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How long can you hold your breath? Most people can comfortably hold their
breath for about 30-60 seconds. Trained athletes and people who regularly regulate their
breathing (for example, musicians who sing or play wind instruments) can hold their breath for
several minutes. The world record for holding the breath is over 20 minutes!

No matter how long you can hold your breath, at some point, everyone feels the overwhelming
compulsion to finally breathe in and out. Because all living cells require a steady source of oxygen,
animals must constantly measure and maintain optimal internal oxygenation levels to survive. In
response to a low oxygenation state, animals engage in response mechanisms to correct for the

FIGURE 16.1 AgRP neurons (red) in the hypothalamus that regulate the motivation to eat. Image credit Matthew
Carter, CC BY-NC-SA 4.0
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deficiency—in this case, taking in a deep breath of air.

Indeed, to survive and flourish, all animals must maintain optimal levels of many life-sustaining
factors. In addition to oxygen, animals thrive within an optimal temperature range such that they
are not too hot or cold. Animals must ingest an optimal amount of calories from food to provide for
their daily metabolic energy needs. Animals must also regularly ingest an optimal amount of water
to keep their cells and tissues properly hydrated. Failure to obtain appropriate levels of these
factors can lead to unhealthy or even lethal outcomes.

Homeostasis (from the Greek roots homeo, meaning “similar,” and stasis, meaning “stable”) is
the maintenance of a stable internal environment. To maintain an optimal range of oxygen,
temperature, calories, and water, the nervous system must sense the internal environment and
ultimately influence physiology and behavior to motivate an animal to take a breath, to move to a
warmer/cooler environment, to eat a meal, or to take a drink of water (Figure 16.2). Our
sensations of being hot/cold, hungry/full, and thirsty/satiated are all manifestations of our central
homeostatic systems attempting to keep us alive.

FIGURE 16.2 Homeostasis

The purpose of this chapter is to describe the neurobiology of homeostasis. First, we will discuss
fundamental principles of homeostasis and the general mechanisms by which the nervous system
measures and maintains internal states. Then, we will survey the mechanisms by which the
nervous system maintains homeostasis for oxygen, temperature, calories, and water. Some
behaviors, not described in this chapter, are also homeostatically regulated. For example, sleep
(see Chapter 15 Biological Rhythms and Sleep) is a behavior under homeostatic control–the more
an animal is sleep deprived, the more the nervous system increases the drive to sleep to make up
for the deficiency. In some animals, social behavior is thought to be homeostatic, as isolation from
peers for too long produces a stronger desire to engage with others.

In addition to the systems described in this chapter, there are other mammalian homeostatic
systems that are not regulated by the nervous system. Instead, these systems are predominantly
regulated by endocrine glands throughout the body that release hormones to cause physiological
effects. For example, the amount of sugar in the blood (glucose homeostasis) is regulated by the
release of the hormones insulin and glucagon from the pancreas. Details on these homeostatic
mechanisms can be found elsewhere–for this chapter, we will focus on homeostatic systems
regulated by the nervous system.
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16.1 Principles of Homeostasis
LEARNING OBJECTIVES
By the end of this section, you should be able to

16.1.1 Describe the major principles of homeostasis including set points and negative feedback
mechanisms.

16.1.2 Explain the components of a generic homeostatic system including sensors, control systems, and
effectors.

Animals maintain a stable internal environment using multiple homeostatic systems that each regulates a distinct,
life-sustaining factor. For example, the neurons and organs that regulate hunger and energy balance are distinct
from those that regulate thirst and water balance. Although distinct, these homeostatic control systems all utilize
the same fundamental principles.

Homeostatic systems maintain life-sustaining factors at optimal set points

Animals maintain homeostasis for a particular biological parameter by maintaining values at an optimal set point.
For example, most humans maintain a blood oxygen level of 75-100 mmHg (the partial pressure of oxygen in the
bloodstream), a core body temperature of 37 °C, a caloric intake of 2000-2500 calories per day, and a blood
osmolarity of 300 mOsm/L (the concentration of solutes in fluids). Set points are not necessarily a specific value, but
rather a narrow range of values by which an animal can survive in good health. Individuals within a species may have
slightly different set points based on their genetics and their environment.

