse in the

SA node until depolarization of the ventricles is approximately 225 ms.

Membrane Potentials and lon Movement in Cardiac Conductive Cells

Action potentials are considerably different between cardiac conductive cells and cardiac contractive cells. While
Na" and K play essential roles, Ca®* is also critical for both types of cells. Unlike skeletal muscles and neurons,
cardiac conductive cells do not have a stable resting potential. Conductive cells contain a series of sodium ion
channels that allow a normal and slow influx of sodium ions that causes the membrane potential to rise slowly
from an initial value of —60 mV up to about —40 mV. The resulting movement of sodium ions creates spontaneous
depolarization (or prepotential depolarization). At this point, calcium ion channels open and Ca®" enters the
cell, further depolarizing it at a more rapid rate until it reaches a value of approximately +15 mV. At this point,
the calcium ion channels close and K* channels open, allowing outflux of K* and resulting in repolarization.
When the membrane potential reaches approximately —60 mV, the K" channels close and Na" channels open, and

the prepotential phase begins again. This phenomenon explains the autorhythmicity properties of cardiac muscle

((Figure)).

Action Potential at the SA Node
The prepotential is due to a slow influx of sodium ions until the threshold is reached followed by a rapid
depolarization and repolarization. The prepotential accounts for the membrane reaching threshold and initiates

the spontaneous depolarization and contraction of the cell. Note the lack of a resting potential.
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Membrane Potentials and lon Movement in Cardiac Contractile Cells

There is a distinctly different electrical pattern involving the contractile cells. In this case, there is a rapid
depolarization, followed by a plateau phase and then repolarization. This phenomenon accounts for the long
refractory periods required for the cardiac muscle cells to pump blood effectively before they are capable of firing
for a second time. These cardiac myocytes normally do not initiate their own electrical potential but rather wait

for an impulse to reach them.

Contractile cells demonstrate a much more stable resting phase than conductive cells at approximately —80 mV
for cells in the atria and 90 mV for cells in the ventricles. Despite this initial difference, the other components
of their action potentials are virtually identical. In both cases, when stimulated by an action potential, voltage-
gated channels rapidly open, beginning the positive-feedback mechanism of depolarization. This rapid influx
of positively charged ions raises the membrane potential to approximately +30 mV, at which point the sodium
channels close. The rapid depolarization period typically lasts 3-5 ms. Depolarization is followed by the plateau
phase, in which membrane potential declines relatively slowly. This is due in large part to the opening of the
slow Ca®* channels, allowing Ca®’ to enter the cell while few K channels are open, allowing K* to exit
the cell. The relatively long plateau phase lasts approximately 175 ms. Once the membrane potential reaches
approximately zero, the Ca?* channels close and K* channels open, allowing K™ to exit the cell. The repolarization
lasts approximately 75 ms. At this point, membrane potential drops until it reaches resting levels once more and
the cycle repeats. The entire event lasts between 250 and 300 ms ((Figure)).

The absolute refractory period for cardiac contractile muscle lasts approximately 200 ms, and the relative
refractory period lasts approximately 50 ms, for a total of 250 ms. This extended period is critical, since the heart
muscle must contract to pump blood effectively and the contraction must follow the electrical events. Without
extended refractory periods, premature contractions would occur in the heart and would not be compatible with
life.

Action Potential in Cardiac Contractile Cells
(a) Note the long plateau phase due to the influx of calcium ions. The extended refractory period allows the cell
to fully contract before another electrical event can occur. (b) The action potential for heart muscle is compared

to that of skeletal muscle.
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Calcium lons

Calcium ions play two critical roles in the physiology of cardiac muscle. Their influx through slow calcium
channels accounts for the prolonged plateau phase and absolute refractory period that enable cardiac muscle to
function properly. Calcium ions also combine with the regulatory protein troponin in the troponin-tropomyosin
complex; this complex removes the inhibition that prevents the heads of the myosin molecules from forming cross
bridges with the active sites on actin that provide the power stroke of contraction. This mechanism is virtually
identical to that of skeletal muscle. Approximately 20 percent of the calcium required for contraction is supplied
by the influx of Ca®" during the plateau phase. The remaining Ca" for contraction is released from storage in the
sarcoplasmic reticulum.

Comparative Rates of Conduction System Firing

The pattern of prepotential or spontaneous depolarization, followed by rapid depolarization and repolarization
just described, are seen in the SA node and a few other conductive cells in the heart. Since the SA node is the

pacemaker, it reaches threshold faster than any other component of the conduction system. It will initiate the
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impulses spreading to the other conducting cells. The SA node, without nervous or endocrine control, would
initiate a heart impulse approximately 80-100 times per minute. Although each component of the conduction
system is capable of generating its own impulse, the rate progressively slows as you proceed from the SA node
to the Purkinje fibers. Without the SA node, the AV node would generate a heart rate of 40-60 beats per minute.
If the AV node were blocked, the atrioventricular bundle would fire at a rate of approximately 30-40 impulses
per minute. The bundle branches would have an inherent rate of 20-30 impulses per minute, and the Purkinje
fibers would fire at 15-20 impulses per minute. While a few exceptionally trained aerobic athletes demonstrate
resting heart rates in the range of 30—40 beats per minute (the lowest recorded figure is 28 beats per minute for
Miguel Indurain, a cyclist), for most individuals, rates lower than 50 beats per minute would indicate a condition
called bradycardia. Depending upon the specific individual, as rates fall much below this level, the heart would be
unable to maintain adequate flow of blood to vital tissues, initially resulting in decreasing loss of function across

the systems, unconsciousness, and ultimately death.

Electrocardiogram

By careful placement of surface electrodes on the body, it is possible to record the complex, compound electrical
signal of the heart. This tracing of the electrical signal is the electrocardiogram (ECG), also commonly
abbreviated EKG (K coming kardiology, from the German term for cardiology). Careful analysis of the ECG
reveals a detailed picture of both normal and abnormal heart function, and is an indispensable clinical diagnostic
tool. The standard electrocardiograph (the instrument that generates an ECG) uses 3, 5, or 12 leads. The greater
the number of leads an electrocardiograph uses, the more information the ECG provides. The term “lead” may
be used to refer to the cable from the electrode to the electrical recorder, but it typically describes the voltage
difference between two of the electrodes. The 12-lead electrocardiograph uses 10 electrodes placed in standard
locations on the patient’s skin ((Figure)). In continuous ambulatory electrocardiographs, the patient wears a small,
portable, battery-operated device known as a Holter monitor, or simply a Holter, that continuously monitors heart

electrical activity, typically for a period of 24 hours during the patient’s normal routine.

Standard Placement of ECG Leads

In a 12-lead ECG, six electrodes are placed on the chest, and four electrodes are placed on the limbs.
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A normal ECG tracing is presented in (Figure). Each component, segment, and interval is labeled and corresponds
to important electrical events, demonstrating the relationship between these events and contraction in the heart.

There are five prominent points on the ECG: the P wave, the QRS complex, and the T wave. The small P wave
represents the depolarization of the atria. The atria begin contracting approximately 25 ms after the start of the
P wave. The large QRS complex represents the depolarization of the ventricles, which requires a much stronger
electrical signal because of the larger size of the ventricular cardiac muscle. The ventricles begin to contract as
the QRS reaches the peak of the R wave. Lastly, the T wave represents the repolarization of the ventricles. The

repolarization of the atria occurs during the QRS complex, which masks it on an ECG.

The major segments and intervals of an ECG tracing are indicated in (Figure). Segments are defined as the regions
between two waves. Intervals include one segment plus one or more waves. For example, the PR segment begins
at the end of the P wave and ends at the beginning of the QRS complex. The PR interval starts at the beginning

of the P wave and ends with the beginning of the QRS complex. The PR interval is more clinically relevant,
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as it measures the duration from the beginning of atrial depolarization (the P wave) to the initiation of the QRS
complex. Since the Q wave may be difficult to view in some tracings, the measurement is often extended to the R
that is more easily visible. Should there be a delay in passage of the impulse from the SA node to the AV node, it

would be visible in the PR interval. (Figure) correlates events of heart contraction to the corresponding segments

and intervals of an ECG.

Visit this site for a more detailed analysis of ECGs.

Electrocardiogram
A normal tracing shows the P wave, QRS complex, and T wave. Also indicated are the PR, QT, QRS, and ST

intervals, plus the P-R and S-T segments.
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ECG Tracing Correlated to the Cardiac Cycle
This diagram correlates an ECG tracing with the electrical and mechanical events of a heart contraction. Each

segment of an ECG tracing corresponds to one event in the cardiac cycle.
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Everyday Connection

ECG Abnormalities Occassionally, an area of the heart other than the SA node will initiate an impulse
that will be followed by a premature contraction. Such an area, which may actually be a component of
the conduction system or some other contractile cells, is known as an ectopic focus or ectopic pacemaker.
An ectopic focus may be stimulated by localized ischemia; exposure to certain drugs, including caffeine,
digitalis, or acetylcholine; elevated stimulation by both sympathetic or parasympathetic divisions of the
autonomic nervous system; or a number of disease or pathological conditions. Occasional occurances are
generally transitory and nonlife threatening, but if the condition becomes chronic, it may lead to either an
arrhythmia, a deviation from the normal pattern of impulse conduction and contraction, or to fibrillation, an

uncoordinated beating of the heart.

While interpretation of an ECG is possible and extremely valuable after some training, a full understanding
of the complexities and intricacies generally requires several years of experience. In general, the size of the
electrical variations, the duration of the events, and detailed vector analysis provide the most comprehensive
picture of cardiac function. For example, an amplified P wave may indicate enlargement of the atria, an
enlarged Q wave may indicate a M1, and an enlarged suppressed or inverted Q wave often indicates enlarged
ventricles. T waves often appear flatter when insufficient oxygen is being delivered to the myocardium.
An elevation of the ST segment above baseline is often seen in patients with an acute MI, and may appear

depressed below the baseline when hypoxia is occurring.

As useful as analyzing these electrical recordings may be, there are limitations. For example, not all areas

suffering a MI may be obvious on the ECG. Additionally, it will not reveal the effectiveness of the pumping,
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which requires further testing, such as an ultrasound test called an echocardiogram or nuclear medicine
imaging. It is also possible for there to be pulseless electrical activity, which will show up on an ECG tracing,
although there is no corresponding pumping action. Common abnormalities that may be detected by the
ECGs are shown in (Figure).

Common ECG Abnormalities

(a) In a second-degree or partial block, one-half of the P waves are not followed by the QRS complex and
T waves while the other half are. (b) In atrial fibrillation, the electrical pattern is abnormal prior to the QRS
complex, and the frequency between the QRS complexes has increased. (c) In ventricular tachycardia, the
shape of the QRS complex is abnormal. (d) In ventricular fibrillation, there is no normal electrical activity.
(e) In a third-degree block, there is no correlation between atrial activity (the P wave) and ventricular

activity (the QRS complex).

Note how half of the P waves
are not followed by the QRS
complex and T waves while the
other half are.

Question: What would you
expect to happen to heart rate
(pulse)?

(a) Second-degree (partial) block

Note the abnormal electrical
pattern prior to the QRS

complexes. Also note how the
frequency between the QRS
complexes has increased.

Question: What would you
expect to happen to heart rate
ulse)?
(b) Atrial fibrillation (pulse)

Note the unusual shape of the
QRS complex, focusing on the
“S” component.

Question: What would you
expect to happen to heart rate
(pulse)?

(c) Ventricular tachycardia

Note the total lack of normal
electrical activity.
Question: What would you

expect to happen to heart
rate (pulse)?

(d) Ventricular fibrillation

Note that in a third-degree block
some of the impulses initiated by

the SA node do not reach the

AV node while others do. Also note
that the P waves are not followed
by the QRS complex.

Question: What would you expect
(e) Third-degree block to happen to heart rate (pulse)?
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Visit this site for a more complete library of abnormal ECGs.

Everyday Connection

External Automated Defibrillators In the event that the electrical activity of the heart is severely disrupted,
cessation of electrical activity or fibrillation may occur. In fibrillation, the heart beats in a wild, uncontrolled
manner, which prevents it from being able to pump effectively. Atrial fibrillation (see (Figure)b) is a serious
condition, but as long as the ventricles continue to pump blood, the patient’s life may not be in immediate
danger. Ventricular fibrillation (see (Figure)d) is a medical emergency that requires life support, because the
ventricles are not effectively pumping blood. In a hospital setting, it is often described as “code blue.” If
untreated for as little as a few minutes, ventricular fibrillation may lead to brain death. The most common
treatment is defibrillation, which uses special paddles to apply a charge to the heart from an external
electrical source in an attempt to establish a normal sinus rhythm ((Figure)). A defibrillator effectively
stops the heart so that the SA node can trigger a normal conduction cycle. Because of their effectiveness
in reestablishing a normal sinus rhythm, external automated defibrillators (EADs) are being placed in areas
frequented by large numbers of people, such as schools, restaurants, and airports. These devices contain
simple and direct verbal instructions that can be followed by nonmedical personnel in an attempt to save a
life.

Defibrillators
(a) An external automatic defibrillator can be used by nonmedical personnel to reestablish a normal sinus

rhythm in a person with fibrillation. (b) Defibrillator paddles are more commonly used in hospital settings.
(credit b: “widerider107”/flickr.com)

\
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A heart block refers to an interruption in the normal conduction pathway. The nomenclature for these is very
straightforward. SA nodal blocks occur within the SA node. AV nodal blocks occur within the AV node. Infra-

Hisian blocks involve the bundle of His. Bundle branch blocks occur within either the left or right atrioventricular
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bundle branches. Hemiblocks are partial and occur within one or more fascicles of the atrioventricular bundle

branch. Clinically, the most common types are the AV nodal and infra-Hisian blocks.

AV blocks are often described by degrees. A first-degree or partial block indicates a delay in conduction between
the SA and AV nodes. This can be recognized on the ECG as an abnormally long PR interval. A second-degree or
incomplete block occurs when some impulses from the SA node reach the AV node and continue, while others do
not. In this instance, the ECG would reveal some P waves not followed by a QRS complex, while others would
appear normal. In the third-degree or complete block, there is no correlation between atrial activity (the P wave)
and ventricular activity (the QRS complex). Even in the event of a total SA block, the AV node will assume the
role of pacemaker and continue initiating contractions at 40-60 contractions per minute, which is adequate to

maintain consciousness. Second- and third-degree blocks are demonstrated on the ECG presented in (Figure).

When arrhythmias become a chronic problem, the heart maintains a junctional rhythm, which originates in
the AV node. In order to speed up the heart rate and restore full sinus rhythm, a cardiologist can implant an
artificial pacemaker, which delivers electrical impulses to the heart muscle to ensure that the heart continues to
contract and pump blood effectively. These artificial pacemakers are programmable by the cardiologists and can
either provide stimulation temporarily upon demand or on a continuous basis. Some devices also contain built-in
defibrillators.

Cardiac Muscle Metabolism

Normally, cardiac muscle metabolism is entirely aerobic. Oxygen from the lungs is brought to the heart, and
every other organ, attached to the hemoglobin molecules within the erythrocytes. Heart cells also store appreciable
amounts of oxygen in myoglobin. Normally, these two mechanisms, circulating oxygen and oxygen attached to

myoglobin, can supply sufficient oxygen to the heart, even during peak performance.

Fatty acids and glucose from the circulation are broken down within the mitochondria to release energy in the
form of ATP. Both fatty acid droplets and glycogen are stored within the sarcoplasm and provide additional

nutrient supply. (Seek additional content for more detail about metabolism.)



19.3 Cardiac Cycle

Learning Objectives

By the end of this section, you will be able to:

 Describe the relationship between blood pressure and blood flow
» Summarize the events of the cardiac cycle

» Compare atrial and ventricular systole and diastole

* Relate heart sounds detected by auscultation to action of heart’s valves

The period of time that begins with contraction of the atria and ends with ventricular relaxation is known as the
cardiac cycle ((Figure)). The period of contraction that the heart undergoes while it pumps blood into circulation
is called systole. The period of relaxation that occurs as the chambers fill with blood is called diastole. Both the
atria and ventricles undergo systole and diastole, and it is essential that these components be carefully regulated
and coordinated to ensure blood is pumped efficiently to the body.

Overview of the Cardiac Cycle
The cardiac cycle begins with atrial systole and progresses to ventricular systole, atrial diastole, and ventricular
diastole, when the cycle begins again. Correlations to the ECG are highlighted.
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Pressures and Flow

Fluids, whether gases or liquids, are materials that flow according to pressure gradients—that is, they move from
regions that are higher in pressure to regions that are lower in pressure. Accordingly, when the heart chambers are
relaxed (diastole), blood will flow into the atria from the veins, which are higher in pressure. As blood flows into
the atria, the pressure will rise, so the blood will initially move passively from the atria into the ventricles. When
the action potential triggers the muscles in the atria to contract (atrial systole), the pressure within the atria rises
further, pumping blood into the ventricles. During ventricular systole, pressure rises in the ventricles, pumping
blood into the pulmonary trunk from the right ventricle and into the aorta from the left ventricle. Again, as you

consider this flow and relate it to the conduction pathway, the elegance of the system should become apparent.

Phases of the Cardiac Cycle

At the beginning of the cardiac cycle, both the atria and ventricles are relaxed (diastole). Blood is flowing into the
right atrium from the superior and inferior venae cavae and the coronary sinus. Blood flows into the left atrium
from the four pulmonary veins. The two atrioventricular valves, the tricuspid and mitral valves, are both open,
so blood flows unimpeded from the atria and into the ventricles. Approximately 70-80 percent of ventricular
filling occurs by this method. The two semilunar valves, the pulmonary and aortic valves, are closed, preventing
backflow of blood into the right and left ventricles from the pulmonary trunk on the right and the aorta on the left.
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Atrial Systole and Diastole

Contraction of the atria follows depolarization, represented by the P wave of the ECG. As the atrial muscles
contract from the superior portion of the atria toward the atrioventricular septum, pressure rises within the atria
and blood is pumped into the ventricles through the open atrioventricular (tricuspid, and mitral or bicuspid) valves.
At the start of atrial systole, the ventricles are normally filled with approximately 70-80 percent of their capacity
due to inflow during diastole. Atrial contraction, also referred to as the “atrial kick,” contributes the remaining
20-30 percent of filling (see (Figure)). Atrial systole lasts approximately 100 ms and ends prior to ventricular

systole, as the atrial muscle returns to diastole.

Ventricular Systole

Ventricular systole (see (Figure)) follows the depolarization of the ventricles and is represented by the QRS
complex in the ECG. It may be conveniently divided into two phases, lasting a total of 270 ms. At the end of atrial
systole and just prior to atrial contraction, the ventricles contain approximately 130 mL blood in a resting adult in

a standing position. This volume is known as the end diastolic volume (EDV) or preload.

Initially, as the muscles in the ventricle contract, the pressure of the blood within the chamber rises, but it is not
yet high enough to open the semilunar (pulmonary and aortic) valves and be ejected from the heart. However,
blood pressure quickly rises above that of the atria that are now relaxed and in diastole. This increase in pressure
causes blood to flow back toward the atria, closing the tricuspid and mitral valves. Since blood is not being ejected
from the ventricles at this early stage, the volume of blood within the chamber remains constant. Consequently,

this initial phase of ventricular systole is known as isovolumic contraction, also called isovolumetric contraction

(see (Figure)).

In the second phase of ventricular systole, the ventricular ejection phase, the contraction of the ventricular
muscle has raised the pressure within the ventricle to the point that it is greater than the pressures in the pulmonary
trunk and the aorta. Blood is pumped from the heart, pushing open the pulmonary and aortic semilunar valves.
Pressure generated by the left ventricle will be appreciably greater than the pressure generated by the right
ventricle, since the existing pressure in the aorta will be so much higher. Nevertheless, both ventricles pump the
same amount of blood. This quantity is referred to as stroke volume. Stroke volume will normally be in the range
of 70-80 mL. Since ventricular systole began with an EDV of approximately 130 mL of blood, this means that
there is still 50—60 mL of blood remaining in the ventricle following contraction. This volume of blood is known
as the end systolic volume (ESV).

Ventricular Diastole

Ventricular relaxation, or diastole, follows repolarization of the ventricles and is represented by the T wave of the

ECG. It too is divided into two distinct phases and lasts approximately 430 ms.

During the early phase of ventricular diastole, as the ventricular muscle relaxes, pressure on the remaining blood
within the ventricle begins to fall. When pressure within the ventricles drops below pressure in both the pulmonary

trunk and aorta, blood flows back toward the heart, producing the dicrotic notch (small dip) seen in blood pressure
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tracings. The semilunar valves close to prevent backflow into the heart. Since the atrioventricular valves remain
closed at this point, there is no change in the volume of blood in the ventricle, so the early phase of ventricular

diastole is called the isovolumic ventricular relaxation phase, also called isovolumetric ventricular relaxation

phase (see (Figure)).

In the second phase of ventricular diastole, called late ventricular diastole, as the ventricular muscle relaxes,
pressure on the blood within the ventricles drops even further. Eventually, it drops below the pressure in the atria.
When this occurs, blood flows from the atria into the ventricles, pushing open the tricuspid and mitral valves. As
pressure drops within the ventricles, blood flows from the major veins into the relaxed atria and from there into
the ventricles. Both chambers are in diastole, the atrioventricular valves are open, and the semilunar valves remain
closed (see (Figure)). The cardiac cycle is complete.

(Figure) illustrates the relationship between the cardiac cycle and the ECG.

Relationship between the Cardiac Cycle and ECG

Initially, both the atria and ventricles are relaxed (diastole). The P wave represents depolarization of the atria and
is followed by atrial contraction (systole). Atrial systole extends until the QRS complex, at which point, the atria
relax. The QRS complex represents depolarization of the ventricles and is followed by ventricular contraction.
The T wave represents the repolarization of the ventricles and marks the beginning of ventricular relaxation.
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One cardiac cycle
Heart Sounds

One of the simplest, yet effective, diagnostic techniques applied to assess the state of a patient’s heart is

auscultation using a stethoscope.

In a normal, healthy heart, there are only two audible heart sounds: S; and S,. S; is the sound created by
the closing of the atrioventricular valves during ventricular contraction and is normally described as a “lub,”
or first heart sound. The second heart sound, S,, is the sound of the closing of the semilunar valves during
ventricular diastole and is described as a “dub” ((Figure)). In both cases, as the valves close, the openings within
the atrioventricular septum guarded by the valves will become reduced, and blood flow through the opening will

become more turbulent until the valves are fully closed. There is a third heart sound, Ss, but it is rarely heard
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in healthy individuals. It may be the sound of blood flowing into the atria, or blood sloshing back and forth in
the ventricle, or even tensing of the chordae tendineae. S3 may be heard in youth, some athletes, and pregnant
women. If the sound is heard later in life, it may indicate congestive heart failure, warranting further tests. Some
cardiologists refer to the collective Sq, Sy, and S3 sounds as the “Kentucky gallop,” because they mimic those
produced by a galloping horse. The fourth heart sound, S4, results from the contraction of the atria pushing blood
into a stiff or hypertrophic ventricle, indicating failure of the left ventricle. S4 occurs prior to S and the collective
sounds Sy, S, and S, are referred to by some cardiologists as the “Tennessee gallop,” because of their similarity
to the sound produced by a galloping horse with a different gait. A few individuals may have both Sz and S4, and
this combined sound is referred to as S-.

Heart Sounds and the Cardiac Cycle

In this illustration, the x-axis reflects time with a recording of the heart sounds. The y-axis represents pressure.
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The term murmur is used to describe an unusual sound coming from the heart that is caused by the turbulent
flow of blood. Murmurs are graded on a scale of 1 to 6, with 1 being the most common, the most difficult sound
to detect, and the least serious. The most severe is a 6. Phonocardiograms or auscultograms can be used to record

both normal and abnormal sounds using specialized electronic stethoscopes.

During auscultation, it is common practice for the clinician to ask the patient to breathe deeply. This procedure
not only allows for listening to airflow, but it may also amplify heart murmurs. Inhalation increases blood flow
into the right side of the heart and may increase the amplitude of right-sided heart murmurs. Expiration partially
restricts blood flow into the left side of the heart and may amplify left-sided heart murmurs. (Figure) indicates
proper placement of the bell of the stethoscope to facilitate auscultation.
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Figure 19.30 Stethoscope Placement for Auscultation
Proper placement of the bell of the stethoscope facilitates auscultation. At each of the four locations on the chest,

a different valve can be heard.

Pulmonary valve

Aortic valve

Mitral valve

Tricuspid valve



19.4 Cardiac Physiology

Learning Objectives
By the end of this section, you will be able to:

* Relate heart rate to cardiac output

» Describe the effect of exercise on heart rate

+ Identify cardiovascular centers and cardiac reflexes that regulate heart function
* Describe factors affecting heart rate

+ Distinguish between positive and negative factors that affect heart contractility
* Summarize factors affecting stroke volume and cardiac output

* Describe the cardiac response to variations in blood flow and pressure

The autorhythmicity inherent in cardiac cells keeps the heart beating at a regular pace; however, the heart is
regulated by and responds to outside influences as well. Neural and endocrine controls are vital to the regulation

of cardiac function. In addition, the heart is sensitive to several environmental factors, including electrolytes.

Resting Cardiac Output

Cardiac output (CO) is a measurement of the amount of blood pumped by each ventricle in one minute. To
calculate this value, multiply stroke volume (SV), the amount of blood pumped by each ventricle, by heart
rate (HR), in contractions per minute (or beats per minute, bpm). It can be represented mathematically by the
following equation:

CO =HR x SV

SV is normally measured using an echocardiogram to record EDV and ESV, and calculating the difference: SV
= EDV — ESV. SV can also be measured using a specialized catheter, but this is an invasive procedure and far
more dangerous to the patient. A mean SV for a resting 70-kg (150-1b) individual would be approximately 70 mL.
There are several important variables, including size of the heart, physical and mental condition of the individual,
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sex, contractility, duration of contraction, preload or EDV, and afterload or resistance. Normal range for SV would
be 55-100 mL. An average resting HR would be approximately 75 bpm but could range from 60—100 in some

individuals.

Using these numbers, the mean CO is 5.25 L/min, with a range of 4.0-8.0 L/min. Remember, however, that
these numbers refer to CO from each ventricle separately, not the total for the heart. Factors influencing CO are
summarized in (Figure).

Major Factors Influencing Cardiac Output
Cardiac output is influenced by heart rate and stroke volume, both of which are also variable.