Set points for specific factors can change over a 24-hour circadian period. For example, human core body
temperature is approximately 36.5 °C at night when we are sleeping compared with 37.5 °C during the day when we
are more active (see Chapter 15 Biological Rhythms and Sleep). Set points can also change throughout the life of an
animal. For example, as animals develop from juveniles to adults (such as humans during puberty), they require a
much higher caloric intake than when they were younger. Later in life, as animals age, metabolism slows down and
daily caloric needs decline.

Sometimes, during certain environmental challenges, it is temporarily beneficial to maintain factors outside normal
set point values. Allostasis (from the Greek root allo, meaning “other”) is the temporary maintenance of internal
physiological conditions outside the normal range. These changes in set points allow an organism to respond to an
immediate threat to survival. For example, when we are sick, one response is to develop a “fever” in which our set
body temperature increases by 1-2 °C to combat the infection (Figure 16.3). When we experience a stressful
environmental condition, such as taking an exam, speaking in front of an audience, or undergoing something truly
life-threatening, we undergo a temporary elevation in body temperature and heart rate while simultaneously
undergoing a temporary decrease in hunger and thirst (see Chapter 12 Stress). While these allostatic responses help
to temporarily persevere against short-term challenges, it is not optimal to be in a state of allostasis for too long. For
example, being in a state of chronic stress can ultimately lead to cardiovascular disease and aberrations in body
weight.

FIGURE 16.3 Allostasis example: Fever An increased body temperature can help fight infection, an example of allostasis. Image credit:
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CDC - https://www.cdc.gov/vhf/ebola/resources/infographics.html, Public Domain, https://commons.wikimedia.org/w/
index.php?curid=41517131

Homeostatic systems maintain set points using negative feedback mechanisms

Animals maintain set points by utilizing negative feedback mechanisms. In these systems, a deviation from a set
point causes a response that counteracts the change, thereby restoring optimal set point values (Figure 16.4). There
are three components of a negative feedback loop: A sensor detects the initial deviation from the normal set point. A
control system receives and processes information from the sensors, ultimately causing an effector system to
produce a response that counteracts the change.

FIGURE 16.4 Homeostatic negative feedback loop

A familiar example of a negative feedback mechanism is the cooling system of a laptop computer (Figure 16.5). If a
laptop becomes too hot, the high temperatures could damage the circuits and hardware. Small thermometers within
the laptop serve as sensors, detecting temperatures higher than an optimal value. These thermometers signal to the
central processing unit that the computer is too hot. The central processing unit then turns on an effector
system—fans within the computer—to blow out the hot air. Once the computer cools down, the thermometers detect
the cooler temperatures, the central processing unit turns off the fans, and an optimal temperature is achieved.

708 16 • Homeostasis

Access for free at openstax.org



FIGURE 16.5 Unidirectional negative feedback loop

A computer fan is an example of a unidirectional homeostatic system, a feedback mechanism in which a factor is
regulated in only one direction—in this case, whether the computer becomes too hot (but not if the computer
becomes too cold). In contrast, bidirectional homeostatic systems regulate deviations from a set point in two
directions. For example, consider a home thermostat system that maintains an optimal temperature range so that a
home does not become too hot or too cold (Figure 16.6). An increase in temperature is sensed by a thermometer
inside the home and is relayed to the control system, the thermostat. The thermostat then causes an effector
system, an air conditioner, to blow cool air into the home to decrease the temperature. If the home becomes too
cold, this decrease is also detected by a thermometer and relayed to a thermostat. The thermostat responds to this
change by turning on the home furnace to increase heat. Therefore, the home thermostat system functions as a
bidirectional homeostatic system to keep the temperature within a narrow range.

FIGURE 16.6 Bidirectional negative feedback loop

Just as engineers design unidirectional and bidirectional homeostatic mechanisms in computers, home
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thermostats, and other technology, animals have evolved homeostatic mechanisms of their own that work in the
same way. Instead of electrical circuits in wires, these homeostatic mechanisms depend on neural circuits
throughout the brain and body to precisely sense a deviation from a set point, to integrate and process these
changes in control systems, and to effect physiological and/or behavioral effector systems to counteract the change.