Factors Affecting Heart Rate (HR) Factors Affecting Stroke Volume (SV)

Autonomic innervation Heart size

Hormones Fitness levels

Fitness levels Gender

Age Contractility
Duration of contraction
Preload (EDV)
Afterload (resistance)

Heart Rate (HR) Stroke Volume (SV) = EDV — ESV

Cardiac Output (CO) = HR X SV

SVs are also used to calculate ejection fraction, which is the portion of the blood that is pumped or ejected
from the heart with each contraction. To calculate ejection fraction, SV is divided by EDV. Despite the name,
the ejection fraction is normally expressed as a percentage. Ejection fractions range from approximately 55-70

percent, with a mean of 58 percent.

Exercise and Maximum Cardiac Output

In healthy young individuals, HR may increase to 150 bpm during exercise. SV can also increase from 70 to
approximately 130 mL due to increased strength of contraction. This would increase CO to approximately 19.5
L/min, 4-5 times the resting rate. Top cardiovascular athletes can achieve even higher levels. At their peak

performance, they may increase resting CO by 7-8 times.

Since the heart is a muscle, exercising it increases its efficiency. The difference between maximum and resting
CO is known as the cardiac reserve. It measures the residual capacity of the heart to pump blood.

Heart Rates

HRs vary considerably, not only with exercise and fitness levels, but also with age. Newborn resting HRs may be

120 bpm. HR gradually decreases until young adulthood and then gradually increases again with age.
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Maximum HRs are normally in the range of 200-220 bpm, although there are some extreme cases in which they
may reach higher levels. As one ages, the ability to generate maximum rates decreases. This may be estimated by
taking the maximal value of 220 bpm and subtracting the individual’s age. So a 40-year-old individual would be

expected to hit a maximum rate of approximately 180, and a 60-year-old person would achieve a HR of 160.

Disorders of the...

Heart: Abnormal Heart Rates For an adult, normal resting HR will be in the range of 60-100 bpm.
Bradycardia is the condition in which resting rate drops below 60 bpm, and tachycardia is the condition in
which the resting rate is above 100 bpm. Trained athletes typically have very low HRs. If the patient is not
exhibiting other symptoms, such as weakness, fatigue, dizziness, fainting, chest discomfort, palpitations, or
respiratory distress, bradycardia is not considered clinically significant. However, if any of these symptoms
are present, they may indicate that the heart is not providing sufficient oxygenated blood to the tissues. The
term relative bradycardia may be used with a patient who has a HR in the normal range but is still suffering

from these symptoms. Most patients remain asymptomatic as long as the HR remains above 50 bpm.

Bradycardia may be caused by either inherent factors or causes external to the heart. While the condition
may be inherited, typically it is acquired in older individuals. Inherent causes include abnormalities in either
the SA or AV node. If the condition is serious, a pacemaker may be required. Other causes include ischemia
to the heart muscle or diseases of the heart vessels or valves. External causes include metabolic disorders,
pathologies of the endocrine system often involving the thyroid, electrolyte imbalances, neurological
disorders including inappropriate autonomic responses, autoimmune pathologies, over-prescription of beta
blocker drugs that reduce HR, recreational drug use, or even prolonged bed rest. Treatment relies upon

establishing the underlying cause of the disorder and may necessitate supplemental oxygen.

Tachycardia is not normal in a resting patient but may be detected in pregnant women or individuals
experiencing extreme stress. In the latter case, it would likely be triggered by stimulation from the limbic
system or disorders of the autonomic nervous system. In some cases, tachycardia may involve only the
atria. Some individuals may remain asymptomatic, but when present, symptoms may include dizziness,
shortness of breath, lightheadedness, rapid pulse, heart palpations, chest pain, or fainting (syncope). While
tachycardia is defined as a HR above 100 bpm, there is considerable variation among people. Further, the
normal resting HRs of children are often above 100 bpm, but this is not considered to be tachycardia Many
causes of tachycardia may be benign, but the condition may also be correlated with fever, anemia, hypoxia,
hyperthyroidism, hypersecretion of catecholamines, some cardiomyopathies, some disorders of the valves,
and acute exposure to radiation. Elevated rates in an exercising or resting patient are normal and expected.
Resting rate should always be taken after recovery from exercise. Treatment depends upon the underlying
cause but may include medications, implantable cardioverter defibrillators, ablation, or surgery.
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Correlation Between Heart Rates and Cardiac Output

Initially, physiological conditions that cause HR to increase also trigger an increase in SV. During exercise, the
rate of blood returning to the heart increases. However as the HR rises, there is less time spent in diastole and
consequently less time for the ventricles to fill with blood. Even though there is less filling time, SV will initially
remain high. However, as HR continues to increase, SV gradually decreases due to decreased filling time. CO
will initially stabilize as the increasing HR compensates for the decreasing SV, but at very high rates, CO will
eventually decrease as increasing rates are no longer able to compensate for the decreasing SV. Consider this
phenomenon in a healthy young individual. Initially, as HR increases from resting to approximately 120 bpm,
CO will rise. As HR increases from 120 to 160 bpm, CO remains stable, since the increase in rate is offset by
decreasing ventricular filling time and, consequently, SV. As HR continues to rise above 160 bpm, CO actually
decreases as SV falls faster than HR increases. So although aerobic exercises are critical to maintain the health of
the heart, individuals are cautioned to monitor their HR to ensure they stay within the target heart rate range of
between 120 and 160 bpm, so CO is maintained. The target HR is loosely defined as the range in which both the

heart and lungs receive the maximum benefit from the aerobic workout and is dependent upon age.

Cardiovascular Centers

Nervous control over HR is centralized within the two paired cardiovascular centers of the medulla oblongata
((Figure)). The cardioaccelerator regions stimulate activity via sympathetic stimulation of the cardioaccelerator
nerves, and the cardioinhibitory centers decrease heart activity via parasympathetic stimulation as one component
of the vagus nerve, cranial nerve X. During rest, both centers provide slight stimulation to the heart, contributing
to autonomic tone. This is a similar concept to tone in skeletal muscles. Normally, vagal stimulation

predominates as, left unregulated, the SA node would initiate a sinus rhythm of approximately 100 bpm.

Both sympathetic and parasympathetic stimulations flow through a paired complex network of nerve fibers known
as the cardiac plexus near the base of the heart. The cardioaccelerator center also sends additional fibers, forming
the cardiac nerves via sympathetic ganglia (the cervical ganglia plus superior thoracic ganglia T1-T4) to both the
SA and AV nodes, plus additional fibers to the atria and ventricles. The ventricles are more richly innervated by
sympathetic fibers than parasympathetic fibers. Sympathetic stimulation causes the release of the neurotransmitter
norepinephrine (NE) at the neuromuscular junction of the cardiac nerves. NE shortens the repolarization period,
thus speeding the rate of depolarization and contraction, which results in an increase in HR. It opens chemical- or

ligand-gated sodium and calcium ion channels, allowing an influx of positively charged ions.

NE binds to the beta-1 receptor. Some cardiac medications (for example, beta blockers) work by blocking these
receptors, thereby slowing HR and are one possible treatment for hypertension. Overprescription of these drugs

may lead to bradycardia and even stoppage of the heart.

Autonomic Innervation of the Heart

Cardioaccelerator and cardioinhibitory areas are components of the paired cardiac centers located in the medulla
oblongata of the brain. They innervate the heart via sympathetic cardiac nerves that increase cardiac activity and
vagus (parasympathetic) nerves that slow cardiac activity.
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Parasympathetic stimulation originates from the cardioinhibitory region with impulses traveling via the vagus

nerve (cranial nerve X). The vagus nerve sends branches to both the SA and AV nodes, and to portions of

both the atria and ventricles. Parasympathetic stimulation releases the neurotransmitter acetylcholine (ACh) at

the neuromuscular junction. ACh slows HR by opening chemical- or ligand-gated potassium ion channels to

slow the rate of spontaneous depolarization, which extends repolarization and increases the time before the

next spontaneous depolarization occurs. Without any nervous stimulation, the SA node would establish a sinus

rhythm of approximately 100 bpm. Since resting rates are considerably less than this, it becomes evident that

parasympathetic stimulation normally slows HR. This is similar to an individual driving a car with one foot on the

brake pedal. To speed up, one need merely remove one’s foot from the break and let the engine increase speed.

In the case of the heart, decreasing parasympathetic stimulation decreases the release of ACh, which allows HR

to increase up to approximately 100 bpm. Any increases beyond this rate would require sympathetic stimulation.

(Figure) illustrates the effects of parasympathetic and sympathetic stimulation on the normal sinus rhythm.

Effects of Parasympathetic and Sympathetic Stimulation on Normal Sinus Rhythm

The wave of depolarization in a normal sinus rhythm shows a stable resting HR. Following parasympathetic

stimulation, HR slows. Following sympathetic stimulation, HR increases.
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Input to the Cardiovascular Center

The cardiovascular center receives input from a series of visceral receptors with impulses traveling through
visceral sensory fibers within the vagus and sympathetic nerves via the cardiac plexus. Among these receptors are
various proprioreceptors, baroreceptors, and chemoreceptors, plus stimuli from the limbic system. Collectively,
these inputs normally enable the cardiovascular centers to regulate heart function precisely, a process known as
cardiac reflexes. Increased physical activity results in increased rates of firing by various proprioreceptors located
in muscles, joint capsules, and tendons. Any such increase in physical activity would logically warrant increased
blood flow. The cardiac centers monitor these increased rates of firing, and suppress parasympathetic stimulation

and increase sympathetic stimulation as needed in order to increase blood flow.

Similarly, baroreceptors are stretch receptors located in the aortic sinus, carotid bodies, the venae cavae, and other
locations, including pulmonary vessels and the right side of the heart itself. Rates of firing from the baroreceptors
represent blood pressure, level of physical activity, and the relative distribution of blood. The cardiac centers
monitor baroreceptor firing to maintain cardiac homeostasis, a mechanism called the baroreceptor reflex.

With increased pressure and stretch, the rate of baroreceptor firing increases, and the cardiac centers decrease
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sympathetic stimulation and increase parasympathetic stimulation. As pressure and stretch decrease, the rate
of baroreceptor firing decreases, and the cardiac centers increase sympathetic stimulation and decrease

parasympathetic stimulation.

There is a similar reflex, called the atrial reflex or Bainbridge reflex, associated with varying rates of blood
flow to the atria. Increased venous return stretches the walls of the atria where specialized baroreceptors are
located. However, as the atrial baroreceptors increase their rate of firing and as they stretch due to the increased
blood pressure, the cardiac center responds by increasing sympathetic stimulation and inhibiting parasympathetic

stimulation to increase HR. The opposite is also true.

Increased metabolic byproducts associated with increased activity, such as carbon dioxide, hydrogen ions,
and lactic acid, plus falling oxygen levels, are detected by a suite of chemoreceptors innervated by the
glossopharyngeal and vagus nerves. These chemoreceptors provide feedback to the cardiovascular centers about

the need for increased or decreased blood flow, based on the relative levels of these substances.

The limbic system can also significantly impact HR related to emotional state. During periods of stress, it is
not unusual to identify higher than normal HRs, often accompanied by a surge in the stress hormone cortisol.
Individuals experiencing extreme anxiety may manifest panic attacks with symptoms that resemble those of heart
attacks. These events are typically transient and treatable. Meditation techniques have been developed to ease
anxiety and have been shown to lower HR effectively. Doing simple deep and slow breathing exercises with one’s

eyes closed can also significantly reduce this anxiety and HR.

Disorders of the...

Heart: Broken Heart Syndrome Extreme stress from such life events as the death of a loved one, an
emotional break up, loss of income, or foreclosure of a home may lead to a condition commonly referred
to as broken heart syndrome. This condition may also be called Takotsubo cardiomyopathy, transient apical
ballooning syndrome, apical ballooning cardiomyopathy, stress-induced cardiomyopathy, Gebrochenes-
Herz syndrome, and stress cardiomyopathy. The recognized effects on the heart include congestive heart
failure due to a profound weakening of the myocardium not related to lack of oxygen. This may lead to acute
heart failure, lethal arrhythmias, or even the rupture of a ventricle. The exact etiology is not known, but
several factors have been suggested, including transient vasospasm, dysfunction of the cardiac capillaries,
or thickening of the myocardium—particularly in the left ventricle—that may lead to the critical circulation
of blood to this region. While many patients survive the initial acute event with treatment to restore normal
function, there is a strong correlation with death. Careful statistical analysis by the Cass Business School,
a prestigious institution located in London, published in 2008, revealed that within one year of the death of
a loved one, women are more than twice as likely to die and males are six times as likely to die as would

otherwise be expected.
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Other Factors Influencing Heart Rate

Using a combination of autorhythmicity and innervation, the cardiovascular center is able to provide relatively

precise control over HR. However, there are a number of other factors that have an impact on HR as well,

including epinephrine, NE, and thyroid hormones; levels of various ions including calcium, potassium, and

sodium; body temperature; hypoxia; and pH balance ((Figure) and (Figure)). After reading this section, the

importance of maintaining homeostasis should become even more apparent.

Major Factors Increasing Heart Rate and Force of Contraction

Factor

Cardioaccelerator nerves

Effect

Release of norepinephrine by cardioinhibitory nerves

Proprioreceptors Increased firing rates of proprioreceptors (e.g. during exercise)
Chemoreceptors Chemoreceptors sensing decreased levels of O or increased levels of H, CO; and lactic acid
Baroreceptors Decreased firing rates of baroreceptors (indicating falling blood volume/pressure)

Limbic system

Anticipation of physical exercise or strong emotions by the limbic system

Catecholamines

Increased epinephrine and norepinephrine release by the adrenal glands

Thyroid hormones

Increased T3 and Ty in the blood (released by thyroid)

Calcium Increase in calcium ions in the blood
Potassium Decrease in potassium ions in the blood
Sodium Decrease in sodium ions in the blood

Body temperature

Increase in body temperature

Nicotine and caffeine

Presence of nicotine, caffeine or other stimulants
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Factors Decreasing Heart Rate and Force of Contraction
Factor Effect

Cardioinhibitor nerves . .
Release of acetylcholine by cardioaccelerator nerves

(vagus)

Proprioreceptors Decreased firing rates of proprioreceptors (e.g. during rest)

Chemoreceptors Chemoreceptors sensing increased levels of O, or decreased levels of H*, CO, and lactic
acid

Baroreceptors Increased firing rates of baroreceptors (indicating rising blood volume/pressure)

Limbic system Anticipation of relaxation by the limbic system

Catecholamines Increased epinephrine and norepinephrine release by the adrenal glands

Thyroid hormones Decreased T3 and Ty in the blood (released by thyroid)

Calcium Increase in calcium ions in the blood

Potassium Increase in potassium ions in the blood

Sodium Increase in sodium ions in the blood

Body temperature Decrease in body temperature

Opiates and tranquilizers Presence of opiates (heroin), tranquilizers or other depressants

Epinephrine and Norepinephrine

The catecholamines, epinephrine and NE, secreted by the adrenal medulla form one component of the extended
fight-or-flight mechanism. The other component is sympathetic stimulation. Epinephrine and NE have similar
effects: binding to the beta-1 receptors, and opening sodium and calcium ion chemical- or ligand-gated channels.
The rate of depolarization is increased by this additional influx of positively charged ions, so the threshold is
reached more quickly and the period of repolarization is shortened. However, massive releases of these hormones
coupled with sympathetic stimulation may actually lead to arrhythmias. There is no parasympathetic stimulation
to the adrenal medulla.

Thyroid Hormones

In general, increased levels of thyroid hormone, or thyroxin, increase cardiac rate and contractility. The impact
of thyroid hormone is typically of a much longer duration than that of the catecholamines. The physiologically
active form of thyroid hormone, T3 or triiodothyronine, has been shown to directly enter cardiomyocytes and alter
activity at the level of the genome. It also impacts the beta adrenergic response similar to epinephrine and NE

described above. Excessive levels of thyroxin may trigger tachycardia.

Calcium

Calcium ion levels have great impacts upon both HR and contractility; as the levels of calcium ions increase, so do
HR and contractility. High levels of calcium ions (hypercalcemia) may be implicated in a short QT interval and a

widened T wave in the ECG. The QT interval represents the time from the start of depolarization to repolarization
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of the ventricles, and includes the period of ventricular systole. Extremely high levels of calcium may induce
cardiac arrest. Drugs known as calcium channel blockers slow HR by binding to these channels and blocking or

slowing the inward movement of calcium ions.

Caffeine and Nicotine

Caffeine and nicotine are not found naturally within the body. Both of these nonregulated drugs have an excitatory
effect on membranes of neurons in general and have a stimulatory effect on the cardiac centers specifically,
causing an increase in HR. Caffeine works by increasing the rates of depolarization at the SA node, whereas

nicotine stimulates the activity of the sympathetic neurons that deliver impulses to the heart.

Although it is the world’s most widely consumed psychoactive drug, caffeine is legal and not regulated. While
precise quantities have not been established, “normal” consumption is not considered harmful to most people,
although it may cause disruptions to sleep and acts as a diuretic. Its consumption by pregnant women is cautioned
against, although no evidence of negative effects has been confirmed. Tolerance and even physical and mental

addiction to the drug result in individuals who routinely consume the substance.

Nicotine, too, is a stimulant and produces addiction. While legal and nonregulated, concerns about nicotine’s
safety and documented links to respiratory and cardiac disease have resulted in warning labels on cigarette
packages.

Factors Decreasing Heart Rate

HR can be slowed when a person experiences altered sodium and potassium levels, hypoxia, acidosis, alkalosis,
and hypothermia (see (Figure)). The relationship between electrolytes and HR is complex, but maintaining
electrolyte balance is critical to the normal wave of depolarization. Of the two ions, potassium has the greater
clinical significance. Initially, both hyponatremia (low sodium levels) and hypernatremia (high sodium levels)
may lead to tachycardia. Severely high hypernatremia may lead to fibrillation, which may cause CO to cease.
Severe hyponatremia leads to both bradycardia and other arrhythmias. Hypokalemia (low potassium levels) also
leads to arrhythmias, whereas hyperkalemia (high potassium levels) causes the heart to become weak and flaccid,

and ultimately to fail.

Acidosis is a condition in which excess hydrogen ions are present, and the patient’s blood expresses a low pH
value. Alkalosis is a condition in which there are too few hydrogen ions, and the patient’s blood has an elevated
pH. Normal blood pH falls in the range of 7.35-7.45, so a number lower than this range represents acidosis and a
higher number represents alkalosis. Recall that enzymes are the regulators or catalysts of virtually all biochemical
reactions; they are sensitive to pH and will change shape slightly with values outside their normal range. These
variations in pH and accompanying slight physical changes to the active site on the enzyme decrease the rate of
formation of the enzyme-substrate complex, subsequently decreasing the rate of many enzymatic reactions, which

can have complex effects on HR. Severe changes in pH will lead to denaturation of the enzyme.

The last variable is body temperature. Elevated body temperature is called hyperthermia, and suppressed body
temperature is called hypothermia. Slight hyperthermia results in increasing HR and strength of contraction.
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Hypothermia slows the rate and strength of heart contractions. This distinct slowing of the heart is one component
of the larger diving reflex that diverts blood to essential organs while submerged. If sufficiently chilled, the heart
will stop beating, a technique that may be employed during open heart surgery. In this case, the patient’s blood is
normally diverted to an artificial heart-lung machine to maintain the body’s blood supply and gas exchange until
the surgery is complete, and sinus rhythm can be restored. Excessive hyperthermia and hypothermia will both
result in death, as enzymes drive the body systems to cease normal function, beginning with the central nervous

system.

Stroke Volume

Many of the same factors that regulate HR also impact cardiac function by altering SV. While a number of
variables are involved, SV is ultimately dependent upon the difference between EDV and ESV. The three primary
factors to consider are preload, or the stretch on the ventricles prior to contraction; the contractility, or the force or
strength of the contraction itself; and afterload, the force the ventricles must generate to pump blood against the

resistance in the vessels. These factors are summarized in (Figure) and (Figure).

Preload

Preload is another way of expressing EDV. Therefore, the greater the EDV is, the greater the preload is. One of
the primary factors to consider is filling time, or the duration of ventricular diastole during which filling occurs.
The more rapidly the heart contracts, the shorter the filling time becomes, and the lower the EDV and preload
are. This effect can be partially overcome by increasing the second variable, contractility, and raising SV, but over

time, the heart is unable to compensate for decreased filling time, and preload also decreases.

With increasing ventricular filling, both EDV or preload increase, and the cardiac muscle itself is stretched to
a greater degree. At rest, there is little stretch of the ventricular muscle, and the sarcomeres remain short. With
increased ventricular filling, the ventricular muscle is increasingly stretched and the sarcomere length increases.
As the sarcomeres reach their optimal lengths, they will contract more powerfully, because more of the myosin
heads can bind to the actin on the thin filaments, forming cross bridges and increasing the strength of contraction
and SV. If this process were to continue and the sarcomeres stretched beyond their optimal lengths, the force of
contraction would decrease. However, due to the physical constraints of the location of the heart, this excessive

stretch is not a concern.

The relationship between ventricular stretch and contraction has been stated in the well-known Frank-Starling
mechanism or simply Starling’s Law of the Heart. This principle states that, within physiological limits, the force
of heart contraction is directly proportional to the initial length of the muscle fiber. This means that the greater the
stretch of the ventricular muscle (within limits), the more powerful the contraction is, which in turn increases SV.

Therefore, by increasing preload, you increase the second variable, contractility.

Otto Frank (1865—-1944) was a German physiologist; among his many published works are detailed studies of this
important heart relationship. Ernest Starling (1866—1927) was an important English physiologist who also studied
the heart. Although they worked largely independently, their combined efforts and similar conclusions have been

recognized in the name “Frank-Starling mechanism.”
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Any sympathetic stimulation to the venous system will increase venous return to the heart, which contributes
to ventricular filling, and EDV and preload. While much of the ventricular filling occurs while both atria and
ventricles are in diastole, the contraction of the atria, the atrial kick, plays a crucial role by providing the last

20-30 percent of ventricular filling.

Contractility

It is virtually impossible to consider preload or ESV without including an early mention of the concept of
contractility. Indeed, the two parameters are intimately linked. Contractility refers to the force of the contraction
of the heart muscle, which controls SV, and is the primary parameter for impacting ESV. The more forceful the
contraction is, the greater the SV and smaller the ESV are. Less forceful contractions result in smaller SVs and
larger ESVs. Factors that increase contractility are described as pesitive inotropic factors, and those that decrease

contractility are described as negative inotropic factors (ino- = “fiber;” -tropic = “turning toward”).

Not surprisingly, sympathetic stimulation is a positive inotrope, whereas parasympathetic stimulation is a negative
inotrope. Sympathetic stimulation triggers the release of NE at the neuromuscular junction from the cardiac nerves
and also stimulates the adrenal cortex to secrete epinephrine and NE. In addition to their stimulatory effects on
HR, they also bind to both alpha and beta receptors on the cardiac muscle cell membrane to increase metabolic rate
and the force of contraction. This combination of actions has the net effect of increasing SV and leaving a smaller
residual ESV in the ventricles. In comparison, parasympathetic stimulation releases ACh at the neuromuscular
junction from the vagus nerve. The membrane hyperpolarizes and inhibits contraction to decrease the strength of
contraction and SV, and to raise ESV. Since parasympathetic fibers are more widespread in the atria than in the
ventricles, the primary site of action is in the upper chambers. Parasympathetic stimulation in the atria decreases
the atrial kick and reduces EDV, which decreases ventricular stretch and preload, thereby further limiting the force
of ventricular contraction. Stronger parasympathetic stimulation also directly decreases the force of contraction of

the ventricles.

Several synthetic drugs, including dopamine and isoproterenol, have been developed that mimic the effects of
epinephrine and NE by stimulating the influx of calcium ions from the extracellular fluid. Higher concentrations
of intracellular calcium ions increase the strength of contraction. Excess calcium (hypercalcemia) also acts as a
positive inotropic agent. The drug digitalis lowers HR and increases the strength of the contraction, acting as a
positive inotropic agent by blocking the sequestering of calcium ions into the sarcoplasmic reticulum. This leads
to higher intracellular calcium levels and greater strength of contraction. In addition to the catecholamines from
the adrenal medulla, other hormones also demonstrate positive inotropic effects. These include thyroid hormones

and glucagon from the pancreas.

Negative inotropic agents include hypoxia, acidosis, hyperkalemia, and a variety of synthetic drugs. These
include numerous beta blockers and calcium channel blockers. Early beta blocker drugs include propranolol and
pronethalol, and are credited with revolutionizing treatment of cardiac patients experiencing angina pectoris.
There is also a large class of dihydropyridine, phenylalkylamine, and benzothiazepine calcium channel blockers

that may be administered decreasing the strength of contraction and SV.
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Afterload

Afterload refers to the tension that the ventricles must develop to pump blood effectively against the resistance
in the vascular system. Any condition that increases resistance requires a greater afterload to force open the
semilunar valves and pump the blood. Damage to the valves, such as stenosis, which makes them harder to
open will also increase afterload. Any decrease in resistance decreases the afterload. (Figure) summarizes the
major factors influencing SV, (Figure) summarizes the major factors influencing CO, and (Figure) and (Figure)

summarize cardiac responses to increased and decreased blood flow and pressure in order to restore homeostasis.

Major Factors Influencing Stroke Volume

Multiple factors impact preload, afterload, and contractility, and are the major considerations influencing SV.

Factors Affecting Stroke Volume (SV)

* high or low potassium ions

* high or low sodium

 low body temperature

* hypoxia

* abnormal pH balance

e drugs (i.e., calcium channel blockers)

Decreases end diastolic volume,
Decreases stroke volume

* hypoxia
* hyperkalemia

Increases end systolic volume
Decreases stroke volume

Preload Contractility Afterload
Raised « fast filling time * sympathetic stimulation * increased vascular resistance
due to: e increased venous return * epinephrine and norepinephrine * semilunar valve damage
* high intracellular calcium ions
* high blood calcium level
« thyroid hormones
* glucagon
Increases end diastolic volume, Decreases end systolic volume, Increases end systolic volume
Increases stroke volume Increases stroke volume Decreases stroke volume
Lowered | e decreased thyroid hormones * parasympathetic stimulation » decreased vascular resistance
due to: * decreased calcium ions * acetylcholine

Decreases end systolic volume
Increases stroke volume

Summary of Major Factors Influencing Cardiac Output

The primary factors influencing HR include autonomic innervation plus endocrine control. Not shown are
environmental factors, such as electrolytes, metabolic products, and temperature. The primary factors controlling
SV include preload, contractility, and afterload. Other factors such as electrolytes may be classified as either
positive or negative inotropic agents.
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Cardiac Output (CO) =

HR X 8V

Factors Affecting Heart Rate (HR) Factors Affecting Stroke Volume (SV)
I
Atrial < Venous Filling Autonomic Vasodilation or
reflex J return time innervation slenseaze vasoconstriction
Preload Contractility Afterload

Autonomic End diastolic End systolic
innervation || Hormenes volume (EDV) volume (ESV)

U U V U —'U

Heart Rate (HR) Stroke Volume (SV) = EDV - ESV

Cardiac Response to Decreasing Blood Flow and Pressure Due to Decreasing Cardiac Output

Baroreceptors (aorta, carotid arteries, venae
cavae, and atria)

Chemoreceptors (both central nervous system and
in proximity to baroreceptors)

Sensitive . Decreasing O, and increasing CO,, H, and lactic
Decreasing stretch : &2 § 02 1

to acid

Target Parasympathetic stimulation suppressed Sympathetic stimulation increased

Response ing h di . ke vol ing h di . ke vol

of heart Increasing heart rate and increasing stroke volume Increasing heart rate and increasing stroke volume

Overall Increasing blood flow and pressure due to increasing  Increasing blood flow and pressure due to increasing

effect cardiac output; hemostasis restored cardiac output; hemostasis restored

Cardiac Response to Increasing Blood Flow and Pressure Due to Increasing Cardiac Output

Baroreceptors (aorta, carotid arteries, venae
cavae, and atria)

Chemoreceptors (both central nervous system and
in proximity to baroreceptors)

Sensitive . . . -
to Increasing stretch Increasing O, and decreasing CO», H, and lactic acid
Target Parasympathetic stimulation increased Sympathetic stimulation suppressed

Response . . . .

of heart Decreasing heart rate and decreasing stroke volume Decreasing heart rate and decreasing stroke volume
Overall Decreasing blood flow and pressure due to decreasing Decreasing blood flow and pressure due to decreasing
effect cardiac output; hemostasis restored cardiac output; hemostasis restored



Chapter 20. The Cardiovascular System: Blood
Vessels and Circulation
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20.1 Structure and Function of Blood Vessels

Learning Objectives
By the end of this section, you will be able to:

» Compare and contrast the three tunics that make up the walls of most blood vessels

+ Distinguish between elastic arteries, muscular arteries, and arterioles on the basis of
structure, location, and function

 Describe the basic structure of a capillary bed, from the supplying metarteriole to the
venule into which it drains

+ Explain the structure and function of venous valves in the large veins of the extremities

Blood is carried through the body via blood vessels. An artery is a blood vessel that carries blood away from
the heart, where it branches into ever-smaller vessels. Eventually, the smallest arteries, vessels called arterioles,
further branch into tiny capillaries, where nutrients and wastes are exchanged, and then combine with other vessels
that exit capillaries to form venules, small blood vessels that carry blood to a vein, a larger blood vessel that
returns blood to the heart.

Arteries and veins transport blood in two distinct circuits: the systemic circuit and the pulmonary circuit
((Figure)). Systemic arteries provide blood rich in oxygen to the body’s tissues. The blood returned to the heart
through systemic veins has less oxygen, since much of the oxygen carried by the arteries has been delivered to
the cells. In contrast, in the pulmonary circuit, arteries carry blood low in oxygen exclusively to the lungs for gas
exchange. Pulmonary veins then return freshly oxygenated blood from the lungs to the heart to be pumped back
out into systemic circulation. Although arteries and veins differ structurally and functionally, they share certain

features.

Cardiovascular Circulation

The pulmonary circuit moves blood from the right side of the heart to the lungs and back to the heart. The
systemic circuit moves blood from the left side of the heart to the head and body and returns it to the right side of
the heart to repeat the cycle. The arrows indicate the direction of blood flow, and the colors show the relative
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Lungs

Pulmonary vein

Aorta

Liver

Hepatic artery

Hepatic portal vein

Stomach,

intestines Il Vessels transporting
oxygenated blood

Renal artery [ Vessels transporting

deoxygenated blood

Kidneys B Vessels involved in

gas excange

Lower body

Different types of blood vessels vary slightly in their structures, but they share the same general features. Arteries

and arterioles have thicker walls than veins and venules because they are closer to the heart and receive blood that

is surging at a far greater pressure ((Figure)). Each type of vessel has a lumen—a hollow passageway through

which blood flows. Arteries have smaller lumens than veins, a characteristic that helps to maintain the pressure of

blood moving through the system. Together, their thicker walls and smaller diameters give arterial lumens a more

rounded appearance in cross section than the lumens of veins.

Structure of Blood Vessels

(a) Arteries and (b) veins share the same general features, but the walls of arteries are much thicker because of

the higher pressure of the blood that flows through them. (c) A micrograph shows the relative differences in
thickness. LM x 160. (Micrograph provided by the Regents of the University of Michigan Medical School ©

2012)
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Artery Vein
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Elastic fiber

Endothelium

By the time blood has passed through capillaries and entered venules, the pressure initially exerted upon it by
heart contractions has diminished. In other words, in comparison to arteries, venules and veins withstand a much
lower pressure from the blood that flows through them. Their walls are considerably thinner and their lumens are
correspondingly larger in diameter, allowing more blood to flow with less vessel resistance. In addition, many
veins of the body, particularly those of the limbs, contain valves that assist the unidirectional flow of blood toward
the heart. This is critical because blood flow becomes sluggish in the extremities, as a result of the lower pressure
and the effects of gravity.

The walls of arteries and veins are largely composed of living cells and their products (including collagenous and
elastic fibers); the cells require nourishment and produce waste. Since blood passes through the larger vessels
relatively quickly, there is limited opportunity for blood in the lumen of the vessel to provide nourishment to or
remove waste from the vessel’s cells. Further, the walls of the larger vessels are too thick for nutrients to diffuse
through to all of the cells. Larger arteries and veins contain small blood vessels within their walls known as the
vasa vasorum—Iliterally “vessels of the vessel”—to provide them with this critical exchange. Since the pressure
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within arteries is relatively high, the vasa vasorum must function in the outer layers of the vessel (see (Figure))
or the pressure exerted by the blood passing through the vessel would collapse it, preventing any exchange
from occurring. The lower pressure within veins allows the vasa vasorum to be located closer to the lumen. The
restriction of the vasa vasorum to the outer layers of arteries is thought to be one reason that arterial diseases are
more common than venous diseases, since its location makes it more difficult to nourish the cells of the arteries
and remove waste products. There are also minute nerves within the walls of both types of vessels that control the

contraction and dilation of smooth muscle. These minute nerves are known as the nervi vasorum.

Both arteries and veins have the same three distinct tissue layers, called tunics (from the Latin term tunica), for
the garments first worn by ancient Romans; the term tunic is also used for some modern garments. From the most
interior layer to the outer, these tunics are the tunica intima, the tunica media, and the tunica externa (see (Figure)).

(Figure) compares and contrasts the tunics of the arteries and veins.

Comparison of Tunics in Arteries and Veins

Arteries Veins
General Thick walls with small lumens Thin walls with large lumens
appearance Generally appear rounded Generally appear flattened
Tunica I]?lrlllci(;ilelehum usually appears wavy due to constriction of smooth Endothelium appears smooth
intima . . Internal elastic membrane absent
Internal elastic membrane present in larger vessels
Normally thinner than the tunica
Normally the thickest layer in arteries externa
. e . . Smooth muscle cells and
Tunica Smooth muscle cells and elastic fibers predominate (the proportions of : .
- oo collagenous fibers predominate
media these vary with distance from the heart) :
: : Nervi vasorum and vasa vasorum
External elastic membrane present in larger vessels
present
External elastic membrane absent
Normally the thickest layer in veins
Tunica Normally thinner than the tunica media in all but the largest arteries Collagenous and smooth fibers
Collagenous and elastic fibers predominate
externa A .
Nervi vasorum and vasa vasorum present Some smooth muscle fibers
Nervi vasorum and vasa vasorum
present
Tunica Intima

The tunica intima (also called the tunica interna) is composed of epithelial and connective tissue layers. Lining
the tunica intima is the specialized simple squamous epithelium called the endothelium, which is continuous
throughout the entire vascular system, including the lining of the chambers of the heart. Damage to this endothelial
lining and exposure of blood to the collagenous fibers beneath is one of the primary causes of clot formation. Until
recently, the endothelium was viewed simply as the boundary between the blood in the lumen and the walls of
the vessels. Recent studies, however, have shown that it is physiologically critical to such activities as helping to

regulate capillary exchange and altering blood flow. The endothelium releases local chemicals called endothelins
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that can constrict the smooth muscle within the walls of the vessel to increase blood pressure. Uncompensated
overproduction of endothelins may contribute to hypertension (high blood pressure) and cardiovascular disease.

Next to the endothelium is the basement membrane, or basal lamina, that effectively binds the endothelium to the
connective tissue. The basement membrane provides strength while maintaining flexibility, and it is permeable,
allowing materials to pass through it. The thin outer layer of the tunica intima contains a small amount of areolar
connective tissue that consists primarily of elastic fibers to provide the vessel with additional flexibility; it also

contains some collagenous fibers to provide additional strength.

In larger arteries, there is also a thick, distinct layer of elastic fibers known as the internal elastic membrane
(also called the internal elastic lamina) at the boundary with the tunica media. Like the other components of the
tunica intima, the internal elastic membrane provides structure while allowing the vessel to stretch. It is permeated
with small openings that allow exchange of materials between the tunics. The internal elastic membrane is not
apparent in veins. In addition, many veins, particularly in the lower limbs, contain valves formed by sections of

thickened endothelium that are reinforced with connective tissue, extending into the lumen.

Under the microscope, the lumen and the entire tunica intima of a vein will appear smooth, whereas those of an
artery will normally appear wavy because of the partial constriction of the smooth muscle in the tunica media, the

next layer of blood vessel walls.

Tunica Media

The tunica media is the substantial middle layer of the vessel wall (see (Figure)). It is generally the thickest
layer in arteries, and it is much thicker in arteries than it is in veins. The tunica media consists of layers
of smooth muscle supported by connective tissue that is primarily made up of elastic fibers, most of which
are arranged in circular sheets. Toward the outer portion of the tunic, there are also layers of longitudinal
muscle. Contraction and relaxation of the circular muscles decrease and increase the diameter of the vessel
lumen, respectively. Specifically in arteries, vasoconstriction decreases blood flow as the smooth muscle in
the walls of the tunica media contracts, making the lumen narrower and increasing blood pressure. Similarly,
vasodilation increases blood flow as the smooth muscle relaxes, allowing the lumen to widen and blood pressure
to drop. Both vasoconstriction and vasodilation are regulated in part by small vascular nerves, known as nervi
vasorum, or “nerves of the vessel,” that run within the walls of blood vessels. These are generally all sympathetic
fibers, although some trigger vasodilation and others induce vasoconstriction, depending upon the nature of the
neurotransmitter and receptors located on the target cell. Parasympathetic stimulation does trigger vasodilation as
well as erection during sexual arousal in the external genitalia of both sexes. Nervous control over vessels tends to
be more generalized than the specific targeting of individual blood vessels. Local controls, discussed later, account
for this phenomenon. (Seek additional content for more information on these dynamic aspects of the autonomic
nervous system.) Hormones and local chemicals also control blood vessels. Together, these neural and chemical
mechanisms reduce or increase blood flow in response to changing body conditions, from exercise to hydration.
Regulation of both blood flow and blood pressure is discussed in detail later in this chapter.

The smooth muscle layers of the tunica media are supported by a framework of collagenous fibers that also binds
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the tunica media to the inner and outer tunics. Along with the collagenous fibers are large numbers of elastic fibers
that appear as wavy lines in prepared slides. Separating the tunica media from the outer tunica externa in larger
arteries is the external elastic membrane (also called the external elastic lamina), which also appears wavy in

slides. This structure is not usually seen in smaller arteries, nor is it seen in veins.

Tunica Externa

The outer tunic, the tunica externa (also called the tunica adventitia), is a substantial sheath of connective tissue
composed primarily of collagenous fibers. Some bands of elastic fibers are found here as well. The tunica externa
in veins also contains groups of smooth muscle fibers. This is normally the thickest tunic in veins and may
be thicker than the tunica media in some larger arteries. The outer layers of the tunica externa are not distinct
but rather blend with the surrounding connective tissue outside the vessel, helping to hold the vessel in relative
position. If you are able to palpate some of the superficial veins on your upper limbs and try to move them, you
will find that the tunica externa prevents this. If the tunica externa did not hold the vessel in place, any movement
would likely result in disruption of blood flow.

Arteries

An artery is a blood vessel that conducts blood away from the heart. All arteries have relatively thick walls that
can withstand the high pressure of blood ejected from the heart. However, those close to the heart have the thickest
walls, containing a high percentage of elastic fibers in all three of their tunics. This type of artery is known as an
elastic artery ((Figure)). Vessels larger than 10 mm in diameter are typically elastic. Their abundant elastic fibers
allow them to expand, as blood pumped from the ventricles passes through them, and then to recoil after the surge
has passed. If artery walls were rigid and unable to expand and recoil, their resistance to blood flow would greatly
increase and blood pressure would rise to even higher levels, which would in turn require the heart to pump harder
to increase the volume of blood expelled by each pump (the stroke volume) and maintain adequate pressure and
flow. Artery walls would have to become even thicker in response to this increased pressure. The elastic recoil
of the vascular wall helps to maintain the pressure gradient that drives the blood through the arterial system. An
elastic artery is also known as a conducting artery, because the large diameter of the lumen enables it to accept a

large volume of blood from the heart and conduct it to smaller branches.

Types of Arteries and Arterioles
Comparison of the walls of an elastic artery, a muscular artery, and an arteriole is shown. In terms of scale, the

diameter of an arteriole is measured in micrometers compared to millimeters for elastic and muscular arteries.

Elastic Tunica Muscular Tunica Arteriole Tunica
I— externa artery externa J— externa
Tunica . .
media Tunica Tunica
media media
:l— Tunica Tunica
intima intima :I— Tunica

intima
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Farther from the heart, where the surge of blood has dampened, the percentage of elastic fibers in an artery’s
tunica intima decreases and the amount of smooth muscle in its tunica media increases. The artery at this point is
described as a muscular artery. The diameter of muscular arteries typically ranges from 0.1 mm to 10 mm. Their
thick tunica media allows muscular arteries to play a leading role in vasoconstriction. In contrast, their decreased
quantity of elastic fibers limits their ability to expand. Fortunately, because the blood pressure has eased by the

time it reaches these more distant vessels, elasticity has become less important.

Notice that although the distinctions between elastic and muscular arteries are important, there is no “line of
demarcation” where an elastic artery suddenly becomes muscular. Rather, there is a gradual transition as the
vascular tree repeatedly branches. In turn, muscular arteries branch to distribute blood to the vast network of

arterioles. For this reason, a muscular artery is also known as a distributing artery.

Arterioles

An arteriole is a very small artery that leads to a capillary. Arterioles have the same three tunics as the larger
vessels, but the thickness of each is greatly diminished. The critical endothelial lining of the tunica intima is intact.

The tunica media is restricted to one or two smooth muscle cell layers in thickness. The tunica externa remains
but is very thin (see (Figure)).

With a lumen averaging 30 micrometers or less in diameter, arterioles are critical in slowing down—or
resisting—blood flow and, thus, causing a substantial drop in blood pressure. Because of this, you may see
them referred to as resistance vessels. The muscle fibers in arterioles are normally slightly contracted, causing
arterioles to maintain a consistent muscle tone—in this case referred to as vascular tone—in a similar manner
to the muscular tone of skeletal muscle. In reality, all blood vessels exhibit vascular tone due to the partial
contraction of smooth muscle. The importance of the arterioles is that they will be the primary site of both
resistance and regulation of blood pressure. The precise diameter of the lumen of an arteriole at any given moment
is determined by neural and chemical controls, and vasoconstriction and vasodilation in the arterioles are the

primary mechanisms for distribution of blood flow.

Capillaries

A capillary is a microscopic channel that supplies blood to the tissues themselves, a process called perfusion.
Exchange of gases and other substances occurs in the capillaries between the blood and the surrounding cells and
their tissue fluid (interstitial fluid). The diameter of a capillary lumen ranges from 5-10 micrometers; the smallest
are just barely wide enough for an erythrocyte to squeeze through. Flow through capillaries is often described as

microcirculation.

The wall of a capillary consists of the endothelial layer surrounded by a basement membrane with occasional
smooth muscle fibers. There is some variation in wall structure: In a large capillary, several endothelial cells
bordering each other may line the lumen; in a small capillary, there may be only a single cell layer that wraps

around to contact itself.

For capillaries to function, their walls must be leaky, allowing substances to pass through. There are three major
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types of capillaries, which differ according to their degree of “leakiness:” continuous, fenestrated, and sinusoid

capillaries ((Figure)).

Continuous Capillaries

The most common type of capillary, the continuous capillary, is found in almost all vascularized tissues.
Continuous capillaries are characterized by a complete endothelial lining with tight junctions between endothelial
cells. Although a tight junction is usually impermeable and only allows for the passage of water and ions, they
are often incomplete in capillaries, leaving intercellular clefts that allow for exchange of water and other very
small molecules between the blood plasma and the interstitial fluid. Substances that can pass between cells include
metabolic products, such as glucose, water, and small hydrophobic molecules like gases and hormones, as well as
various leukocytes. Continuous capillaries not associated with the brain are rich in transport vesicles, contributing
to either endocytosis or exocytosis. Those in the brain are part of the blood-brain barrier. Here, there are tight
junctions and no intercellular clefts, plus a thick basement membrane and astrocyte extensions called end feet;

these structures combine to prevent the movement of nearly all substances.

Types of Capillaries
The three major types of capillaries: continuous, fenestrated, and sinusoid.

Continuous Fenestrated Sinusoid

Basement membrane ~—

Endothelial layer
(tunica intima) ~

\7/ : - | Incomplete
| : : basement
\ \ 2 \ \ membrane
Intercellular cleft / Fenestrations Intercellular gap

Fenestrated Capillaries

A fenestrated capillary is one that has pores (or fenestrations) in addition to tight junctions in the endothelial
lining. These make the capillary permeable to larger molecules. The number of fenestrations and their degree of
permeability vary, however, according to their location. Fenestrated capillaries are common in the small intestine,
which is the primary site of nutrient absorption, as well as in the kidneys, which filter the blood. They are also
found in the choroid plexus of the brain and many endocrine structures, including the hypothalamus, pituitary,

pineal, and thyroid glands.

Sinusoid Capillaries

A sinusoid capillary (or sinusoid) is the least common type of capillary. Sinusoid capillaries are flattened, and
they have extensive intercellular gaps and incomplete basement membranes, in addition to intercellular clefts

and fenestrations. This gives them an appearance not unlike Swiss cheese. These very large openings allow for
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the passage of the largest molecules, including plasma proteins and even cells. Blood flow through sinusoids is
very slow, allowing more time for exchange of gases, nutrients, and wastes. Sinusoids are found in the liver and
spleen, bone marrow, lymph nodes (where they carry lymph, not blood), and many endocrine glands including
the pituitary and adrenal glands. Without these specialized capillaries, these organs would not be able to provide
their myriad of functions. For example, when bone marrow forms new blood cells, the cells must enter the blood
supply and can only do so through the large openings of a sinusoid capillary; they cannot pass through the small
openings of continuous or fenestrated capillaries. The liver also requires extensive specialized sinusoid capillaries
in order to process the materials brought to it by the hepatic portal vein from both the digestive tract and spleen,

and to release plasma proteins into circulation.

Metarterioles and Capillary Beds

A metarteriole is a type of vessel that has structural characteristics of both an arteriole and a capillary. Slightly
larger than the typical capillary, the smooth muscle of the tunica media of the metarteriole is not continuous but
forms rings of smooth muscle (sphincters) prior to the entrance to the capillaries. Each metarteriole arises from a

terminal arteriole and branches to supply blood to a capillary bed that may consist of 10—100 capillaries.

The precapillary sphincters, circular smooth muscle cells that surround the capillary at its origin with the
metarteriole, tightly regulate the flow of blood from a metarteriole to the capillaries it supplies. Their function is
critical: If all of the capillary beds in the body were to open simultaneously, they would collectively hold every
drop of blood in the body and there would be none in the arteries, arterioles, venules, veins, or the heart itself.
Normally, the precapillary sphincters are closed. When the surrounding tissues need oxygen and have excess
waste products, the precapillary sphincters open, allowing blood to flow through and exchange to occur before
closing once more ((Figure)). If all of the precapillary sphincters in a capillary bed are closed, blood will flow
from the metarteriole directly into a thoroughfare channel and then into the venous circulation, bypassing the
capillary bed entirely. This creates what is known as a vascular shunt. In addition, an arteriovenous anastomosis

may bypass the capillary bed and lead directly to the venous system.

Although you might expect blood flow through a capillary bed to be smooth, in reality, it moves with an irregular,
pulsating flow. This pattern is called vasomotion and is regulated by chemical signals that are triggered in
response to changes in internal conditions, such as oxygen, carbon dioxide, hydrogen ion, and lactic acid levels.
For example, during strenuous exercise when oxygen levels decrease and carbon dioxide, hydrogen ion, and lactic
acid levels all increase, the capillary beds in skeletal muscle are open, as they would be in the digestive system
when nutrients are present in the digestive tract. During sleep or rest periods, vessels in both areas are largely
closed; they open only occasionally to allow oxygen and nutrient supplies to travel to the tissues to maintain basic

life processes.

Capillary Bed
In a capillary bed, arterioles give rise to metarterioles. Precapillary sphincters located at the junction of a
metarteriole with a capillary regulate blood flow. A thoroughfare channel connects the metarteriole to a venule.

An arteriovenous anastomosis, which directly connects the arteriole with the venule, is shown at the bottom.
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Venules

A venule is an extremely small vein, generally 8—100 micrometers in diameter. Postcapillary venules join multiple
capillaries exiting from a capillary bed. Multiple venules join to form veins. The walls of venules consist of
endothelium, a thin middle layer with a few muscle cells and elastic fibers, plus an outer layer of connective tissue
fibers that constitute a very thin tunica externa ((Figure)). Venules as well as capillaries are the primary sites of
emigration or diapedesis, in which the white blood cells adhere to the endothelial lining of the vessels and then

squeeze through adjacent cells to enter the tissue fluid.

Veins

A vein is a blood vessel that conducts blood toward the heart. Compared to arteries, veins are thin-walled vessels
with large and irregular lumens (see (Figure)). Because they are low-pressure vessels, larger veins are commonly
equipped with valves that promote the unidirectional flow of blood toward the heart and prevent backflow toward
the capillaries caused by the inherent low blood pressure in veins as well as the pull of gravity. (Figure) compares

the features of arteries and veins.

Comparison of Veins and Venules
Many veins have valves to prevent back flow of blood, whereas venules do not. In terms of scale, the diameter of

a venule is measured in micrometers compared to millimeters for veins.
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Comparison of Arteries and Veins
Arteries

Direction of blood flow Conducts blood away from the

Valves /

Veins

Conducts blood toward the heart

heart
General appearance Rounded Irregular, often collapsed
Pressure High Low
Wall thickness Thick Thin

Relative oxygen
concentration

Higher in systemic arteries
Lower in pulmonary arteries

Lower in systemic veins
Higher in pulmonary veins

Valves Not present

Disorders of the...

Present most commonly in limbs and in veins inferior to
the heart
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Cardiovascular System: Edema and Varicose Veins Despite the presence of valves and the contributions of
other anatomical and physiological adaptations we will cover shortly, over the course of a day, some blood
will inevitably pool, especially in the lower limbs, due to the pull of gravity. Any blood that accumulates in
a vein will increase the pressure within it, which can then be reflected back into the smaller veins, venules,
and eventually even the capillaries. Increased pressure will promote the flow of fluids out of the capillaries
and into the interstitial fluid. The presence of excess tissue fluid around the cells leads to a condition called

edema.

Most people experience a daily accumulation of tissue fluid, especially if they spend much of their work
life on their feet (like most health professionals). However, clinical edema goes beyond normal swelling
and requires medical treatment. Edema has many potential causes, including hypertension and heart failure,
severe protein deficiency, renal failure, and many others. In order to treat edema, which is a sign rather than

a discrete disorder, the underlying cause must be diagnosed and alleviated.

Varicose Veins
Varicose veins are commonly found in the lower limbs. (credit: Thomas Kriese)

$ o

Edema may be accompanied by varicose veins, especially in the superficial veins of the legs ((Figure)). This
disorder arises when defective valves allow blood to accumulate within the veins, causing them to distend,
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twist, and become visible on the surface of the integument. Varicose veins may occur in both sexes, but
are more common in women and are often related to pregnancy. More than simple cosmetic blemishes,
varicose veins are often painful and sometimes itchy or throbbing. Without treatment, they tend to grow
worse over time. The use of support hose, as well as elevating the feet and legs whenever possible, may be
helpful in alleviating this condition. Laser surgery and interventional radiologic procedures can reduce the
size and severity of varicose veins. Severe cases may require conventional surgery to remove the damaged
vessels. As there are typically redundant circulation patterns, that is, anastomoses, for the smaller and more
superficial veins, removal does not typically impair the circulation. There is evidence that patients with

varicose veins suffer a greater risk of developing a thrombus or clot.

Veins as Blood Reservoirs

In addition to their primary function of returning blood to the heart, veins may be considered blood reservoirs,
since systemic veins contain approximately 64 percent of the blood volume at any given time ((Figure)). Their
ability to hold this much blood is due to their high capacitance, that is, their capacity to distend (expand) readily
to store a high volume of blood, even at a low pressure. The large lumens and relatively thin walls of veins make

them far more distensible than arteries; thus, they are said to be capacitance vessels.

Distribution of Blood Flow

Systemic circulation Systemic veins Large veins
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Large venous networks (liver, bone
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When blood flow needs to be redistributed to other portions of the body, the vasomotor center located in the
medulla oblongata sends sympathetic stimulation to the smooth muscles in the walls of the veins, causing
constriction—or in this case, venoconstriction. Less dramatic than the vasoconstriction seen in smaller arteries
and arterioles, venoconstriction may be likened to a “stiffening” of the vessel wall. This increases pressure on the
blood within the veins, speeding its return to the heart. As you will note in (Figure), approximately 21 percent of
the venous blood is located in venous networks within the liver, bone marrow, and integument. This volume of
blood is referred to as venous reserve. Through venoconstriction, this “reserve” volume of blood can get back to
the heart more quickly for redistribution to other parts of the circulation.

Career Connection

Vascular Surgeons and Technicians Vascular surgery is a specialty in which the physician deals primarily
with diseases of the vascular portion of the cardiovascular system. This includes repair and replacement of
diseased or damaged vessels, removal of plaque from vessels, minimally invasive procedures including the
insertion of venous catheters, and traditional surgery. Following completion of medical school, the physician
generally completes a 5-year surgical residency followed by an additional 1 to 2 years of vascular specialty

training. In the United States, most vascular surgeons are members of the Society of Vascular Surgery.