The nervous system regulates homeostasis using different effector systems

Many homeostatic systems throughout the body, such as those that regulate blood oxygenation levels, body
temperature, caloric intake, and fluid intake, are regulated by the nervous system. The challenge for neuroscientists
interested in studying the neurobiology of homeostasis is to understand the biological substrates of these
homeostatic mechanisms. How do animals sense changes in their internal environments, integrate this information
within control centers, and ultimately cause changes in physiology and behavior to maintain homeostasis? What and
where are the relevant neurons and cell types, and how do they communicate information with each other?

The nervous system detects changes in set points via sensory cells within the central and peripheral nervous
systems (Figure 16.7). These specialized cells express unique ion channels and membrane-bound proteins to detect
changes in blood chemistry, body temperature, stretch of visceral organs, blood osmolarity, and hormones released
throughout the body. In response to deviation from a set point, these sensory cells communicate with other cells in
the brain, typically in the brainstem or hypothalamus, that function as control centers (see Chapter 1 Structure and
Function of the Nervous System: Cells and Anatomy). These control centers integrate information and regulate
effector systems that counteract the deviation from the set point.
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FIGURE 16.7 Neural mechanisms of homeostasis

In general, these effector systems modulate changes in life-sustaining factors in one of three ways (Figure 16.7):

• Some effector systems cause a physiological change via the autonomic nervous system (see Chapter 1
Structure and Function of the Nervous System: Cells and Anatomy). The autonomic nervous system regulates
physiological functions, such as heart rate or respiratory rate, that are typically not under conscious control.
The autonomic nervous system can be anatomically and functionally divided into the sympathetic nervous
system and the parasympathetic nervous system, two distinct neural networks that often cause opposing
effects on target neurons. The sympathetic division typically facilitates an increase in activity necessary for a
“fight or flight” response in which an animal is alert and active. For example, when the sympathetic nervous
system is preferentially activated, heart rate increases and digestive functions decrease. In contrast, the
parasympathetic nervous system typically facilitates a non-emergency, energy-replenishment state that can
be characterized as more of a “rest and digest” response, for example by decreasing heart rate and increasing
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digestion. Therefore, the autonomic nervous system can cause changes in physiological states that affect the
maintenance of homeostasis for physiological factors. These changes are often involuntary and automatic,
occurring without any conscious realization by the animal undergoing these changes.

• Some effector systems cause a physiological change via the neuroendocrine system. This system causes the
release of hormones that affect target organs throughout the brain and body. Most of these hormones are
released via the hypothalamus-pituitary system, a parallel series of fibers that originate from the
hypothalamus and cause hormone release from the pituitary gland. Like regulation by the autonomic nervous
system, homeostatic regulation by the neuroendocrine system is involuntary and unconscious.

• Some effector systems regulate homeostasis by changing motivational drive and animal behavior. For
example, if there is insufficient calories/nutrients or insufficient water within an animal, the nervous system
can correct for these deficiencies by increasing the drive for food or water. We describe these increases in
motivation as “hunger” and “thirst,” and they ultimately cause a change in behavior that can maintain
homeostatic set points. Unlike regulation by the autonomic nervous system and neuroendocrine systems,
behavioral responses are voluntary and conscious. Although an animal cannot voluntarily choose to be hungry
or thirsty, an animal can choose how to behave during these motivational states. However, the longer the
animal goes without eating or drinking, the stronger the motivational drive, and animals gradually feel more
uncomfortable until they ultimately act on their homeostatic needs.

16.2 Neural Control of Blood Oxygenation Levels
LEARNING OBJECTIVES
By the end of this section, you should be able to

16.2.1 Describe the reasons why animals need to maintain homeostasis for blood oxygen and carbon
dioxide.

16.2.2 Describe the neural components of homeostatic systems that regulate blood oxygenation levels.

Consider some of the changes that occur in your body as you go for a run. Soon after you begin, you feel yourself
breathing much faster. Your respiratory rate—the frequency with which you inhale and exhale—increases rapidly.
Most people also experience a 2-2.5x increase in heart rate. When you eventually stop running and “catch your
breath,” your respiratory rate and heart rate slowly return to normal. These increases in respiratory rate and heart
rate accompany most forms of physical activity, from aerobic exercise to weightlifting, eventually returning to
normal levels at rest.