Vascular technicians are specialists in imaging technologies that provide information on the health of the
vascular system. They may also assist physicians in treating disorders involving the arteries and veins. This
profession often overlaps with cardiovascular technology, which would also include treatments involving
the heart. Although recognized by the American Medical Association, there are currently no licensing
requirements for vascular technicians, and licensing is voluntary. Vascular technicians typically have an
Associate’s degree or certificate, involving 18 months to 2 years of training. The United States Bureau of
Labor projects this profession to grow by 29 percent from 2010 to 2020.

Visit this site to learn more about vascular surgery.

Visit this site to learn more about vascular technicians.


http://openstax.org/l/vascsurgery
http://openstax.org/l/vasctechs

20.2 Blood Flow, Blood Pressure, and Resistance

Learning Objectives
By the end of this section, you will be able to:
» Distinguish between systolic pressure, diastolic pressure, pulse pressure, and mean arterial
pressure
* Describe the clinical measurement of pulse and blood pressure

+ Identify and discuss five variables affecting arterial blood flow and blood pressure

* Discuss several factors affecting blood flow in the venous system

Blood flow refers to the movement of blood through a vessel, tissue, or organ, and is usually expressed in terms
of volume of blood per unit of time. It is initiated by the contraction of the ventricles of the heart. Ventricular
contraction ejects blood into the major arteries, resulting in flow from regions of higher pressure to regions of
lower pressure, as blood encounters smaller arteries and arterioles, then capillaries, then the venules and veins of
the venous system. This section discusses a number of critical variables that contribute to blood flow throughout

the body. It also discusses the factors that impede or slow blood flow, a phenomenon known as resistance.

As noted earlier, hydrostatic pressure is the force exerted by a fluid due to gravitational pull, usually against the
wall of the container in which it is located. One form of hydrostatic pressure is blood pressure, the force exerted
by blood upon the walls of the blood vessels or the chambers of the heart. Blood pressure may be measured in
capillaries and veins, as well as the vessels of the pulmonary circulation; however, the term blood pressure without
any specific descriptors typically refers to systemic arterial blood pressure—that is, the pressure of blood flowing
in the arteries of the systemic circulation. In clinical practice, this pressure is measured in mm Hg and is usually

obtained using the brachial artery of the arm.

Components of Arterial Blood Pressure

Arterial blood pressure in the larger vessels consists of several distinct components ((Figure)): systolic and

diastolic pressures, pulse pressure, and mean arterial pressure.

286
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Systolic and Diastolic Pressures

When systemic arterial blood pressure is measured, it is recorded as a ratio of two numbers (e.g., 120/80 is a
normal adult blood pressure), expressed as systolic pressure over diastolic pressure. The systolic pressure is the
higher value (typically around 120 mm Hg) and reflects the arterial pressure resulting from the ejection of blood
during ventricular contraction, or systole. The diastolic pressure is the lower value (usually about 80 mm Hg)

and represents the arterial pressure of blood during ventricular relaxation, or diastole.

Systemic Blood Pressure
The graph shows the components of blood pressure throughout the blood vessels, including systolic, diastolic,

mean arterial, and pulse pressures.
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Pulse Pressure

As shown in (Figure), the difference between the systolic pressure and the diastolic pressure is the pulse pressure.
For example, an individual with a systolic pressure of 120 mm Hg and a diastolic pressure of 80 mm Hg would

have a pulse pressure of 40 mmHg.

Generally, a pulse pressure should be at least 25 percent of the systolic pressure. A pulse pressure below this level
is described as low or narrow. This may occur, for example, in patients with a low stroke volume, which may be
seen in congestive heart failure, stenosis of the aortic valve, or significant blood loss following trauma. In contrast,
a high or wide pulse pressure is common in healthy people following strenuous exercise, when their resting pulse
pressure of 30—40 mm Hg may increase temporarily to 100 mm Hg as stroke volume increases. A persistently
high pulse pressure at or above 100 mm Hg may indicate excessive resistance in the arteries and can be caused by
a variety of disorders. Chronic high resting pulse pressures can degrade the heart, brain, and kidneys, and warrant

medical treatment.
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Mean Arterial Pressure

Mean arterial pressure (MAP) represents the “average” pressure of blood in the arteries, that is, the average
force driving blood into vessels that serve the tissues. Mean is a statistical concept and is calculated by taking the
sum of the values divided by the number of values. Although complicated to measure directly and complicated to
calculate, MAP can be approximated by adding the diastolic pressure to one-third of the pulse pressure or systolic

pressure minus the diastolic pressure:

Y . (systolic—diastolic BP)
MAP = diastolic BP + 3

In (Figure), this value is approximately 80 + (120 — 80) / 3, or 93.33. Normally, the MAP falls within the range of
70-110 mm Hg. If the value falls below 60 mm Hg for an extended time, blood pressure will not be high enough
to ensure circulation to and through the tissues, which results in ischemia, or insufficient blood flow. A condition
called hypoxia, inadequate oxygenation of tissues, commonly accompanies ischemia. The term hypoxemia refers
to low levels of oxygen in systemic arterial blood. Neurons are especially sensitive to hypoxia and may die or be
damaged if blood flow and oxygen supplies are not quickly restored.

Pulse

After blood is ejected from the heart, elastic fibers in the arteries help maintain a high-pressure gradient as they
expand to accommodate the blood, then recoil. This expansion and recoiling effect, known as the pulse, can
be palpated manually or measured electronically. Although the effect diminishes over distance from the heart,

elements of the systolic and diastolic components of the pulse are still evident down to the level of the arterioles.

Because pulse indicates heart rate, it is measured clinically to provide clues to a patient’s state of health. It is
recorded as beats per minute. Both the rate and the strength of the pulse are important clinically. A high or
irregular pulse rate can be caused by physical activity or other temporary factors, but it may also indicate a heart
condition. The pulse strength indicates the strength of ventricular contraction and cardiac output. If the pulse is
strong, then systolic pressure is high. If it is weak, systolic pressure has fallen, and medical intervention may be

warranted.

Pulse can be palpated manually by placing the tips of the fingers across an artery that runs close to the body
surface and pressing lightly. While this procedure is normally performed using the radial artery in the wrist or the
common carotid artery in the neck, any superficial artery that can be palpated may be used ((Figure)). Common
sites to find a pulse include temporal and facial arteries in the head, brachial arteries in the upper arm, femoral
arteries in the thigh, popliteal arteries behind the knees, posterior tibial arteries near the medial tarsal regions, and

dorsalis pedis arteries in the feet. A variety of commercial electronic devices are also available to measure pulse.

Pulse Sites

The pulse is most readily measured at the radial artery, but can be measured at any of the pulse points shown.
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Measurement of Blood Pressure

Blood pressure is one of the critical parameters measured on virtually every patient in every healthcare setting.
The technique used today was developed more than 100 years ago by a pioneering Russian physician, Dr.
Nikolai Korotkoff. Turbulent blood flow through the vessels can be heard as a soft ticking while measuring blood
pressure; these sounds are known as Korotkoff sounds. The technique of measuring blood pressure requires the
use of a sphygmomanometer (a blood pressure cuff attached to a measuring device) and a stethoscope. The
technique is as follows:

* The clinician wraps an inflatable cuff tightly around the patient’s arm at about the level of the heart.

* The clinician squeezes a rubber pump to inject air into the cuff, raising pressure around the artery and
temporarily cutting off blood flow into the patient’s arm.

* The clinician places the stethoscope on the patient’s antecubital region and, while gradually allowing

air within the cuff to escape, listens for the Korotkoff sounds.

Although there are five recognized Korotkoff sounds, only two are normally recorded. Initially, no sounds are
heard since there is no blood flow through the vessels, but as air pressure drops, the cuff relaxes, and blood
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flow returns to the arm. As shown in (Figure), the first sound heard through the stethoscope—the first Korotkoff
sound—indicates systolic pressure. As more air is released from the cuff, blood is able to flow freely through the
brachial artery and all sounds disappear. The point at which the last sound is heard is recorded as the patient’s

diastolic pressure.

Blood Pressure Measurement
When pressure in a sphygmomanometer cuff is released, a clinician can hear the Korotkoff sounds. In this graph,

a blood pressure tracing is aligned to a measurement of systolic and diastolic pressures.
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The majority of hospitals and clinics have automated equipment for measuring blood pressure that work on the
same principles. An even more recent innovation is a small instrument that wraps around a patient’s wrist. The

patient then holds the wrist over the heart while the device measures blood flow and records pressure.

Variables Affecting Blood Flow and Blood Pressure

Five variables influence blood flow and blood pressure:

+ Cardiac output

» Compliance

* Volume of the blood

* Viscosity of the blood

* Blood vessel length and diameter
Recall that blood moves from higher pressure to lower pressure. It is pumped from the heart into the arteries at
high pressure. If you increase pressure in the arteries (afterload), and cardiac function does not compensate, blood

flow will actually decrease. In the venous system, the opposite relationship is true. Increased pressure in the veins

does not decrease flow as it does in arteries, but actually increases flow. Since pressure in the veins is normally
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relatively low, for blood to flow back into the heart, the pressure in the atria during atrial diastole must be even
lower. It normally approaches zero, except when the atria contract (see (Figure)).

Cardiac Output

Cardiac output is the measurement of blood flow from the heart through the ventricles, and is usually measured
in liters per minute. Any factor that causes cardiac output to increase, by elevating heart rate or stroke volume
or both, will elevate blood pressure and promote blood flow. These factors include sympathetic stimulation, the
catecholamines epinephrine and norepinephrine, thyroid hormones, and increased calcium ion levels. Conversely,
any factor that decreases cardiac output, by decreasing heart rate or stroke volume or both, will decrease arterial
pressure and blood flow. These factors include parasympathetic stimulation, elevated or decreased potassium ion
levels, decreased calcium levels, anoxia, and acidosis.

Compliance

Compliance is the ability of any compartment to expand to accommodate increased content. A metal pipe, for
example, is not compliant, whereas a balloon is. The greater the compliance of an artery, the more effectively
it is able to expand to accommodate surges in blood flow without increased resistance or blood pressure. Veins
are more compliant than arteries and can expand to hold more blood. When vascular disease causes stiffening of
arteries, compliance is reduced and resistance to blood flow is increased. The result is more turbulence, higher
pressure within the vessel, and reduced blood flow. This increases the work of the heart.

A Mathematical Approach to Factors Affecting Blood Flow

Jean Louis Marie Poiseuille was a French physician and physiologist who devised a mathematical equation
describing blood flow and its relationship to known parameters. The same equation also applies to engineering
studies of the flow of fluids. Although understanding the math behind the relationships among the factors affecting
blood flow is not necessary to understand blood flow, it can help solidify an understanding of their relationships.
Please note that even if the equation looks intimidating, breaking it down into its components and following
the relationships will make these relationships clearer, even if you are weak in math. Focus on the three critical
variables: radius (r), vessel length (A), and viscosity (n).

Poiseuille’s equation:

Blood flow = %

» mis the Greek letter pi, used to represent the mathematical constant that is the ratio of a circle’s
circumference to its diameter. It may commonly be represented as 3.14, although the actual number

extends to infinity.
» AP represents the difference in pressure.
« r*is the radius (one-half of the diameter) of the vessel to the fourth power.

1 is the Greek letter eta and represents the viscosity of the blood.
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» Ais the Greek letter lambda and represents the length of a blood vessel.

One of several things this equation allows us to do is calculate the resistance in the vascular system. Normally this
value is extremely difficult to measure, but it can be calculated from this known relationship:

Blood flow = 2L

Resistance
If we rearrange this slightly,

. _ AP
Resistance = Blood flow

Then by substituting Pouseille’s equation for blood flow:

Resistance = %

™r
By examining this equation, you can see that there are only three variables: viscosity, vessel length, and radius,
since 8 and m are both constants. The important thing to remember is this: Two of these variables, viscosity and
vessel length, will change slowly in the body. Only one of these factors, the radius, can be changed rapidly by
vasoconstriction and vasodilation, thus dramatically impacting resistance and flow. Further, small changes in the

radius will greatly affect flow, since it is raised to the fourth power in the equation.

We have briefly considered how cardiac output and blood volume impact blood flow and pressure; the next step is
to see how the other variables (contraction, vessel length, and viscosity) articulate with Pouseille’s equation and
what they can teach us about the impact on blood flow.

Blood Volume

The relationship between blood volume, blood pressure, and blood flow is intuitively obvious. Water may merely
trickle along a creek bed in a dry season, but rush quickly and under great pressure after a heavy rain. Similarly,

as blood volume decreases, pressure and flow decrease. As blood volume increases, pressure and flow increase.

Under normal circumstances, blood volume varies little. Low blood volume, called hypovolemia, may be caused
by bleeding, dehydration, vomiting, severe burns, or some medications used to treat hypertension. It is important
to recognize that other regulatory mechanisms in the body are so effective at maintaining blood pressure that
an individual may be asymptomatic until 10-20 percent of the blood volume has been lost. Treatment typically

includes intravenous fluid replacement.

Hypervolemia, excessive fluid volume, may be caused by retention of water and sodium, as seen in patients
with heart failure, liver cirrhosis, some forms of kidney disease, hyperaldosteronism, and some glucocorticoid
steroid treatments. Restoring homeostasis in these patients depends upon reversing the condition that triggered the

hypervolemia.

Blood Viscosity

Viscosity is the thickness of fluids that affects their ability to flow. Clean water, for example, is less viscous than
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mud. The viscosity of blood is directly proportional to resistance and inversely proportional to flow; therefore, any
condition that causes viscosity to increase will also increase resistance and decrease flow. For example, imagine
sipping milk, then a milkshake, through the same size straw. You experience more resistance and therefore less
flow from the milkshake. Conversely, any condition that causes viscosity to decrease (such as when the milkshake

melts) will decrease resistance and increase flow.

Normally the viscosity of blood does not change over short periods of time. The two primary determinants of
blood viscosity are the formed elements and plasma proteins. Since the vast majority of formed elements are
erythrocytes, any condition affecting erythropoiesis, such as polycythemia or anemia, can alter viscosity. Since
most plasma proteins are produced by the liver, any condition affecting liver function can also change the viscosity
slightly and therefore alter blood flow. Liver abnormalities such as hepatitis, cirrhosis, alcohol damage, and drug
toxicities result in decreased levels of plasma proteins, which decrease blood viscosity. While leukocytes and
platelets are normally a small component of the formed elements, there are some rare conditions in which severe

overproduction can impact viscosity as well.

Vessel Length and Diameter

The length of a vessel is directly proportional to its resistance: the longer the vessel, the greater the resistance
and the lower the flow. As with blood volume, this makes intuitive sense, since the increased surface area of the
vessel will impede the flow of blood. Likewise, if the vessel is shortened, the resistance will decrease and flow

will increase.

The length of our blood vessels increases throughout childhood as we grow, of course, but is unchanging in
adults under normal physiological circumstances. Further, the distribution of vessels is not the same in all tissues.
Adipose tissue does not have an extensive vascular supply. One pound of adipose tissue contains approximately
200 miles of vessels, whereas skeletal muscle contains more than twice that. Overall, vessels decrease in length
only during loss of mass or amputation. An individual weighing 150 pounds has approximately 60,000 miles of
vessels in the body. Gaining about 10 pounds adds from 2000 to 4000 miles of vessels, depending upon the nature
of the gained tissue. One of the great benefits of weight reduction is the reduced stress to the heart, which does

not have to overcome the resistance of as many miles of vessels.

In contrast to length, the diameter of blood vessels changes throughout the body, according to the type of vessel,
as we discussed earlier. The diameter of any given vessel may also change frequently throughout the day in
response to neural and chemical signals that trigger vasodilation and vasoconstriction. The vascular tone of
the vessel is the contractile state of the smooth muscle and the primary determinant of diameter, and thus of
resistance and flow. The effect of vessel diameter on resistance is inverse: Given the same volume of blood, an
increased diameter means there is less blood contacting the vessel wall, thus lower friction and lower resistance,
subsequently increasing flow. A decreased diameter means more of the blood contacts the vessel wall, and

resistance increases, subsequently decreasing flow.

The influence of lumen diameter on resistance is dramatic: A slight increase or decrease in diameter causes a huge

decrease or increase in resistance. This is because resistance is inversely proportional to the radius of the blood
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vessel (one-half of the vessel’s diameter) raised to the fourth power (R = 1/r*). This means, for example, that if
an artery or arteriole constricts to one-half of its original radius, the resistance to flow will increase 16 times. And
if an artery or arteriole dilates to twice its initial radius, then resistance in the vessel will decrease to 1/16 of its

original value and flow will increase 16 times.

The Roles of Vessel Diameter and Total Area in Blood Flow and Blood Pressure

Recall that we classified arterioles as resistance vessels, because given their small lumen, they dramatically slow
the flow of blood from arteries. In fact, arterioles are the site of greatest resistance in the entire vascular network.

This may seem surprising, given that capillaries have a smaller size. How can this phenomenon be explained?

(Figure) compares vessel diameter, total cross-sectional area, average blood pressure, and blood velocity through
the systemic vessels. Notice in parts (a) and (b) that the total cross-sectional area of the body’s capillary beds is
far greater than any other type of vessel. Although the diameter of an individual capillary is significantly smaller
than the diameter of an arteriole, there are vastly more capillaries in the body than there are other types of blood
vessels. Part (c) shows that blood pressure drops unevenly as blood travels from arteries to arterioles, capillaries,
venules, and veins, and encounters greater resistance. However, the site of the most precipitous drop, and the site
of greatest resistance, is the arterioles. This explains why vasodilation and vasoconstriction of arterioles play more

significant roles in regulating blood pressure than do the vasodilation and vasoconstriction of other vessels.

Part (d) shows that the velocity (speed) of blood flow decreases dramatically as the blood moves from arteries to
arterioles to capillaries. This slow flow rate allows more time for exchange processes to occur. As blood flows

through the veins, the rate of velocity increases, as blood is returned to the heart.

Relationships among Vessels in the Systemic Circuit
The relationships among blood vessels that can be compared include (a) vessel diameter, (b) total cross-sectional

area, (c) average blood pressure, and (d) velocity of blood flow.
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Disorders of the...

Cardiovascular System: Arteriosclerosis Compliance allows an artery to expand when blood is pumped
through it from the heart, and then to recoil after the surge has passed. This helps promote blood flow.
In arteriosclerosis, compliance is reduced, and pressure and resistance within the vessel increase. This is a
leading cause of hypertension and coronary heart disease, as it causes the heart to work harder to generate a

pressure great EHOUgh to overcome the resistance.

Arteriosclerosis begins with injury to the endothelium of an artery, which may be caused by irritation from
high blood glucose, infection, tobacco use, excessive blood lipids, and other factors. Artery walls that are
constantly stressed by blood flowing at high pressure are also more likely to be injured—which means that

hypertension can promote arteriosclerosis, as well as result from it.

Recall that tissue injury causes inflammation. As inflammation spreads into the artery wall, it weakens and
scars it, leaving it stiff (sclerotic). As a result, compliance is reduced. Moreover, circulating triglycerides and
cholesterol can seep between the damaged lining cells and become trapped within the artery wall, where they
are frequently joined by leukocytes, calcium, and cellular debris. Eventually, this buildup, called plaque,
can narrow arteries enough to impair blood flow. The term for this condition, atherosclerosis (athero- =
“porridge”) describes the mealy deposits ((Figure)).

Atherosclerosis
(a) Atherosclerosis can result from plaques formed by the buildup of fatty, calcified deposits in an artery.

(b) Plaques can also take other forms, as shown in this micrograph of a coronary artery that has a buildup
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of connective tissue within the artery wall. LM x 40. (Micrograph provided by the Regents of University of
Michigan Medical School © 2012)

Normal artery

Normal blood flow

Abnormal
Narrowing blood flow

Narrowed artery

(a) (b)

Sometimes a plaque can rupture, causing microscopic tears in the artery wall that allow blood to leak into the
tissue on the other side. When this happens, platelets rush to the site to clot the blood. This clot can further
obstruct the artery and—if it occurs in a coronary or cerebral artery—cause a sudden heart attack or stroke.
Alternatively, plaque can break off and travel through the bloodstream as an embolus until it blocks a more

distant, smaller artery.

Even without total blockage, vessel narrowing leads to ischemia—reduced blood flow—to the tissue region
“downstream” of the narrowed vessel. Ischemia in turn leads to hypoxia—decreased supply of oxygen to
the tissues. Hypoxia involving cardiac muscle or brain tissue can lead to cell death and severe impairment
of brain or heart function.

A major risk factor for both arteriosclerosis and atherosclerosis is advanced age, as the conditions tend
to progress over time. Arteriosclerosis is normally defined as the more generalized loss of compliance,
“hardening of the arteries,” whereas atherosclerosis is a more specific term for the build-up of plaque in the
walls of the vessel and is a specific type of arteriosclerosis. There is also a distinct genetic component, and
pre-existing hypertension and/or diabetes also greatly increase the risk. However, obesity, poor nutrition,
lack of physical activity, and tobacco use all are major risk factors.

Treatment includes lifestyle changes, such as weight loss, smoking cessation, regular exercise, and adoption
of a diet low in sodium and saturated fats. Medications to reduce cholesterol and blood pressure may be
prescribed. For blocked coronary arteries, surgery is warranted. In angioplasty, a catheter is inserted into
the vessel at the point of narrowing, and a second catheter with a balloon-like tip is inflated to widen the

opening. To prevent subsequent collapse of the vessel, a small mesh tube called a stent is often inserted.
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In an endarterectomy, plaque is surgically removed from the walls of a vessel. This operation is typically
performed on the carotid arteries of the neck, which are a prime source of oxygenated blood for the brain.
In a coronary bypass procedure, a non-vital superficial vessel from another part of the body (often the great

saphenous vein) or a synthetic vessel is inserted to create a path around the blocked area of a coronary artery.

Venous System

The pumping action of the heart propels the blood into the arteries, from an area of higher pressure toward an area
of lower pressure. If blood is to flow from the veins back into the heart, the pressure in the veins must be greater
than the pressure in the atria of the heart. Two factors help maintain this pressure gradient between the veins and
the heart. First, the pressure in the atria during diastole is very low, often approaching zero when the atria are
relaxed (atrial diastole). Second, two physiologic “pumps” increase pressure in the venous system. The use of the

term “pump” implies a physical device that speeds flow. These physiological pumps are less obvious.

Skeletal Muscle Pump

In many body regions, the pressure within the veins can be increased by the contraction of the surrounding
skeletal muscle. This mechanism, known as the skeletal muscle pump ((Figure)), helps the lower-pressure veins
counteract the force of gravity, increasing pressure to move blood back to the heart. As leg muscles contract, for
example during walking or running, they exert pressure on nearby veins with their numerous one-way valves.
This increased pressure causes blood to flow upward, opening valves superior to the contracting muscles so blood
flows through. Simultaneously, valves inferior to the contracting muscles close; thus, blood should not seep back
downward toward the feet. Military recruits are trained to flex their legs slightly while standing at attention for
prolonged periods. Failure to do so may allow blood to pool in the lower limbs rather than returning to the heart.
Consequently, the brain will not receive enough oxygenated blood, and the individual may lose consciousness.

Skeletal Muscle Pump
The contraction of skeletal muscles surrounding a vein compresses the blood and increases the pressure in that
area. This action forces blood closer to the heart where venous pressure is lower. Note the importance of the one-

way valves to assure that blood flows only in the proper direction.
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Respiratory Pump

The respiratory pump aids blood flow through the veins of the thorax and abdomen. During inhalation, the
volume of the thorax increases, largely through the contraction of the diaphragm, which moves downward and
compresses the abdominal cavity. The elevation of the chest caused by the contraction of the external intercostal
muscles also contributes to the increased volume of the thorax. The volume increase causes air pressure within
the thorax to decrease, allowing us to inhale. Additionally, as air pressure within the thorax drops, blood pressure
in the thoracic veins also decreases, falling below the pressure in the abdominal veins. This causes blood to
flow along its pressure gradient from veins outside the thorax, where pressure is higher, into the thoracic region,
where pressure is now lower. This in turn promotes the return of blood from the thoracic veins to the atria.
During exhalation, when air pressure increases within the thoracic cavity, pressure in the thoracic veins increases,
speeding blood flow into the heart while valves in the veins prevent blood from flowing backward from the
thoracic and abdominal veins.

Pressure Relationships in the Venous System

Although vessel diameter increases from the smaller venules to the larger veins and eventually to the venae cavae
(singular = vena cava), the total cross-sectional area actually decreases (see (Figure)a and b). The individual veins
are larger in diameter than the venules, but their total number is much lower, so their total cross-sectional area is
also lower.

Also notice that, as blood moves from venules to veins, the average blood pressure drops (see (Figure)c), but the
blood velocity actually increases (see (Figure)). This pressure gradient drives blood back toward the heart. Again,
the presence of one-way valves and the skeletal muscle and respiratory pumps contribute to this increased flow.
Since approximately 64 percent of the total blood volume resides in systemic veins, any action that increases the

flow of blood through the veins will increase venous return to the heart. Maintaining vascular tone within the veins
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prevents the veins from merely distending, dampening the flow of blood, and as you will see, vasoconstriction
actually enhances the flow.

The Role of Venoconstriction in Resistance, Blood Pressure, and Flow

As previously discussed, vasoconstriction of an artery or arteriole decreases the radius, increasing resistance and
pressure, but decreasing flow. Venoconstriction, on the other hand, has a very different outcome. The walls of
veins are thin but irregular; thus, when the smooth muscle in those walls constricts, the lumen becomes more
rounded. The more rounded the lumen, the less surface area the blood encounters, and the less resistance the
vessel offers. Vasoconstriction increases pressure within a vein as it does in an artery, but in veins, the increased
pressure increases flow. Recall that the pressure in the atria, into which the venous blood will flow, is very low,
approaching zero for at least part of the relaxation phase of the cardiac cycle. Thus, venoconstriction increases the
return of blood to the heart. Another way of stating this is that venoconstriction increases the preload or stretch of

the cardiac muscle and increases contraction.



20.3 Capillary Exchange

Learning Objectives
By the end of this section, you will be able to:

+ Identify the primary mechanisms of capillary exchange

 Distinguish between capillary hydrostatic pressure and blood colloid osmotic pressure,
explaining the contribution of each to net filtration pressure

» Compare filtration and reabsorption

+ Explain the fate of fluid that is not reabsorbed from the tissues into the vascular capillaries

The primary purpose of the cardiovascular system is to circulate gases, nutrients, wastes, and other substances
to and from the cells of the body. Small molecules, such as gases, lipids, and lipid-soluble molecules, can
diffuse directly through the membranes of the endothelial cells of the capillary wall. Glucose, amino acids, and
ions—including sodium, potassium, calcium, and chloride—use transporters to move through specific channels
in the membrane by facilitated diffusion. Glucose, ions, and larger molecules may also leave the blood through
intercellular clefts. Larger molecules can pass through the pores of fenestrated capillaries, and even large plasma
proteins can pass through the great gaps in the sinusoids. Some large proteins in blood plasma can move into and

out of the endothelial cells packaged within vesicles by endocytosis and exocytosis. Water moves by osmosis.

Bulk Flow

The mass movement of fluids into and out of capillary beds requires a transport mechanism far more efficient
than mere diffusion. This movement, often referred to as bulk flow, involves two pressure-driven mechanisms:
Volumes of fluid move from an area of higher pressure in a capillary bed to an area of lower pressure in the tissues
via filtration. In contrast, the movement of fluid from an area of higher pressure in the tissues into an area of
lower pressure in the capillaries is reabsorption. Two types of pressure interact to drive each of these movements:

hydrostatic pressure and osmotic pressure.

300
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Hydrostatic Pressure

The primary force driving fluid transport between the capillaries and tissues is hydrostatic pressure, which can
be defined as the pressure of any fluid enclosed in a space. Blood hydrostatic pressure is the force exerted by
the blood confined within blood vessels or heart chambers. Even more specifically, the pressure exerted by blood
against the wall of a capillary is called capillary hydrostatic pressure (CHP), and is the same as capillary blood
pressure. CHP is the force that drives fluid out of capillaries and into the tissues.

As fluid exits a capillary and moves into tissues, the hydrostatic pressure in the interstitial fluid correspondingly
rises. This opposing hydrostatic pressure is called the interstitial fluid hydrostatic pressure (IFHP). Generally,
the CHP originating from the arterial pathways is considerably higher than the IFHP, because lymphatic vessels
are continually absorbing excess fluid from the tissues. Thus, fluid generally moves out of the capillary and into

the interstitial fluid. This process is called filtration.

Osmotic Pressure

The net pressure that drives reabsorption—the movement of fluid from the interstitial fluid back into the
capillaries—is called osmotic pressure (sometimes referred to as oncotic pressure). Whereas hydrostatic pressure
forces fluid out of the capillary, osmotic pressure draws fluid back in. Osmotic pressure is determined by osmotic
concentration gradients, that is, the difference in the solute-to-water concentrations in the blood and tissue fluid.
A region higher in solute concentration (and lower in water concentration) draws water across a semipermeable

membrane from a region higher in water concentration (and lower in solute concentration).

As we discuss osmotic pressure in blood and tissue fluid, it is important to recognize that the formed elements
of blood do not contribute to osmotic concentration gradients. Rather, it is the plasma proteins that play the
key role. Solutes also move across the capillary wall according to their concentration gradient, but overall,
the concentrations should be similar and not have a significant impact on osmosis. Because of their large size
and chemical structure, plasma proteins are not truly solutes, that is, they do not dissolve but are dispersed or

suspended in their fluid medium, forming a colloid rather than a solution.

The pressure created by the concentration of colloidal proteins in the blood is called the bleod colloidal esmetic
pressure (BCOP). Its effect on capillary exchange accounts for the reabsorption of water. The plasma proteins
suspended in blood cannot move across the semipermeable capillary cell membrane, and so they remain in the
plasma. As a result, blood has a higher colloidal concentration and lower water concentration than tissue fluid.
It therefore attracts water. We can also say that the BCOP is higher than the interstitial fluid colloidal osmetic
pressure (IFCOP), which is always very low because interstitial fluid contains few proteins. Thus, water is drawn
from the tissue fluid back into the capillary, carrying dissolved molecules with it. This difference in colloidal

osmotic pressure accounts for reabsorption.

Interaction of Hydrostatic and Osmotic Pressures

The normal unit used to express pressures within the cardiovascular system is millimeters of mercury (mm Hg).

When blood leaving an arteriole first enters a capillary bed, the CHP is quite high—about 35 mm Hg. Gradually,
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this initial CHP declines as the blood moves through the capillary so that by the time the blood has reached
the venous end, the CHP has dropped to approximately 18 mm Hg. In comparison, the plasma proteins remain
suspended in the blood, so the BCOP remains fairly constant at about 25 mm Hg throughout the length of the
capillary and considerably below the osmotic pressure in the interstitial fluid.

The net filtration pressure (NFP) represents the interaction of the hydrostatic and osmotic pressures, driving
fluid out of the capillary. It is equal to the difference between the CHP and the BCOP. Since filtration is, by
definition, the movement of fluid out of the capillary, when reabsorption is occurring, the NFP is a negative

number.

NFP changes at different points in a capillary bed ((Figure)). Close to the arterial end of the capillary, it is
approximately 10 mm Hg, because the CHP of 35 mm Hg minus the BCOP of 25 mm Hg equals 10 mm Hg.
Recall that the hydrostatic and osmotic pressures of the interstitial fluid are essentially negligible. Thus, the NFP
of 10 mm Hg drives a net movement of fluid out of the capillary at the arterial end. At approximately the middle
of the capillary, the CHP is about the same as the BCOP of 25 mm Hg, so the NFP drops to zero. At this point,
there is no net change of volume: Fluid moves out of the capillary at the same rate as it moves into the capillary.
Near the venous end of the capillary, the CHP has dwindled to about 18 mm Hg due to loss of fluid. Because the
BCOP remains steady at 25 mm Hg, water is drawn into the capillary, that is, reabsorption occurs. Another way

of expressing this is to say that at the venous end of the capillary, there is an NFP of -7 mm Hg.

Capillary Exchange
Net filtration occurs near the arterial end of the capillary since capillary hydrostatic pressure (CHP) is greater
than blood colloidal osmotic pressure (BCOP). There is no net movement of fluid near the midpoint since CHP =

BCOP. Net reabsorption occurs near the venous end since BCOP is greater than CHP.

Filtration No net movement Reabsorption

>

Arterial end ( > Mid capillary \ Venous end
net filtration pressure & W net filtration pressure ) net filtration pressure
=+10 mm Hg p =0 mm Hg \ =—7 mm Hg

§

Fluid exits capillary since No net movement of fluid Fluid re-enters capillary
capillary hydrostatic pressure since capillary hydrostatic since capillary hydrostatic
(85 mm Hg) is greater than pressure (25 mm Hg) = blood pressure (18 mm Hg) is less
blood colloidal osmotic colloidal osmotic pressure than blood colloidal osmotic
pressure (25 mm Hg) (25 mm Hg) pressure (25 mm Hg)

The Role of Lymphatic Capillaries

Since overall CHP is higher than BCOP, it is inevitable that more net fluid will exit the capillary through filtration
at the arterial end than enters through reabsorption at the venous end. Considering all capillaries over the course
of a day, this can be quite a substantial amount of fluid: Approximately 24 liters per day are filtered, whereas
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20.4 liters are reabsorbed. This excess fluid is picked up by capillaries of the lymphatic system. These extremely
thin-walled vessels have copious numbers of valves that ensure unidirectional flow through ever-larger lymphatic
vessels that eventually drain into the subclavian veins in the neck. An important function of the lymphatic system
is to return the fluid (lymph) to the blood. Lymph may be thought of as recycled blood plasma. (Seek additional
content for more detail on the lymphatic system.)

Watch this video to explore capillaries and how they function in the body. Capillaries are never more than
100 micrometers away. What is the main component of interstitial fluid?



http://openstax.org/l/capillaryfunct

20.4 Homeostatic Regulation of the Vascular System

Learning Objectives

By the end of this section, you will be able to:

* Discuss the mechanisms involved in the neural regulation of vascular homeostasis
 Describe the contribution of a variety of hormones to the renal regulation of blood pressure
+ Identify the effects of exercise on vascular homeostasis

 Discuss how hypertension, hemorrhage, and circulatory shock affect vascular health

In order to maintain homeostasis in the cardiovascular system and provide adequate blood to the tissues,
blood flow must be redirected continually to the tissues as they become more active. In a very real sense, the
cardiovascular system engages in resource allocation, because there is not enough blood flow to distribute blood
equally to all tissues simultaneously. For example, when an individual is exercising, more blood will be directed to
skeletal muscles, the heart, and the lungs. Following a meal, more blood is directed to the digestive system. Only
the brain receives a more or less constant supply of blood whether you are active, resting, thinking, or engaged in

any other activity.

(Figure) provides the distribution of systemic blood at rest and during exercise. Although most of the data appears
logical, the values for the distribution of blood to the integument may seem surprising. During exercise, the body
distributes more blood to the body surface where it can dissipate the excess heat generated by increased activity

into the environment.
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Systemic Blood Flow During Rest, Mild Exercise, and Maximal Exercise in a Healthy Young Individual

Resting Mild exercise Maximal exercise
Organ (mL/min) (mL/min) (mL/min)
Skeletal muscle 1200 4500 12,500
Heart 250 350 750
Brain 750 750 750
Integument 500 1500 1900
Kidney 1100 900 600
Gastrointestinal 1400 1100 600
g.t:?rliver, spleen) 600 400 400
Total 5800 9500 17,500

Three homeostatic mechanisms ensure adequate blood flow, blood pressure, distribution, and ultimately
perfusion: neural, endocrine, and autoregulatory mechanisms. They are summarized in (Figure).

Summary of Factors Maintaining Vascular Homeostasis
Adequate blood flow, blood pressure, distribution, and perfusion involve autoregulatory, neural, and endocrine
mechanisms.
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Neural Regulation

The nervous system plays a critical role in the regulation of vascular homeostasis. The primary regulatory sites
include the cardiovascular centers in the brain that control both cardiac and vascular functions. In addition, more

generalized neural responses from the limbic system and the autonomic nervous system are factors.

The Cardiovascular Centers in the Brain

Neurological regulation of blood pressure and flow depends on the cardiovascular centers located in the medulla



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 307

oblongata. This cluster of neurons responds to changes in blood pressure as well as blood concentrations of

oxygen, carbon dioxide, and hydrogen ions. The cardiovascular center contains three distinct paired components:

* The cardioaccelerator centers stimulate cardiac function by regulating heart rate and stroke volume via

sympathetic stimulation from the cardiac accelerator nerve.

» The cardioinhibitor centers slow cardiac function by decreasing heart rate and stroke volume via

parasympathetic stimulation from the vagus nerve.

» The vasomotor centers control vessel tone or contraction of the smooth muscle in the tunica media.
Changes in diameter affect peripheral resistance, pressure, and flow, which affect cardiac output. The
majority of these neurons act via the release of the neurotransmitter norepinephrine from sympathetic

neurons.

Although each center functions independently, they are not anatomically distinct.

There is also a small population of neurons that control vasodilation in the vessels of the brain and skeletal
muscles by relaxing the smooth muscle fibers in the vessel tunics. Many of these are cholinergic neurons, that
is, they release acetylcholine, which in turn stimulates the vessels’ endothelial cells to release nitric oxide (NO),
which causes vasodilation. Others release norepinephrine that binds to 3, receptors. A few neurons release NO

directly as a neurotransmitter.

Recall that mild stimulation of the skeletal muscles maintains muscle tone. A similar phenomenon occurs with
vascular tone in vessels. As noted earlier, arterioles are normally partially constricted: With maximal stimulation,
their radius may be reduced to one-half of the resting state. Full dilation of most arterioles requires that this
sympathetic stimulation be suppressed. When it is, an arteriole can expand by as much as 150 percent. Such a

significant increase can dramatically affect resistance, pressure, and flow.

Baroreceptor Reflexes

Baroreceptors are specialized stretch receptors located within thin areas of blood vessels and heart chambers that
respond to the degree of stretch caused by the presence of blood. They send impulses to the cardiovascular center
to regulate blood pressure. Vascular baroreceptors are found primarily in sinuses (small cavities) within the aorta
and carotid arteries: The aortic sinuses are found in the walls of the ascending aorta just superior to the aortic
valve, whereas the carotid sinuses are in the base of the internal carotid arteries. There are also low-pressure

baroreceptors located in the walls of the venae cavae and right atrium.

When blood pressure increases, the baroreceptors are stretched more tightly and initiate action potentials at a
higher rate. At lower blood pressures, the degree of stretch is lower and the rate of firing is slower. When the

cardiovascular center in the medulla oblongata receives this input, it triggers a reflex that maintains homeostasis

((Figure)):

» When blood pressure rises too high, the baroreceptors fire at a higher rate and trigger parasympathetic

stimulation of the heart. As a result, cardiac output falls. Sympathetic stimulation of the peripheral
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arterioles will also decrease, resulting in vasodilation. Combined, these activities cause blood pressure
to fall.

* When blood pressure drops too low, the rate of baroreceptor firing decreases. This will trigger an
increase in sympathetic stimulation of the heart, causing cardiac output to increase. It will also trigger
sympathetic stimulation of the peripheral vessels, resulting in vasoconstriction. Combined, these

activities cause blood pressure to rise.

Baroreceptor Reflexes for Maintaining Vascular Homeostasis
Increased blood pressure results in increased rates of baroreceptor firing, whereas decreased blood pressure
results in slower rates of fire, both initiating the homeostatic mechanism to restore blood pressure.
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The baroreceptors in the venae cavae and right atrium monitor blood pressure as the blood returns to the heart
from the systemic circulation. Normally, blood flow into the aorta is the same as blood flow back into the right
atrium. If blood is returning to the right atrium more rapidly than it is being ejected from the left ventricle, the
atrial receptors will stimulate the cardiovascular centers to increase sympathetic firing and increase cardiac output

until homeostasis is achieved. The opposite is also true. This mechanism is referred to as the atrial reflex.

Chemoreceptor Reflexes

In addition to the baroreceptors are chemoreceptors that monitor levels of oxygen, carbon dioxide, and hydrogen

ions (pH), and thereby contribute to vascular homeostasis. Chemoreceptors monitoring the blood are located in
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close proximity to the baroreceptors in the aortic and carotid sinuses. They signal the cardiovascular center as well

as the respiratory centers in the medulla oblongata.

Since tissues consume oxygen and produce carbon dioxide and acids as waste products, when the body is more
active, oxygen levels fall and carbon dioxide levels rise as cells undergo cellular respiration to meet the energy
needs of activities. This causes more hydrogen ions to be produced, causing the blood pH to drop. When the body
is resting, oxygen levels are higher, carbon dioxide levels are lower, more hydrogen is bound, and pH rises. (Seek

additional content for more detail about pH.)

The chemoreceptors respond to increasing carbon dioxide and hydrogen ion levels (falling pH) by stimulating
the cardioaccelerator and vasomotor centers, increasing cardiac output and constricting peripheral vessels. The
cardioinhibitor centers are suppressed. With falling carbon dioxide and hydrogen ion levels (increasing pH), the
cardioinhibitor centers are stimulated, and the cardioaccelerator and vasomotor centers are suppressed, decreasing
cardiac output and causing peripheral vasodilation. In order to maintain adequate supplies of oxygen to the cells
and remove waste products such as carbon dioxide, it is essential that the respiratory system respond to changing
metabolic demands. In turn, the cardiovascular system will transport these gases to the lungs for exchange, again
in accordance with metabolic demands. This interrelationship of cardiovascular and respiratory control cannot be

overemphasized.

Other neural mechanisms can also have a significant impact on cardiovascular function. These include the
limbic system that links physiological responses to psychological stimuli, as well as generalized sympathetic and

parasympathetic stimulation.

Endocrine Regulation

Endocrine control over the cardiovascular system involves the catecholamines, epinephrine and norepinephrine,

as well as several hormones that interact with the kidneys in the regulation of blood volume.

Epinephrine and Norepinephrine

The catecholamines epinephrine and norepinephrine are released by the adrenal medulla, and enhance and
extend the body’s sympathetic or “fight-or-flight” response (see (Figure)). They increase heart rate and force of
contraction, while temporarily constricting blood vessels to organs not essential for flight-or-fight responses and

redirecting blood flow to the liver, muscles, and heart.

Antidiuretic Hormone

Antidiuretic hormone (ADH), also known as vasopressin, is secreted by the cells in the hypothalamus and
transported via the hypothalamic-hypophyseal tracts to the posterior pituitary where it is stored until released upon
nervous stimulation. The primary trigger prompting the hypothalamus to release ADH is increasing osmolarity of
tissue fluid, usually in response to significant loss of blood volume. ADH signals its target cells in the kidneys to
reabsorb more water, thus preventing the loss of additional fluid in the urine. This will increase overall fluid levels

and help restore blood volume and pressure. In addition, ADH constricts peripheral vessels.
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Renin-Angiotensin-Aldosterone Mechanism

The renin-angiotensin-aldosterone mechanism has a major effect upon the cardiovascular system ((Figure)). Renin
is an enzyme, although because of its importance in the renin-angiotensin-aldosterone pathway, some sources
identify it as a hormone. Specialized cells in the kidneys found in the juxtaglomerular apparatus respond to
decreased blood flow by secreting renin into the blood. Renin converts the plasma protein angiotensinogen,
which is produced by the liver, into its active form—angiotensin I. Angiotensin I circulates in the blood and is
then converted into angiotensin II in the lungs. This reaction is catalyzed by the enzyme angiotensin-converting
enzyme (ACE).

Angiotensin II is a powerful vasoconstrictor, greatly increasing blood pressure. It also stimulates the release of
ADH and aldosterone, a hormone produced by the adrenal cortex. Aldosterone increases the reabsorption of
sodium into the blood by the kidneys. Since water follows sodium, this increases the reabsorption of water. This
in turn increases blood volume, raising blood pressure. Angiotensin II also stimulates the thirst center in the

hypothalamus, so an individual will likely consume more fluids, again increasing blood volume and pressure.

Hormones Involved in Renal Control of Blood Pressure
In the renin-angiotensin-aldosterone mechanism, increasing angiotensin II will stimulate the production of
antidiuretic hormone and aldosterone. In addition to renin, the kidneys produce erythropoietin, which stimulates

the production of red blood cells, further increasing blood volume.
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Erythropoietin

Erythropoietin (EPO) is released by the kidneys when blood flow and/or oxygen levels decrease. EPO stimulates
the production of erythrocytes within the bone marrow. Erythrocytes are the major formed element of the blood
and may contribute 40 percent or more to blood volume, a significant factor of viscosity, resistance, pressure, and
flow. In addition, EPO is a vasoconstrictor. Overproduction of EPO or excessive intake of synthetic EPO, often to
enhance athletic performance, will increase viscosity, resistance, and pressure, and decrease flow in addition to its

contribution as a vasoconstrictor.
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Atrial Natriuretic Hormone

Secreted by cells in the atria of the heart, atrial natriuretic hormone (ANH) (also known as atrial natriuretic
peptide) is secreted when blood volume is high enough to cause extreme stretching of the cardiac cells. Cells
in the ventricle produce a hormone with similar effects, called B-type natriuretic hormone. Natriuretic hormones
are antagonists to angiotensin II. They promote loss of sodium and water from the kidneys, and suppress renin,
aldosterone, and ADH production and release. All of these actions promote loss of fluid from the body, so blood
volume and blood pressure drop.

Autorequlation of Perfusion

As the name would suggest, autoregulation mechanisms require neither specialized nervous stimulation nor
endocrine control. Rather, these are local, self-regulatory mechanisms that allow each region of tissue to adjust its

blood flow—and thus its perfusion. These local mechanisms include chemical signals and myogenic controls.

Chemical Signals Involved in Autoregulation

Chemical signals work at the level of the precapillary sphincters to trigger either constriction or relaxation. As you
know, opening a precapillary sphincter allows blood to flow into that particular capillary, whereas constricting
a precapillary sphincter temporarily shuts off blood flow to that region. The factors involved in regulating the
precapillary sphincters include the following:

» Opening of the sphincter is triggered in response to decreased oxygen concentrations; increased carbon
dioxide concentrations; increasing levels of lactic acid or other byproducts of cellular metabolism;
increasing concentrations of potassium ions or hydrogen ions (falling pH); inflammatory chemicals
such as histamines; and increased body temperature. These conditions in turn stimulate the release of
NO, a powerful vasodilator, from endothelial cells (see (Figure)).

 Contraction of the precapillary sphincter is triggered by the opposite levels of the regulators, which
prompt the release of endothelins, powerful vasoconstricting peptides secreted by endothelial cells.

Platelet secretions and certain prostaglandins may also trigger constriction.

Again, these factors alter tissue perfusion via their effects on the precapillary sphincter mechanism, which
regulates blood flow to capillaries. Since the amount of blood is limited, not all capillaries can fill at once, so
blood flow is allocated based upon the needs and metabolic state of the tissues as reflected in these parameters.
Bear in mind, however, that dilation and constriction of the arterioles feeding the capillary beds is the primary

control mechanism.

The Myogenic Response

The myogenic response is a reaction to the stretching of the smooth muscle in the walls of arterioles as changes
in blood flow occur through the vessel. This may be viewed as a largely protective function against dramatic
fluctuations in blood pressure and blood flow to maintain homeostasis. If perfusion of an organ is too low
(ischemia), the tissue will experience low levels of oxygen (hypoxia). In contrast, excessive perfusion could
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damage the organ’s smaller and more fragile vessels. The myogenic response is a localized process that serves to
stabilize blood flow in the capillary network that follows that arteriole.

When blood flow is low, the vessel’s smooth muscle will be only minimally stretched. In response, it relaxes,
allowing the vessel to dilate and thereby increase the movement of blood into the tissue. When blood flow is too
high, the smooth muscle will contract in response to the increased stretch, prompting vasoconstriction that reduces
blood flow.

(Figure) summarizes the effects of nervous, endocrine, and local controls on arterioles.

Summary of Mechanisms Regulating Arteriole Smooth Muscle and Veins

Control Factor Vasoconstriction Vasodilation
Neural Sympathetic stimulation Arterioles within integument, Arterioles within heart; skeletal
abdominal viscera, and mucosa muscles at low to moderate
membrane; skeletal muscle (at high levels

levels); varied in veins and venules

Parasympathetic No known innervation for most Arterioles in external genitalia,
no known innervation for most
other arterioles or veins

Endocrine Epinephrine Similar to sympathetic stimulation Similar to sympathetic stimulation
for extended flight-or-fight for extended fight-or-flight
responses; at high levels, binds to responses; at low to moderate
specialized alpha (a) receptors levels, binds to specialized

beta (B) receptors
Norepinephrine Similar to epinephrine Similar to epinephrine
Angiotensin Il Powerful generalized n/a

vasoconstrictor; also stimulates
release of aldosterone and ADH

ANH (peptide) n/a Powerful generalized vasodilator;
also promotes loss of fluid volume
from kidneys, hence reducing

blood volume, pressure, and flow

ADH Moderately strong generalized n/a
vasoconstrictor; also causes body

to retain more fluid via kidneys,
increasing blood volume and pressure

Other factors | Decreasing levels of oxygen n/a Vasodilation, also opens

precapillary sphincters

Decreasing pH n/a Vasodilation, also opens
precapillary sphincters

Increasing levels of carbon n/a Vasodilation, also opens

dioxide precapillary sphincters

Increasing levels of potassium n/a Vasodilation, also opens

ion precapillary sphincters

Increasing levels of Vasoconstriction, closes precapillary Vasodilation, opens precapillary

prostaglandins sphincters for many sphincters for many

Increasing levels of adenosine n/a Vasodilation

Increasing levels of NO n/a Vasodilation, also opens
precapillary sphincters

Increasing levels of lactic acid n/a Vasodilation, also opens

and other metabolites precapillary sphincters

Increasing levels of endothelins | Vasoconstriction n/a

Increasing levels of platelet Vasoconstriction n/a

secretions

Increasing hyperthermia n/a Vasodilation

Stretching of vascular wall Vasoconstriction n/a

(myogenic)

Increasing levels of histamines | n/a Vasodilation

from basophils and mast cells




ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 313
Effect of Exercise on Vascular Homeostasis

The heart is a muscle and, like any muscle, it responds dramatically to exercise. For a healthy young adult,
cardiac output (heart rate x stroke volume) increases in the nonathlete from approximately 5.0 liters (5.25 quarts)
per minute to a maximum of about 20 liters (21 quarts) per minute. Accompanying this will be an increase in
blood pressure from about 120/80 to 185/75. However, well-trained aerobic athletes can increase these values
substantially. For these individuals, cardiac output soars from approximately 5.3 liters (5.57 quarts) per minute
resting to more than 30 liters (31.5 quarts) per minute during maximal exercise. Along with this increase in cardiac

output, blood pressure increases from 120/80 at rest to 200/90 at maximum values.

In addition to improved cardiac function, exercise increases the size and mass of the heart. The average weight
of the heart for the nonathlete is about 300 g, whereas in an athlete it will increase to 500 g. This increase in
size generally makes the heart stronger and more efficient at pumping blood, increasing both stroke volume and

cardiac output.

Tissue perfusion also increases as the body transitions from a resting state to light exercise and eventually to heavy
exercise (see (Figure)). These changes result in selective vasodilation in the skeletal muscles, heart, lungs, liver,
and integument. Simultaneously, vasoconstriction occurs in the vessels leading to the kidneys and most of the
digestive and reproductive organs. The flow of blood to the brain remains largely unchanged whether at rest or
exercising, since the vessels in the brain largely do not respond to regulatory stimuli, in most cases, because they

lack the appropriate receptors.

As vasodilation occurs in selected vessels, resistance drops and more blood rushes into the organs they supply.
This blood eventually returns to the venous system. Venous return is further enhanced by both the skeletal muscle
and respiratory pumps. As blood returns to the heart more quickly, preload rises and the Frank-Starling principle
tells us that contraction of the cardiac muscle in the atria and ventricles will be more forceful. Eventually, even
the best-trained athletes will fatigue and must undergo a period of rest following exercise. Cardiac output and
distribution of blood then return to normal.

Regular exercise promotes cardiovascular health in a variety of ways. Because an athlete’s heart is larger than a
nonathlete’s, stroke volume increases, so the athletic heart can deliver the same amount of blood as the nonathletic
heart but with a lower heart rate. This increased efficiency allows the athlete to exercise for longer periods of
time before muscles fatigue and places less stress on the heart. Exercise also lowers overall cholesterol levels by
removing from the circulation a complex form of cholesterol, triglycerides, and proteins known as low-density
lipoproteins (LDLs), which are widely associated with increased risk of cardiovascular disease. Although there
is no way to remove deposits of plaque from the walls of arteries other than specialized surgery, exercise does
promote the health of vessels by decreasing the rate of plaque formation and reducing blood pressure, so the heart

does not have to generate as much force to overcome resistance.