Vertebrate animals increase respiratory rate and heart rate to increase blood oxygen levels and decrease carbon
dioxide. Oxygen is required for cellular respiration, the process by which cells generate energy from the reaction of
oxygen with molecules derived from food. Cells that are more active require more oxygen. Skeletal muscle cells, the
cells that make up muscles throughout the body under voluntary control, greatly increase their activity during
exercise and therefore greatly increase their need for oxygen from the bloodstream. At the same time, they release
more carbon dioxide, which the bloodstream circulates to the lungs to exhale.

To ensure an optimal amount of oxygen and swift removal of carbon dioxide, homeostatic mechanisms detect
changes in the levels of these gases in the bloodstream and respond by modulating respiratory rate. Increasing the
respiratory rate increases the diffusion of oxygen from the air into the lungs and, in turn, the removal of carbon
dioxide from the lungs to the air. In parallel, these homeostatic mechanisms also modulate heart rate to increase or
decrease the flow of oxygenated blood to cells throughout the body.

Homeostatic regulation of respiratory rate

You’re out for a jog and your respiratory rate increases. How does the nervous system measure the need for oxygen
and ultimately regulate breathing?

Blood oxygenation levels are indirectly sensed by a population of neurons in the brainstem collectively known as the
medullary respiratory control center (MRCC) (Figure 16.8). These neurons do not actually sense oxygen
directly—instead, they measure the pH (acidity) of the blood. Why pH? When cells consume more oxygen, they
release more carbon dioxide as a waste product. Carbon dioxide is not very soluble in the blood, so it is converted to
another molecule called carbonic acid. Therefore, increases in carbon dioxide cause a very slight increase in the
acidity of blood, which can be detected by the specialized cells in the MRCC. These cells therefore serve as sensors
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for oxygen homeostasis. The pH scale inversely correlates with acidity–the lower the pH, the more the blood is
acidic. Therefore, if the blood becomes slightly more acidic due to an increase in carbonic acid, the pH decreases
and activity in MRCC neurons increases.

FIGURE 16.8 Control of blood-oxygen levels by the medullary respiratory control center pH data based on findings of Ball D, Burrows
C, Sargeant AJ. Human power output during repeated sprint cycle exercise: the influence of thermal stress. Eur J Appl Physiol Occup
Physiol. 1999 Mar;79(4):360-6. doi: 10.1007/s004210050521. PMID: 10090637. https://link.springer.com/content/pdf/10.1007/
s004210050521.pdf

The MRCC also integrates information from other parts of the brain, such as from neurons that regulate the
conscious choice to inhale or exhale. Therefore, the MRCC also serves as a control center that ultimately regulates
breathing patterns based on the homeostatic need for oxygen and the conscious choice to take a breath.
Interestingly, MRCC neurons collectively exhibit a rhythmic, bursting firing pattern of action potentials that
correlates with the degree of oxygen in the blood. At rest, the MRCC exhibits bursts of activity approximately 12-16
times per minute. As oxygen levels decline, carbon dioxide levels rise, and the pH of the blood becomes slightly
more acidic during a vigorous run, the MRCC oscillatory activity can increase to around 40-60 bursts per minute.
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Cells in the MRCC ultimately regulate respiratory rate by releasing neurotransmitter onto specialized effector
neurons in the spinal cord (Figure 16.8). These neurons, in turn, project axons (in a nerve called the “phrenic nerve”)
to muscle cells of the diaphragm. Each time the MRCC neurons exhibit a burst of activity, the diaphragm contracts
downward, causing a negative pressure to build in the lungs. This pressure causes an animal to inhale, sucking
oxygen-rich air from the environment into the lungs where it can diffuse into the bloodstream. Conversely, when the
diaphragm relaxes, it pushes against the lungs, causing an animal to exhale and force carbon dioxide-rich air out to
the environment.

Therefore, in response to relatively low blood oxygen levels, the MRCC serves as both sensor and control center to
regulate contraction and relaxation of the diaphragm. When blood oxygen levels start to increase, such as at the end
of a run, the frequency of MRCC bursting activity decreases, and respiratory rate returns to normal. Changes in
respiratory rate can also be observed during a change to high or low altitude. A person who lives at sea level and
travels to a high-altitude environment, such as on a ski trip, may exhibit an increased respiratory rate due to a
decrease in oxygen at higher elevations. Eventually, over several days, the body compensates in other ways (such as
producing more red blood cells, the cells that carry oxygen throughout the body), and respiratory rate returns to
normal.

Homeostatic regulation of heart rate

If low blood oxygenation levels only caused an increase in respiratory rate, the blood lining the lungs would become
oxygenated much more quickly, but the rate at which this blood was delivered to the cells throughout the body
would not be any faster. Therefore, low blood oxygenation levels also cause an increase in heart rate to pump
oxygen-rich blood to cells in need.

Low blood oxygen levels affect heart rate by causing a change in neural activity within a population of neurons in the
brainstem called the medullary cardiovascular control center (MCCC) (Figure 16.9). These neurons are adjacent to
the MRCC, but unlike the MRCC, they do not exhibit a rhythmic firing pattern. Instead, they exhibit a low frequency,
stable firing pattern of action potentials at rest. These cells also sense blood oxygen levels indirectly via a change in
blood pH. When the blood becomes slightly acidic (the pH decreases) due to decreases in oxygen and increases in
carbon dioxide, the MCCC senses these changes, and the action potential firing frequency slightly increases. These
cells also receive incoming synaptic input from other areas of the brain that regulate heart rate, such as populations
that regulate wakefulness and stress. For example, the thought of an upcoming exam or public speaking event might
cause an increase in heart rate as the body prepares itself to survive the stressor (see Chapter 12 Stress). These
MCCC cells therefore serve as both a sensor and a control center because they integrate information from multiple
sources to ultimately affect heart rate.
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FIGURE 16.9 Control of heart rate by the medullary cardiovascular control center

MCCC neurons regulate heart rate by controlling the relative activity of sympathetic and parasympathetic nerves
that synapse onto the heart (Figure 16.9). The sympathetic nerve releases the neurotransmitter norepinephrine
onto the heart and causes an increase in heart rate, an increase in the forcefulness of the heart muscular
contractions, and even causes vasoconstriction of arterioles to force more blood into the body. In contrast, the
parasympathetic nerve releases the neurotransmitter acetylcholine onto the heart, which decreases heart rate.
Therefore, if you go for a run and blood oxygen levels decrease, the MCCC ultimately causes an increase in
sympathetic nerve activity and a decrease in parasympathetic nerve activity to increase heart rate. When the run
ends and blood oxygen levels are restored, sympathetic tone decreases and parasympathetic tone increases such
that heart rate returns to resting levels.

Because the MRCC and MCCC both regulate oxygen homeostasis, an increase in respiratory rate and heart rate
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almost always coincides. Exceptions can occur if sympathetic or parasympathetic activity changes due to reasons
other than fluctuations in blood oxygen levels, such as the allostatic response to stress.

16.3 Neural Control of Core Body Temperature
LEARNING OBJECTIVES
By the end of this section, you should be able to

16.3.1 Describe the reasons why animals need to maintain homeostasis for core body temperature.
16.3.2 Describe the neural components of homeostatic systems that regulate core body temperature.

Although we don’t often think about it, modern day humans routinely make behavioral choices to regulate their body
temperatures. Our homes and other buildings have thermostats to ensure that our living environments are not too
hot or cold. We wear warm jackets in the winter and dress light in the summer—especially in warm places like the
beach. We almost always prefer to take warm showers instead of cold showers and enjoy warm visits to the sauna or
hot tub. It feels great to warm up with a cup of hot chocolate on a chilly afternoon or to drink a cool glass of
lemonade on an especially hot day.

Other animals aren’t so lucky—they must generate warmth from their own metabolism and/or find appropriate
shelters and life-sustaining environments to meet their thermoregulatory needs. Mammals (including humans),
birds, and some species of fish are endotherms, deriving heat primarily from metabolism (Figure 16.10). Producing
heat from within the body is energetically “expensive,” and therefore endothermic animals need to consume a
sufficient amount of calories just to maintain their core body temperatures. Other animals, including lizards,
amphibians, and other species of fish, are ectotherms, deriving heat primarily from their environment. They do not
need to consume as many calories as endothermic animals with similar body weights, but they tend to stay in places
that allow a constant source of heat, such as near a body of water or on structures that face the sun.