Generally as little as 30 minutes of noncontinuous exercise over the course of each day has beneficial effects and
has been shown to lower the rate of heart attack by nearly 50 percent. While it is always advisable to follow a
healthy diet, stop smoking, and lose weight, studies have clearly shown that fit, overweight people may actually

be healthier overall than sedentary slender people. Thus, the benefits of moderate exercise are undeniable.
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Clinical Considerations in Vascular Homeostasis

Any disorder that affects blood volume, vascular tone, or any other aspect of vascular functioning is likely to

affect vascular homeostasis as well. That includes hypertension, hemorrhage, and shock.

Hypertension and Hypotension

Chronically elevated blood pressure is known clinically as hypertension. It is defined as chronic and persistent
blood pressure measurements of 140/90 mm Hg or above. Pressures between 120/80 and 140/90 mm Hg are
defined as prehypertension. About 68 million Americans currently suffer from hypertension. Unfortunately,
hypertension is typically a silent disorder; therefore, hypertensive patients may fail to recognize the seriousness
of their condition and fail to follow their treatment plan. The result is often a heart attack or stroke. Hypertension
may also lead to an aneurism (ballooning of a blood vessel caused by a weakening of the wall), peripheral arterial

disease (obstruction of vessels in peripheral regions of the body), chronic kidney disease, or heart failure.

Listen to this CDC podcast to learn about hypertension, often described as a “silent killer.” What steps can

you take to reduce your risk of a heart attack or stroke?

Hemorrhage

Minor blood loss is managed by hemostasis and repair. Hemorrhage is a loss of blood that cannot be controlled by
hemostatic mechanisms. Initially, the body responds to hemorrhage by initiating mechanisms aimed at increasing
blood pressure and maintaining blood flow. Ultimately, however, blood volume will need to be restored, either

through physiological processes or through medical intervention.

In response to blood loss, stimuli from the baroreceptors trigger the cardiovascular centers to stimulate
sympathetic responses to increase cardiac output and vasoconstriction. This typically prompts the heart rate to
increase to about 180-200 contractions per minute, restoring cardiac output to normal levels. Vasoconstriction
of the arterioles increases vascular resistance, whereas constriction of the veins increases venous return to the
heart. Both of these steps will help increase blood pressure. Sympathetic stimulation also triggers the release of
epinephrine and norepinephrine, which enhance both cardiac output and vasoconstriction. If blood loss were less
than 20 percent of total blood volume, these responses together would usually return blood pressure to normal and
redirect the remaining blood to the tissues.

Additional endocrine involvement is necessary, however, to restore the lost blood volume. The angiotensin-renin-
aldosterone mechanism stimulates the thirst center in the hypothalamus, which increases fluid consumption to
help restore the lost blood. More importantly, it increases renal reabsorption of sodium and water, reducing water
loss in urine output. The kidneys also increase the production of EPO, stimulating the formation of erythrocytes
that not only deliver oxygen to the tissues but also increase overall blood volume. (Figure) summarizes the

responses to loss of blood volume.


http://openstax.org/l/CDCpodcast
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Circulatory Shock

The loss of too much blood may lead to circulatory sheck, a life-threatening condition in which the circulatory
system is unable to maintain blood flow to adequately supply sufficient oxygen and other nutrients to the tissues
to maintain cellular metabolism. It should not be confused with emotional or psychological shock. Typically,
the patient in circulatory shock will demonstrate an increased heart rate but decreased blood pressure, but there
are cases in which blood pressure will remain normal. Urine output will fall dramatically, and the patient may
appear confused or lose consciousness. Urine output less than 1 mL/kg body weight/hour is cause for concern.
Unfortunately, shock is an example of a positive-feedback loop that, if uncorrected, may lead to the death of the

patient.
There are several recognized forms of shock:

» Hypovelemic shock in adults is typically caused by hemorrhage, although in children it may be
caused by fluid losses related to severe vomiting or diarrhea. Other causes for hypovolemic shock
include extensive burns, exposure to some toxins, and excessive urine loss related to diabetes insipidus
or ketoacidosis. Typically, patients present with a rapid, almost tachycardic heart rate; a weak pulse
often described as “thread;” cool, clammy skin, particularly in the extremities, due to restricted
peripheral blood flow; rapid, shallow breathing; hypothermia; thirst; and dry mouth. Treatments
generally involve providing intravenous fluids to restore the patient to normal function and various
drugs such as dopamine, epinephrine, and norepinephrine to raise blood pressure.

+ Cardiogenic shock results from the inability of the heart to maintain cardiac output. Most often, it
results from a myocardial infarction (heart attack), but it may also be caused by arrhythmias, valve
disorders, cardiomyopathies, cardiac failure, or simply insufficient flow of blood through the cardiac
vessels. Treatment involves repairing the damage to the heart or its vessels to resolve the underlying

cause, rather than treating cardiogenic shock directly.
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* Vascular shock occurs when arterioles lose their normal muscular tone and dilate dramatically. It may
arise from a variety of causes, and treatments almost always involve fluid replacement and
medications, called inotropic or pressor agents, which restore tone to the muscles of the vessels. In
addition, eliminating or at least alleviating the underlying cause of the condition is required. This
might include antibiotics and antihistamines, or select steroids, which may aid in the repair of nerve
damage. A common cause is sepsis (or septicemia), also called “blood poisoning,” which is a
widespread bacterial infection that results in an organismal-level inflammatory response known as
septic shock. Neurogenic shock is a form of vascular shock that occurs with cranial or spinal injuries
that damage the cardiovascular centers in the medulla oblongata or the nervous fibers originating from
this region. Anaphylactic shock is a severe allergic response that causes the widespread release of

histamines, triggering vasodilation throughout the body.

* Obstructive shock, as the name would suggest, occurs when a significant portion of the vascular
system is blocked. It is not always recognized as a distinct condition and may be grouped with
cardiogenic shock, including pulmonary embolism and cardiac tamponade. Treatments depend upon
the underlying cause and, in addition to administering fluids intravenously, often include the
administration of anticoagulants, removal of fluid from the pericardial cavity, or air from the thoracic
cavity, and surgery as required. The most common cause is a pulmonary embolism, a clot that lodges
in the pulmonary vessels and interrupts blood flow. Other causes include stenosis of the aortic valve;
cardiac tamponade, in which excess fluid in the pericardial cavity interferes with the ability of the
heart to fully relax and fill with blood (resulting in decreased preload); and a pneumothorax, in which
an excessive amount of air is present in the thoracic cavity, outside of the lungs, which interferes with

venous return, pulmonary function, and delivery of oxygen to the tissues.



Chapter 22. The Respiratory System
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22.1 Organs and Structures of the Respiratory System

Learning Objectives

By the end of this section, you will be able to:

* List the structures that make up the respiratory system
* Describe how the respiratory system processes oxygen and CO»

» Compare and contrast the functions of upper respiratory tract with the lower respiratory
tract

The major organs of the respiratory system function primarily to provide oxygen to body tissues for cellular
respiration, remove the waste product carbon dioxide, and help to maintain acid-base balance. Portions of the
respiratory system are also used for non-vital functions, such as sensing odors, speech production, and for
straining, such as during childbirth or coughing ((Figure)).

Major Respiratory Structures

The major respiratory structures span the nasal cavity to the diaphragm.
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Functionally, the respiratory system can be divided into a conducting zone and a respiratory zone. The conducting
zone of the respiratory system includes the organs and structures not directly involved in gas exchange. The gas

exchange occurs in the respiratory zone.

Conducting Zone

The major functions of the conducting zone are to provide a route for incoming and outgoing air, remove debris
and pathogens from the incoming air, and warm and humidify the incoming air. Several structures within the
conducting zone perform other functions as well. The epithelium of the nasal passages, for example, is essential

to sensing odors, and the bronchial epithelium that lines the lungs can metabolize some airborne carcinogens.

The Nose and its Adjacent Structures

The major entrance and exit for the respiratory system is through the nose. When discussing the nose, it is helpful

to divide it into two major sections: the external nose, and the nasal cavity or internal nose.

The external nose consists of the surface and skeletal structures that result in the outward appearance of the
nose and contribute to its numerous functions ((Figure)). The root is the region of the nose located between the
eyebrows. The bridge is the part of the nose that connects the root to the rest of the nose. The dorsum nasi is
the length of the nose. The apex is the tip of the nose. On either side of the apex, the nostrils are formed by the
alae (singular = ala). An ala is a cartilaginous structure that forms the lateral side of each naris (plural = nares),

or nostril opening. The philtrum is the concave surface that connects the apex of the nose to the upper lip.

Nose

This illustration shows features of the external nose (top) and skeletal features of the nose (bottom).
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Underneath the thin skin of the nose are its skeletal features (see (Figure), lower illustration). While the root and
bridge of the nose consist of bone, the protruding portion of the nose is composed of cartilage. As a result, when
looking at a skull, the nose is missing. The nasal bone is one of a pair of bones that lies under the root and
bridge of the nose. The nasal bone articulates superiorly with the frontal bone and laterally with the maxillary
bones. Septal cartilage is flexible hyaline cartilage connected to the nasal bone, forming the dorsum nasi. The alar

cartilage consists of the apex of the nose; it surrounds the naris.

The nares open into the nasal cavity, which is separated into left and right sections by the nasal septum ((Figure)).
The nasal septum is formed anteriorly by a portion of the septal cartilage (the flexible portion you can touch
with your fingers) and posteriorly by the perpendicular plate of the ethmoid bone (a cranial bone located just
posterior to the nasal bones) and the thin vomer bones (whose name refers to its plough shape). Each lateral wall
of the nasal cavity has three bony projections, called the superior, middle, and inferior nasal conchae. The inferior
conchae are separate bones, whereas the superior and middle conchae are portions of the ethmoid bone. Conchae
serve to increase the surface area of the nasal cavity and to disrupt the flow of air as it enters the nose, causing air
to bounce along the epithelium, where it is cleaned and warmed. The conchae and meatuses also conserve water
and prevent dehydration of the nasal epithelium by trapping water during exhalation. The floor of the nasal cavity
is composed of the palate. The hard palate at the anterior region of the nasal cavity is composed of bone. The
soft palate at the posterior portion of the nasal cavity consists of muscle tissue. Air exits the nasal cavities via the

internal nares and moves into the pharynx.

Upper Airway
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Several bones that help form the walls of the nasal cavity have air-containing spaces called the paranasal sinuses,
which serve to warm and humidify incoming air. Sinuses are lined with a mucosa. Each paranasal sinus is named
for its associated bone: frontal sinus, maxillary sinus, sphenoidal sinus, and ethmoidal sinus. The sinuses produce

mucus and lighten the weight of the skull.

The nares and anterior portion of the nasal cavities are lined with mucous membranes, containing sebaceous
glands and hair follicles that serve to prevent the passage of large debris, such as dirt, through the nasal cavity. An

olfactory epithelium used to detect odors is found deeper in the nasal cavity.

The conchae, meatuses, and paranasal sinuses are lined by respiratory epithelium composed of pseudostratified
ciliated columnar epithelium ((Figure)). The epithelium contains goblet cells, one of the specialized, columnar
epithelial cells that produce mucus to trap debris. The cilia of the respiratory epithelium help remove the mucus
and debris from the nasal cavity with a constant beating motion, sweeping materials towards the throat to be
swallowed. Interestingly, cold air slows the movement of the cilia, resulting in accumulation of mucus that may
in turn lead to a runny nose during cold weather. This moist epithelium functions to warm and humidify incoming
air. Capillaries located just beneath the nasal epithelium warm the air by convection. Serous and mucus-producing
cells also secrete the lysozyme enzyme and proteins called defensins, which have antibacterial properties. Immune
cells that patrol the connective tissue deep to the respiratory epithelium provide additional protection.

Pseudostratified Ciliated Columnar Epithelium
Respiratory epithelium is pseudostratified ciliated columnar epithelium. Seromucous glands provide lubricating
mucus. LM x 680. (Micrograph provided by the Regents of University of Michigan Medical School © 2012)
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View the University of Michigan WebScope to explore the tissue sample in greater detail.

Pharynx

The pharynx is a tube formed by skeletal muscle and lined by mucous membrane that is continuous with
that of the nasal cavities (see (Figure)). The pharynx is divided into three major regions: the nasopharynx, the

oropharynx, and the laryngopharynx ((Figure)).

Divisions of the Pharynx
The pharynx is divided into three regions: the nasopharynx, the oropharynx, and the laryngopharynx.
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The nasopharynx is flanked by the conchae of the nasal cavity, and it serves only as an airway. At the top
of the nasopharynx are the pharyngeal tonsils. A pharyngeal tonsil, also called an adenoid, is an aggregate of
lymphoid reticular tissue similar to a lymph node that lies at the superior portion of the nasopharynx. The function
of the pharyngeal tonsil is not well understood, but it contains a rich supply of lymphocytes and is covered with
ciliated epithelium that traps and destroys invading pathogens that enter during inhalation. The pharyngeal tonsils
are large in children, but interestingly, tend to regress with age and may even disappear. The uvula is a small
bulbous, teardrop-shaped structure located at the apex of the soft palate. Both the uvula and soft palate move like
a pendulum during swallowing, swinging upward to close off the nasopharynx to prevent ingested materials from
entering the nasal cavity. In addition, auditory (Eustachian) tubes that connect to each middle ear cavity open into

the nasopharynx. This connection is why colds often lead to ear infections.

The oropharynx is a passageway for both air and food. The oropharynx is bordered superiorly by the nasopharynx
and anteriorly by the oral cavity. The fauces is the opening at the connection between the oral cavity and the
oropharynx. As the nasopharynx becomes the oropharynx, the epithelium changes from pseudostratified ciliated
columnar epithelium to stratified squamous epithelium. The oropharynx contains two distinct sets of tonsils, the
palatine and lingual tonsils. A palatine tonsil is one of a pair of structures located laterally in the oropharynx in
the area of the fauces. The lingual tonsil is located at the base of the tongue. Similar to the pharyngeal tonsil, the
palatine and lingual tonsils are composed of lymphoid tissue, and trap and destroy pathogens entering the body

through the oral or nasal cavities.

The laryngopharynx is inferior to the oropharynx and posterior to the larynx. It continues the route for ingested
material and air until its inferior end, where the digestive and respiratory systems diverge. The stratified squamous
epithelium of the oropharynx is continuous with the laryngopharynx. Anteriorly, the laryngopharynx opens into
the larynx, whereas posteriorly, it enters the esophagus.
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Larynx

The larynx is a cartilaginous structure inferior to the laryngopharynx that connects the pharynx to the trachea
and helps regulate the volume of air that enters and leaves the lungs ((Figure)). The structure of the larynx is
formed by several pieces of cartilage. Three large cartilage pieces—the thyroid cartilage (anterior), epiglottis
(superior), and cricoid cartilage (inferior)—form the major structure of the larynx. The thyreid cartilage is the
largest piece of cartilage that makes up the larynx. The thyroid cartilage consists of the laryngeal prominence,
or “Adam’s apple,” which tends to be more prominent in males. The thick cricoid cartilage forms a ring, with a
wide posterior region and a thinner anterior region. Three smaller, paired cartilages—the arytenoids, corniculates,
and cuneiforms—attach to the epiglottis and the vocal cords and muscle that help move the vocal cords to produce

speech.

Larynx
The larynx extends from the laryngopharynx and the hyoid bone to the trachea.
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The epiglottis, attached to the thyroid cartilage, is a very flexible piece of elastic cartilage that covers the opening
of the trachea (see (Figure)). When in the “closed” position, the unattached end of the epiglottis rests on the glottis.
The glottis is composed of the vestibular folds, the true vocal cords, and the space between these folds ((Figure)).
A vestibular fold, or false vocal cord, is one of a pair of folded sections of mucous membrane. A true vocal cord
is one of the white, membranous folds attached by muscle to the thyroid and arytenoid cartilages of the larynx on
their outer edges. The inner edges of the true vocal cords are free, allowing oscillation to produce sound. The size

of the membranous folds of the true vocal cords differs between individuals, producing voices with different pitch
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ranges. Folds in males tend to be larger than those in females, which create a deeper voice. The act of swallowing
causes the pharynx and larynx to lift upward, allowing the pharynx to expand and the epiglottis of the larynx to
swing downward, closing the opening to the trachea. These movements produce a larger area for food to pass

through, while preventing food and beverages from entering the trachea.

Vocal Cords

The true vocal cords and vestibular folds of the larynx are viewed inferiorly from the laryngopharynx.
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Continuous with the laryngopharynx, the superior portion of the larynx is lined with stratified squamous
epithelium, transitioning into pseudostratified ciliated columnar epithelium that contains goblet cells. Similar to
the nasal cavity and nasopharynx, this specialized epithelium produces mucus to trap debris and pathogens as they
enter the trachea. The cilia beat the mucus upward towards the laryngopharynx, where it can be swallowed down
the esophagus.

Trachea

The trachea (windpipe) extends from the larynx toward the lungs ((Figure)a). The trachea is formed by 16 to
20 stacked, C-shaped pieces of hyaline cartilage that are connected by dense connective tissue. The trachealis
muscle and elastic connective tissue together form the fibroelastic membrane, a flexible membrane that closes
the posterior surface of the trachea, connecting the C-shaped cartilages. The fibroelastic membrane allows the
trachea to stretch and expand slightly during inhalation and exhalation, whereas the rings of cartilage provide
structural support and prevent the trachea from collapsing. In addition, the trachealis muscle can be contracted
to force air through the trachea during exhalation. The trachea is lined with pseudostratified ciliated columnar
epithelium, which is continuous with the larynx. The esophagus borders the trachea posteriorly.

Trachea

(a) The tracheal tube is formed by stacked, C-shaped pieces of hyaline cartilage. (b) The layer visible in this
cross-section of tracheal wall tissue between the hyaline cartilage and the lumen of the trachea is the mucosa,
which is composed of pseudostratified ciliated columnar epithelium that contains goblet cells. LM x 1220.
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(Micrograph provided by the Regents of University of Michigan Medical School © 2012)
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Bronchial Tree

The trachea branches into the right and left primary bronchi at the carina. These bronchi are also lined by
pseudostratified ciliated columnar epithelium containing mucus-producing goblet cells ((Figure)b). The carina is
a raised structure that contains specialized nervous tissue that induces violent coughing if a foreign body, such as
food, is present. Rings of cartilage, similar to those of the trachea, support the structure of the bronchi and prevent
their collapse. The primary bronchi enter the lungs at the hilum, a concave region where blood vessels, lymphatic
vessels, and nerves also enter the lungs. The bronchi continue to branch into bronchial a tree. A bronchial tree (or
respiratory tree) is the collective term used for these multiple-branched bronchi. The main function of the bronchi,
like other conducting zone structures, is to provide a passageway for air to move into and out of each lung. In

addition, the mucous membrane traps debris and pathogens.

A bronchiole branches from the tertiary bronchi. Bronchioles, which are about 1 mm in diameter, further branch
until they become the tiny terminal bronchioles, which lead to the structures of gas exchange. There are more than
1000 terminal bronchioles in each lung. The muscular walls of the bronchioles do not contain cartilage like those
of the bronchi. This muscular wall can change the size of the tubing to increase or decrease airflow through the
tube.
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Respiratory Zone

In contrast to the conducting zone, the respiratory zone includes structures that are directly involved in gas
exchange. The respiratory zone begins where the terminal bronchioles join a respiratory bronchiole, the smallest

type of bronchiole ((Figure)), which then leads to an alveolar duct, opening into a cluster of alveoli.

Respiratory Zone

Bronchioles lead to alveolar sacs in the respiratory zone, where gas exchange occurs.
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An alveolar duct is a tube composed of smooth muscle and connective tissue, which opens into a cluster of

alveoli. An alveolus is one of the many small, grape-like sacs that are attached to the alveolar ducts.

An alveolar sac is a cluster of many individual alveoli that are responsible for gas exchange. An alveolus is
approximately 200 pm in diameter with elastic walls that allow the alveolus to stretch during air intake, which
greatly increases the surface area available for gas exchange. Alveoli are connected to their neighbors by alveolar
pores, which help maintain equal air pressure throughout the alveoli and lung ((Figure)).

Structures of the Respiratory Zone
(a) The alveolus is responsible for gas exchange. (b) A micrograph shows the alveolar structures within lung
tissue. LM x 178. (Micrograph provided by the Regents of University of Michigan Medical School © 2012)
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The alveolar wall consists of three major cell types: type I alveolar cells, type II alveolar cells, and alveolar
macrophages. A type I alveolar cell is a squamous epithelial cell of the alveoli, which constitute up to 97 percent
of the alveolar surface area. These cells are about 25 nm thick and are highly permeable to gases. A type II
alveolar cell is interspersed among the type I cells and secretes pulmonary surfactant, a substance composed
of phospholipids and proteins that reduces the surface tension of the alveoli. Roaming around the alveolar wall is
the alveolar macrophage, a phagocytic cell of the immune system that removes debris and pathogens that have
reached the alveoli.

The simple squamous epithelium formed by type I alveolar cells is attached to a thin, elastic basement membrane.
This epithelium is extremely thin and borders the endothelial membrane of capillaries. Taken together, the alveoli
and capillary membranes form a respiratory membrane that is approximately 0.5 pm (micrometers) thick. The
respiratory membrane allows gases to cross by simple diffusion, allowing oxygen to be picked up by the blood for

transport and COs to be released into the air of the alveoli.

Diseases of the...

Respiratory System: Asthma Asthma is common condition that affects the lungs in both adults and children.
Approximately 8.2 percent of adults (18.7 million) and 9.4 percent of children (7 million) in the United
States suffer from asthma. In addition, asthma is the most frequent cause of hospitalization in children.

Asthma is a chronic disease characterized by inflammation and edema of the airway, and bronchospasms
(that is, constriction of the bronchioles), which can inhibit air from entering the lungs. In addition, excessive
mucus secretion can occur, which further contributes to airway occlusion ((Figure)). Cells of the immune
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system, such as eosinophils and mononuclear cells, may also be involved in infiltrating the walls of the

bronchi and bronchioles.

Bronchospasms occur periodically and lead to an “asthma attack.” An attack may be triggered by
environmental factors such as dust, pollen, pet hair, or dander, changes in the weather, mold, tobacco smoke,

and respiratory infections, or by exercise and stress.

Normal and Bronchial Asthma Tissues
(a) Normal lung tissue does not have the characteristics of lung tissue during (b) an asthma attack, which
include thickened mucosa, increased mucus-producing goblet cells, and eosinophil infiltrates.
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Symptoms of an asthma attack involve coughing, shortness of breath, wheezing, and tightness of the chest.
Symptoms of a severe asthma attack that requires immediate medical attention would include difficulty
breathing that results in blue (cyanotic) lips or face, confusion, drowsiness, a rapid pulse, sweating, and
severe anxiety. The severity of the condition, frequency of attacks, and identified triggers influence the type
of medication that an individual may require. Longer-term treatments are used for those with more severe
asthma. Short-term, fast-acting drugs that are used to treat an asthma attack are typically administered via an
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inhaler. For young children or individuals who have difficulty using an inhaler, asthma medications can be
administered via a nebulizer.

In many cases, the underlying cause of the condition is unknown. However, recent research has
demonstrated that certain viruses, such as human rhinovirus C (HRVC), and the bacteria Mycoplasma
pneumoniae and Chlamydia pneumoniae that are contracted in infancy or early childhood, may contribute to
the development of many cases of asthma.

Visit this site to learn more about what happens during an asthma attack. What are the three changes that

occur inside the airways during an asthma attack?


http://openstax.org/l/asthma

22.2 The Lungs

Learning Objectives
By the end of this section, you will be able to:

 Describe the overall function of the lung
* Summarize the blood flow pattern associated with the lungs
 Outline the anatomy of the blood supply to the lungs

* Describe the pleura of the lungs and their function

A major organ of the respiratory system, each lung houses structures of both the conducting and respiratory
zones. The main function of the lungs is to perform the exchange of oxygen and carbon dioxide with air from the
atmosphere. To this end, the lungs exchange respiratory gases across a very large epithelial surface area—about

70 square meters—that is highly permeable to gases.

Gross Anatomy of the Lungs

The lungs are pyramid-shaped, paired organs that are connected to the trachea by the right and left bronchi; on
the inferior surface, the lungs are bordered by the diaphragm. The diaphragm is the flat, dome-shaped muscle
located at the base of the lungs and thoracic cavity. The lungs are enclosed by the pleurae, which are attached
to the mediastinum. The right lung is shorter and wider than the left lung, and the left lung occupies a smaller
volume than the right. The cardiac notch is an indentation on the surface of the left lung, and it allows space for
the heart ((Figure)). The apex of the lung is the superior region, whereas the base is the opposite region near the
diaphragm. The costal surface of the lung borders the ribs. The mediastinal surface faces the midline.

Gross Anatomy of the Lungs

331
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Each lung is composed of smaller units called lobes. Fissures separate these lobes from each other. The right
lung consists of three lobes: the superior, middle, and inferior lobes. The left lung consists of two lobes: the
superior and inferior lobes. A bronchopulmonary segment is a division of a lobe, and each lobe houses multiple
bronchopulmonary segments. Each segment receives air from its own tertiary bronchus and is supplied with blood
by its own artery. Some diseases of the lungs typically affect one or more bronchopulmonary segments, and in
some cases, the diseased segments can be surgically removed with little influence on neighboring segments. A
pulmonary lobule is a subdivision formed as the bronchi branch into bronchioles. Each lobule receives its own
large bronchiole that has multiple branches. An interlobular septum is a wall, composed of connective tissue,

which separates lobules from one another.

Blood Supply and Nervous Innervation of the Lungs

The blood supply of the lungs plays an important role in gas exchange and serves as a transport system for gases
throughout the body. In addition, innervation by the both the parasympathetic and sympathetic nervous systems

provides an important level of control through dilation and constriction of the airway.

Blood Supply

The major function of the lungs is to perform gas exchange, which requires blood from the pulmonary circulation.
This blood supply contains deoxygenated blood and travels to the lungs where erythrocytes, also known as red
blood cells, pick up oxygen to be transported to tissues throughout the body. The pulmonary artery is an artery
that arises from the pulmonary trunk and carries deoxygenated, arterial blood to the alveoli. The pulmonary artery
branches multiple times as it follows the bronchi, and each branch becomes progressively smaller in diameter.
One arteriole and an accompanying venule supply and drain one pulmonary lobule. As they near the alveoli, the
pulmonary arteries become the pulmonary capillary network. The pulmonary capillary network consists of tiny
vessels with very thin walls that lack smooth muscle fibers. The capillaries branch and follow the bronchioles and

structure of the alveoli. It is at this point that the capillary wall meets the alveolar wall, creating the respiratory
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membrane. Once the blood is oxygenated, it drains from the alveoli by way of multiple pulmonary veins, which
exit the lungs through the hilum.

Nervous Innervation

Dilation and constriction of the airway are achieved through nervous control by the parasympathetic and
sympathetic nervous systems. The parasympathetic system causes bronchoconstriction, whereas the sympathetic
nervous system stimulates bronchodilation. Reflexes such as coughing, and the ability of the lungs to regulate
oxygen and carbon dioxide levels, also result from this autonomic nervous system control. Sensory nerve fibers
arise from the vagus nerve, and from the second to fifth thoracic ganglia. The pulmonary plexus is a region on
the lung root formed by the entrance of the nerves at the hilum. The nerves then follow the bronchi in the lungs

and branch to innervate muscle fibers, glands, and blood vessels.

Pleura of the Lungs

Each lung is enclosed within a cavity that is surrounded by the pleura. The pleura (plural = pleurae) is a serous
membrane that surrounds the lung. The right and left pleurae, which enclose the right and left lungs, respectively,
are separated by the mediastinum. The pleurae consist of two layers. The visceral pleura is the layer that is
superficial to the lungs, and extends into and lines the lung fissures ((Figure)). In contrast, the parietal pleura is
the outer layer that connects to the thoracic wall, the mediastinum, and the diaphragm. The visceral and parietal
pleurae connect to each other at the hilum. The pleural cavity is the space between the visceral and parietal layers.

Parietal and Visceral Pleurae of the Lungs
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The pleurae perform two major functions: They produce pleural fluid and create cavities that separate the major

organs. Pleural fluid is secreted by mesothelial cells from both pleural layers and acts to lubricate their surfaces.
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This lubrication reduces friction between the two layers to prevent trauma during breathing, and creates surface
tension that helps maintain the position of the lungs against the thoracic wall. This adhesive characteristic of the
pleural fluid causes the lungs to enlarge when the thoracic wall expands during ventilation, allowing the lungs
to fill with air. The pleurae also create a division between major organs that prevents interference due to the

movement of the organs, while preventing the spread of infection.

Everyday Connection

The Effects of Second-Hand Tobacco Smoke The burning of a tobacco cigarette creates multiple chemical
compounds that are released through mainstream smoke, which is inhaled by the smoker, and through
sidestream smoke, which is the smoke that is given off by the burning cigarette. Second-hand smoke,
which is a combination of sidestream smoke and the mainstream smoke that is exhaled by the smoker, has
been demonstrated by numerous scientific studies to cause disease. At least 40 chemicals in sidestream
smoke have been identified that negatively impact human health, leading to the development of cancer
or other conditions, such as immune system dysfunction, liver toxicity, cardiac arrhythmias, pulmonary
edema, and neurological dysfunction. Furthermore, second-hand smoke has been found to harbor at least 250
compounds that are known to be toxic, carcinogenic, or both. Some major classes of carcinogens in second-
hand smoke are polyaromatic hydrocarbons (PAHs), N-nitrosamines, aromatic amines, formaldehyde, and

acetaldehyde.

Tobacco and second-hand smoke are considered to be carcinogenic. Exposure to second-hand smoke can
cause lung cancer in individuals who are not tobacco users themselves. It is estimated that the risk of
developing lung cancer is increased by up to 30 percent in nonsmokers who live with an individual
who smokes in the house, as compared to nonsmokers who are not regularly exposed to second-hand
smoke. Children are especially affected by second-hand smoke. Children who live with an individual who
smokes inside the home have a larger number of lower respiratory infections, which are associated with
hospitalizations, and higher risk of sudden infant death syndrome (SIDS). Second-hand smoke in the home
has also been linked to a greater number of ear infections in children, as well as worsening symptoms of

asthma.



22.3 The Process of Breathing

Learning Objectives
By the end of this section, you will be able to:

* Describe the mechanisms that drive breathing

» Discuss how pressure, volume, and resistance are related
* List the steps involved in pulmonary ventilation

* Discuss the physical factors related to breathing

+ Discuss the meaning of respiratory volume and capacities
* Define respiratory rate

 Outline the mechanisms behind the control of breathing
 Describe the respiratory centers of the medulla oblongata
 Describe the respiratory centers of the pons

 Discuss factors that can influence the respiratory rate

Pulmonary ventilation is the act of breathing, which can be described as the movement of air into and out
of the lungs. The major mechanisms that drive pulmonary ventilation are atmospheric pressure (Pay); the air
pressure within the alveoli, called intra-alveolar pressure (P,}y); and the pressure within the pleural cavity, called

intrapleural pressure (Pjp).

Mechanisms of Breathing

The intra-alveolar and intrapleural pressures are dependent on certain physical features of the lung. However, the
ability to breathe—to have air enter the lungs during inspiration and air leave the lungs during expiration—is

dependent on the air pressure of the atmosphere and the air pressure within the lungs.

335
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Pressure Relationships

Inspiration (or inhalation) and expiration (or exhalation) are dependent on the differences in pressure between
the atmosphere and the lungs. In a gas, pressure is a force created by the movement of gas molecules that are
confined. For example, a certain number of gas molecules in a two-liter container has more room than the same
number of gas molecules in a one-liter container ((Figure)). In this case, the force exerted by the movement of
the gas molecules against the walls of the two-liter container is lower than the force exerted by the gas molecules
in the one-liter container. Therefore, the pressure is lower in the two-liter container and higher in the one-liter
container. At a constant temperature, changing the volume occupied by the gas changes the pressure, as does
changing the number of gas molecules. Boyle’s law describes the relationship between volume and pressure in a
gas at a constant temperature. Boyle discovered that the pressure of a gas is inversely proportional to its volume:
If volume increases, pressure decreases. Likewise, if volume decreases, pressure increases. Pressure and volume
are inversely related (P = k/V). Therefore, the pressure in the one-liter container (one-half the volume of the two-
liter container) would be twice the pressure in the two-liter container. Boyle’s law is expressed by the following

formula:
PV = PVy

In this formula, P represents the initial pressure and V; represents the initial volume, whereas the final pressure
and volume are represented by P, and V; respectively. If the two- and one-liter containers were connected by
a tube and the volume of one of the containers were changed, then the gases would move from higher pressure

(lower volume) to lower pressure (higher volume).

Boyle’s Law

In a gas, pressure increases as volume decreases.
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Pulmonary ventilation is dependent on three types of pressure: atmospheric, intra-alveolar, and intrapleural.
Atmospheric pressure is the amount of force that is exerted by gases in the air surrounding any given surface,
such as the body. Atmospheric pressure can be expressed in terms of the unit atmosphere, abbreviated atm, or
in millimeters of mercury (mm Hg). One atm is equal to 760 mm Hg, which is the atmospheric pressure at sea
level. Typically, for respiration, other pressure values are discussed in relation to atmospheric pressure. Therefore,
negative pressure is pressure lower than the atmospheric pressure, whereas positive pressure is pressure that it is
greater than the atmospheric pressure. A pressure that is equal to the atmospheric pressure is expressed as zero.

Intra-alveolar pressure (intrapulmonary pressure) is the pressure of the air within the alveoli, which changes
during the different phases of breathing ((Figure)). Because the alveoli are connected to the atmosphere via the
tubing of the airways (similar to the two- and one-liter containers in the example above), the intrapulmonary

pressure of the alveoli always equalizes with the atmospheric pressure.

Intrapulmonary and Intrapleural Pressure Relationships
Intra-alveolar pressure changes during the different phases of the cycle. It equalizes at 760 mm Hg but does not

remain at 760 mm Hg.
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Intrapleural pressure is the pressure of the air within the pleural cavity, between the visceral and parietal pleurae.
Similar to intra-alveolar pressure, intrapleural pressure also changes during the different phases of breathing.
However, due to certain characteristics of the lungs, the intrapleural pressure is always lower than, or negative to,
the intra-alveolar pressure (and therefore also to atmospheric pressure). Although it fluctuates during inspiration

and expiration, intrapleural pressure remains approximately —4 mm Hg throughout the breathing cycle.

Competing forces within the thorax cause the formation of the negative intrapleural pressure. One of these forces
relates to the elasticity of the lungs themselves—elastic tissue pulls the lungs inward, away from the thoracic wall.
Surface tension of alveolar fluid, which is mostly water, also creates an inward pull of the lung tissue. This inward
tension from the lungs is countered by opposing forces from the pleural fluid and thoracic wall. Surface tension
within the pleural cavity pulls the lungs outward. Too much or too little pleural fluid would hinder the creation
of the negative intrapleural pressure; therefore, the level must be closely monitored by the mesothelial cells and
drained by the lymphatic system. Since the parietal pleura is attached to the thoracic wall, the natural elasticity
of the chest wall opposes the inward pull of the lungs. Ultimately, the outward pull is slightly greater than the
inward pull, creating the -4 mm Hg intrapleural pressure relative to the intra-alveolar pressure. Transpulmonary
pressure is the difference between the intrapleural and intra-alveolar pressures, and it determines the size of the

lungs. A higher transpulmonary pressure corresponds to a larger lung.

Physical Factors Affecting Ventilation

In addition to the differences in pressures, breathing is also dependent upon the contraction and relaxation of
muscle fibers of both the diaphragm and thorax. The lungs themselves are passive during breathing, meaning they
are not involved in creating the movement that helps inspiration and expiration. This is because of the adhesive
nature of the pleural fluid, which allows the lungs to be pulled outward when the thoracic wall moves during

inspiration. The recoil of the thoracic wall during expiration causes compression of the lungs. Contraction and
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relaxation of the diaphragm and intercostals muscles (found between the ribs) cause most of the pressure changes
that result in inspiration and expiration. These muscle movements and subsequent pressure changes cause air to

either rush in or be forced out of the lungs.

Other characteristics of the lungs influence the effort that must be expended to ventilate. Resistance is a force that
slows motion, in this case, the flow of gases. The size of the airway is the primary factor affecting resistance. A
small tubular diameter forces air through a smaller space, causing more collisions of air molecules with the walls
of the airways. The following formula helps to describe the relationship between airway resistance and pressure
changes:

F=P/R

As noted earlier, there is surface tension within the alveoli caused by water present in the lining of the alveoli.
This surface tension tends to inhibit expansion of the alveoli. However, pulmonary surfactant secreted by type
IT alveolar cells mixes with that water and helps reduce this surface tension. Without pulmonary surfactant, the
alveoli would collapse during expiration.

Thoracic wall compliance is the ability of the thoracic wall to stretch while under pressure. This can also affect
the effort expended in the process of breathing. In order for inspiration to occur, the thoracic cavity must expand.
The expansion of the thoracic cavity directly influences the capacity of the lungs to expand. If the tissues of the

thoracic wall are not very compliant, it will be difficult to expand the thorax to increase the size of the lungs.

Pulmonary Ventilation

The difference in pressures drives pulmonary ventilation because air flows down a pressure gradient, that is, air
flows from an area of higher pressure to an area of lower pressure. Air flows into the lungs largely due to a
difference in pressure; atmospheric pressure is greater than intra-alveolar pressure, and intra-alveolar pressure
is greater than intrapleural pressure. Air flows out of the lungs during expiration based on the same principle;

pressure within the lungs becomes greater than the atmospheric pressure.

Pulmonary ventilation comprises two major steps: inspiration and expiration. Inspiration is the process that
causes air to enter the lungs, and expiration is the process that causes air to leave the lungs ((Figure)). A
respiratory cycle is one sequence of inspiration and expiration. In general, two muscle groups are used during
normal inspiration: the diaphragm and the external intercostal muscles. Additional muscles can be used if a bigger
breath is required. When the diaphragm contracts, it moves inferiorly toward the abdominal cavity, creating a
larger thoracic cavity and more space for the lungs. Contraction of the external intercostal muscles moves the ribs
upward and outward, causing the rib cage to expand, which increases the volume of the thoracic cavity. Due to
the adhesive force of the pleural fluid, the expansion of the thoracic cavity forces the lungs to stretch and expand
as well. This increase in volume leads to a decrease in intra-alveolar pressure, creating a pressure lower than

atmospheric pressure. As a result, a pressure gradient is created that drives air into the lungs.

Inspiration and Expiration

Inspiration and expiration occur due to the expansion and contraction of the thoracic cavity, respectively.
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The process of normal expiration is passive, meaning that energy is not required to push air out of the lungs.
Instead, the elasticity of the lung tissue causes the lung to recoil, as the diaphragm and intercostal muscles
relax following inspiration. In turn, the thoracic cavity and lungs decrease in volume, causing an increase in
intrapulmonary pressure. The intrapulmonary pressure rises above atmospheric pressure, creating a pressure
gradient that causes air to leave the lungs.

There are different types, or modes, of breathing that require a slightly different process to allow inspiration
and expiration. Quiet breathing, also known as eupnea, is a mode of breathing that occurs at rest and does not
require the cognitive thought of the individual. During quiet breathing, the diaphragm and external intercostals
must contract.

A deep breath, called diaphragmatic breathing, requires the diaphragm to contract. As the diaphragm relaxes,
air passively leaves the lungs. A shallow breath, called costal breathing, requires contraction of the intercostal
muscles. As the intercostal muscles relax, air passively leaves the lungs.

In contrast, forced breathing, also known as hyperpnea, is a mode of breathing that can occur during exercise or
actions that require the active manipulation of breathing, such as singing. During forced breathing, inspiration and
expiration both occur due to muscle contractions. In addition to the contraction of the diaphragm and intercostal
muscles, other accessory muscles must also contract. During forced inspiration, muscles of the neck, including the
scalenes, contract and lift the thoracic wall, increasing lung volume. During forced expiration, accessory muscles
of the abdomen, including the obliques, contract, forcing abdominal organs upward against the diaphragm.
This helps to push the diaphragm further into the thorax, pushing more air out. In addition, accessory muscles
(primarily the internal intercostals) help to compress the rib cage, which also reduces the volume of the thoracic

cavity.
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Respiratory Volumes and Capacities

Respiratory volume is the term used for various volumes of air moved by or associated with the lungs at a
given point in the respiratory cycle. There are four major types of respiratory volumes: tidal, residual, inspiratory
reserve, and expiratory reserve ((Figure)). Tidal volume (TV) is the amount of air that normally enters the lungs
during quiet breathing, which is about 500 milliliters. Expiratory reserve volume (ERYV) is the amount of air you
can forcefully exhale past a normal tidal expiration, up to 1200 milliliters for men. Inspiratory reserve volume
(IRV) is produced by a deep inhalation, past a tidal inspiration. This is the extra volume that can be brought into
the lungs during a forced inspiration. Residual velume (RYV) is the air left in the lungs if you exhale as much air
as possible. The residual volume makes breathing easier by preventing the alveoli from collapsing. Respiratory
volume is dependent on a variety of factors, and measuring the different types of respiratory volumes can provide
important clues about a person’s respiratory health ((Figure)).

Respiratory Volumes and Capacities
These two graphs show (a) respiratory volumes and (b) the combination of volumes that results in respiratory

capacity.
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Pulmonary Function Testing
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Pulmonary .
function test Instrument Measures Function
Forced vital capacity (FVC) Volume of air that is exhaled after maximum
inhalation
Forced expiratory volume (FEV) Volume of air exhaled during one forced
breath
Forced expiratory flow, Air flow in the middle of exhalation
25-75 percent
Peak expiratory flow (PEF) Rate of exhalation
Maximum voluntary Volume of air that can be inspired and
ventilation (MVV) expired in 1 minute
Slow vital capacity (SVC) Volume of air that can be slowly exhaled
Spirometry Spirometer after inhaling past the tidal volume
Total lung capacity (TLC) Volume of air in the lungs after maximum
inhalation
Functional residual capacity Volume of air left in the lungs after normal
(FRC) expiration
Residual volume (RV) Volume of air in the lungs after maximum
exhalation
" Maximum volume of air that the lungs
Total lung capacity (TLC) can hold
Expiratory reserve volume (ERV) | The volume of air that can be exhaled
beyond normal exhalation
e Blood gas Arterial blood gases Concentration of oxygen and carbon dioxide
Gas diffusion analyzer in the blood

Respiratory capacity is the combination of two or more selected volumes, which further describes the amount
of air in the lungs during a given time. For example, total lung capacity (TLC) is the sum of all of the lung
volumes (TV, ERV, IRV, and RV), which represents the total amount of air a person can hold in the lungs after a
forceful inhalation. TLC is about 6000 mL air for men, and about 4200 mL for women. Vital capacity (VC) is
the amount of air a person can move into or out of his or her lungs, and is the sum of all of the volumes except
residual volume (TV, ERYV, and IRV), which is between 4000 and 5000 milliliters. Inspiratory capacity (IC) is
the maximum amount of air that can be inhaled past a normal tidal expiration, is the sum of the tidal volume and
inspiratory reserve volume. On the other hand, the functional residual capacity (FRC) is the amount of air that

remains in the lung after a normal tidal expiration; it is the sum of expiratory reserve volume and residual volume

(see (Figure)).

Watch this video to learn more about lung volumes and spirometers. Explain how spirometry test results can

be used to diagnose respiratory diseases or determine the effectiveness of disease treatment.

In addition to the air that creates respiratory volumes, the respiratory system also contains anatomical dead
space, which is air that is present in the airway that never reaches the alveoli and therefore never participates in
gas exchange. Alveolar dead space involves air found within alveoli that are unable to function, such as those
affected by disease or abnormal blood flow. Total dead space is the anatomical dead space and alveolar dead
space together, and represents all of the air in the respiratory system that is not being used in the gas exchange

process.
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Respiratory Rate and Control of Ventilation

Breathing usually occurs without thought, although at times you can consciously control it, such as when you
swim under water, sing a song, or blow bubbles. The respiratory rate is the total number of breaths, or respiratory
cycles, that occur each minute. Respiratory rate can be an important indicator of disease, as the rate may increase
or decrease during an illness or in a disease condition. The respiratory rate is controlled by the respiratory center
located within the medulla oblongata in the brain, which responds primarily to changes in carbon dioxide, oxygen,
and pH levels in the blood.

The normal respiratory rate of a child decreases from birth to adolescence. A child under 1 year of age has a
normal respiratory rate between 30 and 60 breaths per minute, but by the time a child is about 10 years old, the
normal rate is closer to 18 to 30. By adolescence, the normal respiratory rate is similar to that of adults, 12 to 18

breaths per minute.

Ventilation Control Centers

The control of ventilation is a complex interplay of multiple regions in the brain that signal the muscles used
in pulmonary ventilation to contract ((Figure)). The result is typically a rhythmic, consistent ventilation rate that

provides the body with sufficient amounts of oxygen, while adequately removing carbon dioxide.

Summary of Ventilation Regulation
System component Function

Medullary respiratory renter Sets the basic rhythm of breathing

Ventral respiratory group (VRG) Generates the breathing rhythm and integrates data coming into the medulla

Dorsal respiratory group (DRG) Integrates input from the stretch receptors and the chemoreceptors in the periphery

Pontine respiratory group (PRG) Influences and modifies the medulla oblongata’s functions

Aortic body Monitors blood PCO,, PO,, and pH

Carotid body Monitors blood PCO,, PO,, and pH

Hypothalamus Monitors emotional state and body temperature

Cortical areas of the brain Control voluntary breathing

Proprioceptors Send impulses regarding joint and muscle movements
Pulmonary irritant reflexes Protect the respiratory zones of the system from foreign material
Inflation reflex Protects the lungs from over-inflating

Neurons that innervate the muscles of the respiratory system are responsible for controlling and regulating

pulmonary ventilation. The major brain centers involved in pulmonary ventilation are the medulla oblongata and

the pontine respiratory group ((Figure)).

Respiratory Centers of the Brain
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The medulla oblongata contains the dorsal respiratory group (DRG) and the ventral respiratory group (VRG).
The DRG is involved in maintaining a constant breathing rhythm by stimulating the diaphragm and intercostal
muscles to contract, resulting in inspiration. When activity in the DRG ceases, it no longer stimulates the
diaphragm and intercostals to contract, allowing them to relax, resulting in expiration. The VRG is involved
in forced breathing, as the neurons in the VRG stimulate the accessory muscles involved in forced breathing
to contract, resulting in forced inspiration. The VRG also stimulates the accessory muscles involved in forced
expiration to contract.

The second respiratory center of the brain is located within the pons, called the pontine respiratory group, and
consists of the apneustic and pneumotaxic centers. The apneustic center is a double cluster of neuronal cell
bodies that stimulate neurons in the DRG, controlling the depth of inspiration, particularly for deep breathing. The
pneumotaxic center is a network of neurons that inhibits the activity of neurons in the DRG, allowing relaxation

after inspiration, and thus controlling the overall rate.
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Factors That Affect the Rate and Depth of Respiration

The respiratory rate and the depth of inspiration are regulated by the medulla oblongata and pons; however, these
regions of the brain do so in response to systemic stimuli. It is a dose-response, negative-feedback relationship
in which the greater the stimulus, the greater the response. Thus, increasing stimuli results in forced breathing.

Multiple systemic factors are involved in stimulating the brain to produce pulmonary ventilation.

The major factor that stimulates the medulla oblongata and pons to produce respiration is surprisingly not oxygen
concentration, but rather the concentration of carbon dioxide in the blood. As you recall, carbon dioxide is a waste
product of cellular respiration and can be toxic. Concentrations of chemicals are sensed by chemoreceptors. A
central chemoreceptor is one of the specialized receptors that are located in the brain and brainstem, whereas
a peripheral chemoreceptor is one of the specialized receptors located in the carotid arteries and aortic arch.
Concentration changes in certain substances, such as carbon dioxide or hydrogen ions, stimulate these receptors,
which in turn signal the respiration centers of the brain. In the case of carbon dioxide, as the concentration of CO,
in the blood increases, it readily diffuses across the blood-brain barrier, where it collects in the extracellular fluid.
As will be explained in more detail later, increased carbon dioxide levels lead to increased levels of hydrogen
ions, decreasing pH. The increase in hydrogen ions in the brain triggers the central chemoreceptors to stimulate
the respiratory centers to initiate contraction of the diaphragm and intercostal muscles. As a result, the rate and
depth of respiration increase, allowing more carbon dioxide to be expelled, which brings more air into and out of
the lungs promoting a reduction in the blood levels of carbon dioxide, and therefore hydrogen ions, in the blood.
In contrast, low levels of carbon dioxide in the blood cause low levels of hydrogen ions in the brain, leading to a

decrease in the rate and depth of pulmonary ventilation, producing shallow, slow breathing.

Another factor involved in influencing the respiratory activity of the brain is systemic arterial concentrations of
hydrogen ions. Increasing carbon dioxide levels can lead to increased H" levels, as mentioned above, as well as
other metabolic activities, such as lactic acid accumulation after strenuous exercise. Peripheral chemoreceptors of
the aortic arch and carotid arteries sense arterial levels of hydrogen ions. When peripheral chemoreceptors sense
decreasing, or more acidic, pH levels, they stimulate an increase in ventilation to remove carbon dioxide from the
blood at a quicker rate. Removal of carbon dioxide from the blood helps to reduce hydrogen ions, thus increasing

systemic pH.

Blood levels of oxygen are also important in influencing respiratory rate. The peripheral chemoreceptors are
responsible for sensing large changes in blood oxygen levels. If blood oxygen levels become quite low—about 60
mm Hg or less—then peripheral chemoreceptors stimulate an increase in respiratory activity. The chemoreceptors
are only able to sense dissolved oxygen molecules, not the oxygen that is bound to hemoglobin. As you recall, the
majority of oxygen is bound by hemoglobin; when dissolved levels of oxygen drop, hemoglobin releases oxygen.
Therefore, a large drop in oxygen levels is required to stimulate the chemoreceptors of the aortic arch and carotid

arteries.

The hypothalamus and other brain regions associated with the limbic system also play roles in influencing the
regulation of breathing by interacting with the respiratory centers. The hypothalamus and other regions associated

with the limbic system are involved in regulating respiration in response to emotions, pain, and temperature. For
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example, an increase in body temperature causes an increase in respiratory rate. Feeling excited or the fight-or-

flight response will also result in an increase in respiratory rate.

Disorders of the...

Respiratory System: Sleep Apnea Sleep apnea is a chronic disorder that can occur in children or adults, and
is characterized by the cessation of breathing during sleep. These episodes may last for several seconds or
several minutes, and may differ in the frequency with which they are experienced. Sleep apnea leads to poor
sleep, which is reflected in the symptoms of fatigue, evening napping, irritability, memory problems, and
morning headaches. In addition, many individuals with sleep apnea experience a dry throat in the morning

after waking from sleep, which may be due to excessive snoring.

There are two types of sleep apnea: obstructive sleep apnea and central sleep apnea. Obstructive sleep apnea
is caused by an obstruction of the airway during sleep, which can occur at different points in the airway,
depending on the underlying cause of the obstruction. For example, the tongue and throat muscles of some
individuals with obstructive sleep apnea may relax excessively, causing the muscles to push into the airway.
Another example is obesity, which is a known risk factor for sleep apnea, as excess adipose tissue in the

neck region can push the soft tissues towards the lumen of the airway, causing the trachea to narrow.

In central sleep apnea, the respiratory centers of the brain do not respond properly to rising carbon dioxide
levels and therefore do not stimulate the contraction of the diaphragm and intercostal muscles regularly. As
a result, inspiration does not occur and breathing stops for a short period. In some cases, the cause of central
sleep apnea is unknown. However, some medical conditions, such as stroke and congestive heart failure, may
cause damage to the pons or medulla oblongata. In addition, some pharmacologic agents, such as morphine,
can affect the respiratory centers, causing a decrease in the respiratory rate. The symptoms of central sleep

apnea are similar to those of obstructive sleep apnea.

A diagnosis of sleep apnea is usually done during a sleep study, where the patient is monitored in a sleep
laboratory for several nights. The patient’s blood oxygen levels, heart rate, respiratory rate, and blood
pressure are monitored, as are brain activity and the volume of air that is inhaled and exhaled. Treatment
of sleep apnea commonly includes the use of a device called a continuous positive airway pressure (CPAP)
machine during sleep. The CPAP machine has a mask that covers the nose, or the nose and mouth, and forces
air into the airway at regular intervals. This pressurized air can help to gently force the airway to remain
open, allowing more normal ventilation to occur. Other treatments include lifestyle changes to decrease
weight, eliminate alcohol and other sleep apnea—promoting drugs, and changes in sleep position. In addition

to these treatments, patients with central sleep apnea may need supplemental oxygen during sleep.



22.4 Gas Exchange

Learning Objectives
By the end of this section, you will be able to:

» Compare the composition of atmospheric air and alveolar air
* Describe the mechanisms that drive gas exchange

+ Discuss the importance of sufficient ventilation and perfusion, and how the body adapts
when they are insufficient

 Discuss the process of external respiration

 Describe the process of internal respiration

The purpose of the respiratory system is to perform gas exchange. Pulmonary ventilation provides air to the
alveoli for this gas exchange process. At the respiratory membrane, where the alveolar and capillary walls meet,
gases move across the membranes, with oxygen entering the bloodstream and carbon dioxide exiting. It is through
this mechanism that blood is oxygenated and carbon dioxide, the waste product of cellular respiration, is removed
from the body.

Gas Exchange

In order to understand the mechanisms of gas exchange in the lung, it is important to understand the underlying
principles of gases and their behavior. In addition to Boyle’s law, several other gas laws help to describe the
behavior of gases.

Gas Laws and Air Composition

Gas molecules exert force on the surfaces with which they are in contact; this force is called pressure. In natural
systems, gases are normally present as a mixture of different types of molecules. For example, the atmosphere
consists of oxygen, nitrogen, carbon dioxide, and other gaseous molecules, and this gaseous mixture exerts a

certain pressure referred to as atmospheric pressure ((Figure)). Partial pressure (Py) is the pressure of a single

347
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type of gas in a mixture of gases. For example, in the atmosphere, oxygen exerts a partial pressure, and nitrogen
exerts another partial pressure, independent of the partial pressure of oxygen ((Figure)). Total pressure is the sum
of all the partial pressures of a gaseous mixture. Dalton’s law describes the behavior of nonreactive gases in a
gaseous mixture and states that a specific gas type in a mixture exerts its own pressure; thus, the total pressure
exerted by a mixture of gases is the sum of the partial pressures of the gases in the mixture.

Partial Pressures of Atmospheric Gases

Partial pressure

Gas Percent of total composition (mm Hg)
Nitrogen (N5) 78.6 597.4
Oxygen (Oy) 20.9 158.8
Water (H,0O) 0.4 3.0
Carbon dioxide (CO») 0.04 0.3
Others 0.06 0.5

Total composition/total atmospheric pressure 100% 760.0

Partial and Total Pressures of a Gas
Partial pressure is the force exerted by a gas. The sum of the partial pressures of all the gases in a mixture equals

the total pressure.
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Partial pressure is extremely important in predicting the movement of gases. Recall that gases tend to equalize
their pressure in two regions that are connected. A gas will move from an area where its partial pressure is higher
to an area where its partial pressure is lower. In addition, the greater the partial pressure difference between the

two areas, the more rapid is the movement of gases.

Solubility of Gases in Liquids

Henry’s law describes the behavior of gases when they come into contact with a liquid, such as blood. Henry’s
law states that the concentration of gas in a liquid is directly proportional to the solubility and partial pressure
of that gas. The greater the partial pressure of the gas, the greater the number of gas molecules that will dissolve
in the liquid. The concentration of the gas in a liquid is also dependent on the solubility of the gas in the liquid.

For example, although nitrogen is present in the atmosphere, very little nitrogen dissolves into the blood, because
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the solubility of nitrogen in blood is very low. The exception to this occurs in scuba divers; the composition of
the compressed air that divers breathe causes nitrogen to have a higher partial pressure than normal, causing it to
dissolve in the blood in greater amounts than normal. Too much nitrogen in the bloodstream results in a serious
condition that can be fatal if not corrected. Gas molecules establish an equilibrium between those molecules
dissolved in liquid and those in air.

The composition of air in the atmosphere and in the alveoli differs. In both cases, the relative concentration of
gases is nitrogen > oxygen > water vapor > carbon dioxide. The amount of water vapor present in alveolar air
is greater than that in atmospheric air ((Figure)). Recall that the respiratory system works to humidify incoming
air, thereby causing the air present in the alveoli to have a greater amount of water vapor than atmospheric air.
In addition, alveolar air contains a greater amount of carbon dioxide and less oxygen than atmospheric air. This
is no surprise, as gas exchange removes oxygen from and adds carbon dioxide to alveolar air. Both deep and
forced breathing cause the alveolar air composition to be changed more rapidly than during quiet breathing. As
a result, the partial pressures of oxygen and carbon dioxide change, affecting the diffusion process that moves
these materials across the membrane. This will cause oxygen to enter and carbon dioxide to leave the blood more

quickly.

Composition and Partial Pressures of Alveolar Air

Partial pressure

Gas Percent of total composition (mm Hg)
Nitrogen (N») 74.9 569
Oxygen (O5) 13.7 104
Water (H,O) 6.2 40
Carbon dioxide (CO5,) 5.2 47

Total composition/total alveolar pressure 100% 760.0

Ventilation and Perfusion

Two important aspects of gas exchange in the lung are ventilation and perfusion. Ventilation is the movement of
air into and out of the lungs, and perfusion is the flow of blood in the pulmonary capillaries. For gas exchange
to be efficient, the volumes involved in ventilation and perfusion should be compatible. However, factors such
as regional gravity effects on blood, blocked alveolar ducts, or disease can cause ventilation and perfusion to be

imbalanced.

The partial pressure of oxygen in alveolar air is about 104 mm Hg, whereas the partial pressure of oxygenated
blood in pulmonary veins is about 100 mm Hg. When ventilation is sufficient, oxygen enters the alveoli at a high
rate, and the partial pressure of oxygen in the alveoli remains high. In contrast, when ventilation is insufficient, the
partial pressure of oxygen in the alveoli drops. Without the large difference in partial pressure between the alveoli
and the blood, oxygen does not diffuse efficiently across the respiratory membrane. The body has mechanisms
that counteract this problem. In cases when ventilation is not sufficient for an alveolus, the body redirects blood

flow to alveoli that are receiving sufficient ventilation. This is achieved by constricting the pulmonary arterioles
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that serves the dysfunctional alveolus, which redirects blood to other alveoli that have sufficient ventilation. At
the same time, the pulmonary arterioles that serve alveoli receiving sufficient ventilation vasodilate, which brings
in greater blood flow. Factors such as carbon dioxide, oxygen, and pH levels can all serve as stimuli for adjusting

blood flow in the capillary networks associated with the alveoli.

Ventilation is regulated by the diameter of the airways, whereas perfusion is regulated by the diameter of the blood
vessels. The diameter of the bronchioles is sensitive to the partial pressure of carbon dioxide in the alveoli. A
greater partial pressure of carbon dioxide in the alveoli causes the bronchioles to increase their diameter as will a
decreased level of oxygen in the blood supply, allowing carbon dioxide to be exhaled from the body at a greater
rate. As mentioned above, a greater partial pressure of oxygen in the alveoli causes the pulmonary arterioles to

dilate, increasing blood flow.

Gas Exchange

Gas exchange occurs at two sites in the body: in the lungs, where oxygen is picked up and carbon dioxide is
released at the respiratory membrane, and at the tissues, where oxygen is released and carbon dioxide is picked
up. External respiration is the exchange of gases with the external environment, and occurs in the alveoli of the
lungs. Internal respiration is the exchange of gases with the internal environment, and occurs in the tissues. The
actual exchange of gases occurs due to simple diffusion. Energy is not required to move oxygen or carbon dioxide
across membranes. Instead, these gases follow pressure gradients that allow them to diffuse. The anatomy of the
lung maximizes the diffusion of gases: The respiratory membrane is highly permeable to gases; the respiratory

and blood capillary membranes are very thin; and there is a large surface area throughout the lungs.

External Respiration

The pulmonary artery carries deoxygenated blood into the lungs from the heart, where it branches and eventually
becomes the capillary network composed of pulmonary capillaries. These pulmonary capillaries create the
respiratory membrane with the alveoli ((Figure)). As the blood is pumped through this capillary network, gas
exchange occurs. Although a small amount of the oxygen is able to dissolve directly into plasma from the alveoli,
most of the oxygen is picked up by erythrocytes (red blood cells) and binds to a protein called hemoglobin, a
process described later in this chapter. Oxygenated hemoglobin is red, causing the overall appearance of bright
red oxygenated blood, which returns to the heart through the pulmonary veins. Carbon dioxide is released in the
opposite direction of oxygen, from the blood to the alveoli. Some of the carbon dioxide is returned on hemoglobin,
but can also be dissolved in plasma or is present as a converted form, also explained in greater detail later in this
chapter.

External respiration occurs as a function of partial pressure differences in oxygen and carbon dioxide between
the alveoli and the blood in the pulmonary capillaries.

External Respiration
In external respiration, oxygen diffuses across the respiratory membrane from the alveolus to the capillary,
whereas carbon dioxide diffuses out of the capillary into the alveolus.
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Although the solubility of oxygen in blood is not high, there is a drastic difference in the partial pressure of oxygen
in the alveoli versus in the blood of the pulmonary capillaries. This difference is about 64 mm Hg: The partial
pressure of oxygen in the alveoli is about 104 mm Hg, whereas its partial pressure in the blood of the capillary
is about 40 mm Hg. This large difference in partial pressure creates a very strong pressure gradient that causes
oxygen to rapidly cross the respiratory membrane from the alveoli into the blood.

The partial pressure of carbon dioxide is also different between the alveolar air and the blood of the capillary.
However, the partial pressure difference is less than that of oxygen, about 5 mm Hg. The partial pressure of carbon
dioxide in the blood of the capillary is about 45 mm Hg, whereas its partial pressure in the alveoli is about 40 mm
Hg. However, the solubility of carbon dioxide is much greater than that of oxygen—by a factor of about 20—in
both blood and alveolar fluids. As a result, the relative concentrations of oxygen and carbon dioxide that diffuse

across the respiratory membrane are similar.

Internal Respiration

Internal respiration is gas exchange that occurs at the level of body tissues ((Figure)). Similar to external
respiration, internal respiration also occurs as simple diffusion due to a partial pressure gradient. However, the
partial pressure gradients are opposite of those present at the respiratory membrane. The partial pressure of oxygen
in tissues is low, about 40 mm Hg, because oxygen is continuously used for cellular respiration. In contrast, the
partial pressure of oxygen in the blood is about 100 mm Hg. This creates a pressure gradient that causes oxygen to
dissociate from hemoglobin, diffuse out of the blood, cross the interstitial space, and enter the tissue. Hemoglobin
that has little oxygen bound to it loses much of its brightness, so that blood returning to the heart is more burgundy
in color.

Considering that cellular respiration continuously produces carbon dioxide, the partial pressure of carbon dioxide
is lower in the blood than it is in the tissue, causing carbon dioxide to diffuse out of the tissue, cross the interstitial
fluid, and enter the blood. It is then carried back to the lungs either bound to hemoglobin, dissolved in plasma, or

in a converted form. By the time blood returns to the heart, the partial pressure of oxygen has returned to about
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40 mm Hg, and the partial pressure of carbon dioxide has returned to about 45 mm Hg. The blood is then pumped
back to the lungs to be oxygenated once again during external respiration.

Internal Respiration

Oxygen diffuses out of the capillary and into cells, whereas carbon dioxide diffuses out of cells and into the

capillary.

Blood plasma

Everyday Connection

Hyperbaric Chamber Treatment A type of device used in some areas of medicine that exploits the behavior
of gases is hyperbaric chamber treatment. A hyperbaric chamber is a unit that can be sealed and expose a
patient to either 100 percent oxygen with increased pressure or a mixture of gases that includes a higher
concentration of oxygen than normal atmospheric air, also at a higher partial pressure than the atmosphere.
There are two major types of chambers: monoplace and multiplace. Monoplace chambers are typically for
one patient, and the staff tending to the patient observes the patient from outside of the chamber ((Figure)).
Some facilities have special monoplace hyperbaric chambers that allow multiple patients to be treated at
once, usually in a sitting or reclining position, to help ease feelings of isolation or claustrophobia. Multiplace
chambers are large enough for multiple patients to be treated at one time, and the staff attending these
patients is present inside the chamber. In a multiplace chamber, patients are often treated with air via a mask
or hood, and the chamber is pressurized.

Hyperbaric Chamber

(credit: “komunews”/flickr.com)
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Hyperbaric chamber treatment is based on the behavior of gases. As you recall, gases move from a region
of higher partial pressure to a region of lower partial pressure. In a hyperbaric chamber, the atmospheric
pressure is increased, causing a greater amount of oxygen than normal to diffuse into the bloodstream of
the patient. Hyperbaric chamber therapy is used to treat a variety of medical problems, such as wound and
graft healing, anaerobic bacterial infections, and carbon monoxide poisoning. Exposure to and poisoning
by carbon monoxide is difficult to reverse, because hemoglobin’s affinity for carbon monoxide is much
stronger than its affinity for oxygen, causing carbon monoxide to replace oxygen in the blood. Hyperbaric
chamber therapy can treat carbon monoxide poisoning, because the increased atmospheric pressure causes
more oxygen to diffuse into the bloodstream. At this increased pressure and increased concentration of
oxygen, carbon monoxide is displaced from hemoglobin. Another example is the treatment of anaerobic
bacterial infections, which are created by bacteria that cannot or prefer not to live in the presence of oxygen.
An increase in blood and tissue levels of oxygen helps to kill the anaerobic bacteria that are responsible for
the infection, as oxygen is toxic to anaerobic bacteria. For wounds and grafts, the chamber stimulates the
healing process by increasing energy production needed for repair. Increasing oxygen transport allows cells
to ramp up cellular respiration and thus ATP production, the energy needed to build new structures.



22.5 Transport of Gases

Learning Objectives
By the end of this section, you will be able to:

 Describe the principles of oxygen transport
 Describe the structure of hemoglobin

» Compare and contrast fetal and adult hemoglobin

* Describe the principles of carbon dioxide transport

The other major activity in the lungs is the process of respiration, the process of gas exchange. The function of
respiration is to provide oxygen for use by body cells during cellular respiration and to eliminate carbon dioxide,
a waste product of cellular respiration, from the body. In order for the exchange of oxygen and carbon dioxide to
occur, both gases must be transported between the external and internal respiration sites. Although carbon dioxide
is more soluble than oxygen in blood, both gases require a specialized transport system for the majority of the gas
molecules to be moved between the lungs and other tissues.

Oxygen Transport in the Blood

Even though oxygen is transported via the blood, you may recall that oxygen is not very soluble in liquids. A
small amount of oxygen does dissolve in the blood and is transported in the bloodstream, but it is only about
1.5% of the total amount. The majority of oxygen molecules are carried from the lungs to the body’s tissues
by a specialized transport system, which relies on the erythrocyte—the red blood cell. Erythrocytes contain a
metalloprotein, hemoglobin, which serves to bind oxygen molecules to the erythrocyte ((Figure)). Heme is the
portion of hemoglobin that contains iron, and it is heme that binds oxygen. One hemoglobin molecule contains
iron-containing Heme molecules, and because of this, each hemoglobin molecule is capable of carrying up to
four molecules of oxygen. As oxygen diffuses across the respiratory membrane from the alveolus to the capillary,
it also diffuses into the red blood cell and is bound by hemoglobin. The following reversible chemical reaction
describes the production of the final product, oxyhemoglobin (Hb—O5), which is formed when oxygen binds

354



ANATOMY AND PHYSIOLOGY FOR KINS 1100 (BOTT) + 355

to hemoglobin. Oxyhemoglobin is a bright red-colored molecule that contributes to the bright red color of
oxygenated blood.

text Hb + Oyegiotext Hb — textOierio

In this formula, Hb represents reduced hemoglobin, that is, hemoglobin that does not have oxygen bound to it.
There are multiple factors involved in how readily heme binds to and dissociates from oxygen, which will be
discussed in the subsequent sections.

Erythrocyte and Hemoglobin
Hemoglobin consists of four subunits, each of which contains one molecule of iron.

Function of Hemoglobin

Hemoglobin is composed of subunits, a protein structure that is referred to as a quaternary structure. Each of the
four subunits that make up hemoglobin is arranged in a ring-like fashion, with an iron atom covalently bound
to the heme in the center of each subunit. Binding of the first oxygen molecule causes a conformational change
in hemoglobin that allows the second molecule of oxygen to bind more readily. As each molecule of oxygen is
bound, it further facilitates the binding of the next molecule, until all four heme sites are occupied by oxygen. The
opposite occurs as well: After the first oxygen molecule dissociates and is “dropped off” at the tissues, the next
oxygen molecule dissociates more readily. When all four heme sites are occupied, the hemoglobin is said to be
saturated. When one to three heme sites are occupied, the hemoglobin is said to be partially saturated. Therefore,
when considering the blood as a whole, the percent of the available heme units that are bound to oxygen at a
given time is called hemoglobin saturation. Hemoglobin saturation of 100 percent means that every heme unit in
all of the erythrocytes of the body is bound to oxygen. In a healthy individual with normal hemoglobin levels,

hemoglobin saturation generally ranges from 95 percent to 99 percent.
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Oxygen Dissociation from Hemoglobin

Partial pressure is an important aspect of the binding of oxygen to and disassociation from heme. An
oxygen—hemoglobin dissociation curve is a graph that describes the relationship of partial pressure to the
binding of oxygen to heme and its subsequent dissociation from heme ((Figure)). Remember that gases travel
from an area of higher partial pressure to an area of lower partial pressure. In addition, the affinity of an
oxygen molecule for heme increases as more oxygen molecules are bound. Therefore, in the oxygen—hemoglobin
saturation curve, as the partial pressure of oxygen increases, a proportionately greater number of oxygen
molecules are bound by heme. Not surprisingly, the oxygen—hemoglobin saturation/dissociation curve also shows
that the lower the partial pressure of oxygen, the fewer oxygen molecules are bound to heme. As a result, the
partial pressure of oxygen plays a major role in determining the degree of binding of oxygen to heme at the site of
the respiratory membrane, as well as the degree of dissociation of oxygen from heme at the site of body tissues.

Oxygen-Hemoglobin Dissociation and Effects of pH and Temperature

These three graphs show (a) the relationship between the partial pressure of oxygen and hemoglobin saturation,
(b) the effect of pH on the oxygen—hemoglobin dissociation curve, and (c) the effect of temperature on the
oxygen—hemoglobin dissociation curve.
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(c) Effect of temperature

The mechanisms behind the oxygen—hemoglobin saturation/dissociation curve also serve as automatic control
mechanisms that regulate how much oxygen is delivered to different tissues throughout the body. This is important
because some tissues have a higher metabolic rate than others. Highly active tissues, such as muscle, rapidly use
oxygen to produce ATP, lowering the partial pressure of oxygen in the tissue to about 20 mm Hg. The partial
pressure of oxygen inside capillaries is about 100 mm Hg, so the difference between the two becomes quite
high, about 80 mm Hg. As a result, a greater number of oxygen molecules dissociate from hemoglobin and
enter the tissues. The reverse is true of tissues, such as adipose (body fat), which have lower metabolic rates.
Because less oxygen is used by these cells, the partial pressure of oxygen within such tissues remains relatively
high, resulting in fewer oxygen molecules dissociating from hemoglobin and entering the tissue interstitial fluid.
Although venous blood is said to be deoxygenated, some oxygen is still bound to hemoglobin in its red blood

cells. This provides an oxygen reserve that can be used when tissues suddenly demand more oxygen.

Factors other than partial pressure also affect the oxygen—hemoglobin saturation/dissociation curve. For example,
a higher temperature promotes hemoglobin and oxygen to dissociate faster, whereas a lower temperature inhibits
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dissociation (see (Figure), middle). However, the human body tightly regulates temperature, so this factor may
not affect gas exchange throughout the body. The exception to this is in highly active tissues, which may release a
larger amount of energy than is given off as heat. As a result, oxygen readily dissociates from hemoglobin, which

is a mechanism that helps to provide active tissues with more oxygen.

Certain hormones, such as androgens, epinephrine, thyroid hormones, and growth hormone, can affect the
oxygen-hemoglobin saturation/disassociation curve by stimulating the production of a compound called
2,3-bisphosphoglycerate (BPG) by erythrocytes. BPG is a byproduct of glycolysis. Because erythrocytes do
not contain mitochondria, glycolysis is the sole method by which these cells produce ATP. BPG promotes the
disassociation of oxygen from hemoglobin. Therefore, the greater the concentration of BPG, the more readily

oxygen dissociates from hemoglobin, despite its partial pressure.

The pH of the blood is another factor that influences the oxygen—hemoglobin saturation/dissociation curve (see
(Figure)). The Bohr effect is a phenomenon that arises from the relationship between pH and oxygen’s affinity
for hemoglobin: A lower, more acidic pH promotes oxygen dissociation from hemoglobin. In contrast, a higher,
or more basic, pH inhibits oxygen dissociation from hemoglobin. The greater the amount of carbon dioxide in the
blood, the more molecules that must be converted, which in turn generates hydrogen ions and thus lowers blood
pH. Furthermore, blood pH may become more acidic when certain byproducts of cell metabolism, such as lactic

acid, carbonic acid, and carbon dioxide, are released into the bloodstream.

Hemoglobin of the Fetus

The fetus has its own circulation with its own erythrocytes; however, it is dependent on the mother for oxygen.
Blood is supplied to the fetus by way of the umbilical cord, which is connected to the placenta and separated from
maternal blood by the chorion. The mechanism of gas exchange at the chorion is similar to gas exchange at the
respiratory membrane. However, the partial pressure of oxygen is lower in the maternal blood in the placenta, at
about 35 to 50 mm Hg, than it is in maternal arterial blood. The difference in partial pressures between maternal
and fetal blood is not large, as the partial pressure of oxygen in fetal blood at the placenta is about 20 mm Hg.
Therefore, there is not as much diffusion of oxygen into the fetal blood supply. The fetus’ hemoglobin overcomes
this problem by having a greater affinity for oxygen than maternal hemoglobin ((Figure)). Both fetal and adult
hemoglobin have four subunits, but two of the subunits of fetal hemoglobin have a different structure that causes

fetal hemoglobin to have a greater affinity for oxygen than does adult hemoglobin.

Oxygen-Hemoglobin Dissociation Curves in Fetus and Adult

Fetal hemoglobin has a greater affinity for oxygen than does adult hemoglobin.
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Carbon Dioxide Transport in the Blood

Carbon dioxide is transported by three major mechanisms. The first mechanism of carbon dioxide transport is by
blood plasma, as some carbon dioxide molecules dissolve in the blood. The second mechanism is transport in the
form of bicarbonate (HCO3™), which also dissolves in plasma. The third mechanism of carbon dioxide transport
is similar to the transport of oxygen by erythrocytes ((Figure)).

Carbon Dioxide Transport
Carbon dioxide is transported by three different methods: (a) in erythrocytes; (b) after forming carbonic acid
(H»CO3 ), which is dissolved in plasma; (c) and in plasma.

(a) CO, carried in RBC

(b) HCO, dissolved in
plasma as carbonic
acid

(c) CO, dissolved in
plasma

Dissolved Carbon Dioxide

Although carbon dioxide is not considered to be highly soluble in blood, a small fraction—about 7 to 10

percent—of the carbon dioxide that diffuses into the blood from the tissues dissolves in plasma. The dissolved
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carbon dioxide then travels in the bloodstream and when the blood reaches the pulmonary capillaries, the
dissolved carbon dioxide diffuses across the respiratory membrane into the alveoli, where it is then exhaled during

pulmonary ventilation.

Bicarbonate Buffer

A large fraction—about 70 percent—of the carbon dioxide molecules that diffuse into the blood is transported
to the lungs as bicarbonate. Most bicarbonate is produced in erythrocytes after carbon dioxide diffuses into the
capillaries, and subsequently into red blood cells. Carbonic anhydrase (CA) causes carbon dioxide and water
to form carbonic acid (H,CO3), which dissociates into two ions: bicarbonate (HCO3~) and hydrogen (H"). The
following formula depicts this reaction:

textC Oyeppatert+H popiatextQundersettevtC Ao i 11, otextCOpepstext H " teaxt+HCO5_

Bicarbonate tends to build up in the erythrocytes, so that there is a greater concentration of bicarbonate in the
erythrocytes than in the surrounding blood plasma. As a result, some of the bicarbonate will leave the erythrocytes
and move down its concentration gradient into the plasma in exchange for chloride (CI") ions. This phenomenon
is referred to as the chloride shift and occurs because by exchanging one negative ion for another negative ion,

neither the electrical charge of the erythrocytes nor that of the blood is altered.

At the pulmonary capillaries, the chemical reaction that produced bicarbonate (shown above) is reversed, and
carbon dioxide and water are the products. Much of the bicarbonate in the plasma re-enters the erythrocytes in
exchange for chloride ions. Hydrogen ions and bicarbonate ions join to form carbonic acid, which is converted
into carbon dioxide and water by carbonic anhydrase. Carbon dioxide diffuses out of the erythrocytes and into
the plasma, where it can further diffuse across the respiratory membrane into the alveoli to be exhaled during

pulmonary ventilation.

Carbaminohemoglobin

About 20 percent of carbon dioxide is bound by hemoglobin and is transported to the lungs. Carbon dioxide
does not bind to iron as oxygen does; instead, carbon dioxide binds amino acid moieties on the globin portions
of hemoglobin to form carbaminohemoglobin, which forms when hemoglobin and carbon dioxide bind. When
hemoglobin is not transporting oxygen, it tends to have a bluish-purple tone to it, creating the darker maroon color

typical of deoxygenated blood. The following formula depicts this reversible reaction:
textCOeopratext+Hbtext HbC Oyeyto

Similar to the transport of oxygen by heme, the binding and dissociation of carbon dioxide to and from
hemoglobin is dependent on the partial pressure of carbon dioxide. Because carbon dioxide is released from the
lungs, blood that leaves the lungs and reaches body tissues has a lower partial pressure of carbon dioxide than is
found in the tissues. As a result, carbon dioxide leaves the tissues because of its higher partial pressure, enters the

blood, and then moves into red blood cells, binding to hemoglobin. In contrast, in the pulmonary capillaries, the
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partial pressure of carbon dioxide is high compared to within the alveoli. As a result, carbon dioxide dissociates
readily from hemoglobin and diffuses across the respiratory membrane into the air.

In addition to the partial pressure of carbon dioxide, the oxygen saturation of hemoglobin and the partial pressure
of oxygen in the blood also influence the affinity of hemoglobin for carbon dioxide. The Haldane effect is
a phenomenon that arises from the relationship between the partial pressure of oxygen and the affinity of
hemoglobin for carbon dioxide. Hemoglobin that is saturated with oxygen does not readily bind carbon dioxide.
However, when oxygen is not bound to heme and the partial pressure of oxygen is low, hemoglobin readily binds
to carbon dioxide.

Watch this video to see the transport of oxygen from the lungs to the tissues. Why is oxygenated blood bright

red, whereas deoxygenated blood tends to be more of a purple color?


http://openstax.org/l/oxyblood
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