FIGURE 16.10 Endotherms vs ectotherms Cardinal By Jocelyn Anderson - Imported from 500px (archived version) by the Archive Team.
(detail page), CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=71588300, Frog By Jacob W. Frank - NPGallery, Public
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Domain, https://commons.wikimedia.org/w/index.php?curid=105409865, Axolotl By Tinwe from Pixabay - https://pixabay.com/photos/
axolotl-leucistique-male-ambystoma-2193331/, CC0, https://commons.wikimedia.org/w/index.php?curid=93523985, Chameleon
reproduced with permission from Dr. Tyler Dause and Dr. Emma Thompson. Cat reproduced with permission from Elizabeth Kirby. Dog
reproduced with permission from Bryon Smith.

Body temperatures also increase in response to increases in physical activity, such as going for a run or lifting
weights. During strenuous physical activity, the body must respond to increases in core body temperatures via
changes in physiology and behavior to release excess heat and cool down.

Regulation of core body temperature is highly important for survival. Maintaining core body temperatures within a
narrow range is necessary for the structural integrity of cells and optimal biochemical dynamics throughout the
body. All animals employ homeostatic mechanisms to ensure that their core body temperatures do not rise or fall
outside an optimal range. Mammals have evolved the ability to sense temperature both throughout their outer body
surfaces and within their inner core and, when necessary, engage in a variety of physiological and behavioral
mechanisms to restore homeostasis.

Neural sensation of body temperature

The feeling of warmth from sitting by a fire or the feeling of cold from stepping outside on a windy, winter day seems
so natural and instinctive… it can be easy to forget that the nervous system must measure these temperatures and
cause the sensations of “hot” and “cold.” How does the nervous system measure external temperatures?

Specific neurons measure body temperature by expressing specialized ion channels that only open and allow ion
flow in response to narrow temperature ranges. These temperature-gated ion channels are a subset of a family of
ion channels called “Transient Receptor Potential (TRP)” channels, commonly referred to as thermoTRPs (Figure
16.11) (see Chapter 9 Touch and Pain).

FIGURE 16.11 TRP ion channels that regulate body temperature TRP ion channels open in response to different ranges of temperature
(and some chemicals from plants). Image credit: Mint: By Arjot, CC BY-SA 4.0, https://commons.wikimedia.org/w/
index.php?curid=92119526. Chili: By Kmtextor, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=83424742

Once open, these ion channels allow positively charged cations to pass through the membrane and cause
depolarization within neurons. For example, the TRPV1 ion channel opens at temperatures around 42 °C. Therefore,
neurons that express TRPV1 alert the nervous system that a nearby stimulus is above a core body temperature of 37
°C. In contrast, the TRPM8 ion channel opens in response to temperatures at and below 22 °C, indicating the
presence of a stimulus much cooler than core body temperature. Multiple TRP channels have been discovered that
exhibit their own temperature ranges for activation, and the combination of these thermoTRPs allow the nervous
system to determine environmental and internal temperatures.

Amazingly, many of these TRP channels can also open upon exposure to certain chemical compounds that are
naturally produced by plants (see Chapter 8 The Chemical Senses). For example, TRPV1 channels open in response
to capsaicin, a chemical naturally produced by chili peppers. Because neurons that express TRPV1 cannot
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distinguish between a naturally warm stimulus and capsaicin, foods with chili peppers cause the sensation of heat
whether they are actually warm or not. Likewise, TRPM8 channels open in response to menthol, a chemical
produced naturally in mint leaves. Therefore, foods and products (such as mouthwashes) containing menthol feel
cold even if they are at room temperature.

Neural systems that sense and control thermoregulation

Temperature in mammals seems to be sensed via two independent systems. One system senses changes in
temperature along the external surface of the body (such as the skin and mouth) and functions primarily in the
conscious detection of hot or cold stimuli from the environment. The other system senses changes in core body
temperature and functions primarily in regulating the temperature of the internal environment.

Temperature at the body surface is measured by specialized neurons in the dorsal root ganglia (for the lower body)
or trigeminal ganglia (for the head). These neurons send sensory projections to the body surface that express
thermoTRP ion channels in the skin (Figure 16.12). When specific thermoTRP ion channels open in response to
environmental temperatures, the neurons that express them increase action potential firing frequency, ultimately
releasing excitatory neurotransmitter onto neurons in the spinal cord. This information is relayed to the
somatosensory cortex for the conscious perception of temperature. Using these neural circuits, animals can detect
changes in temperature at specific body locations. For example, picking up a hot mug of coffee or a cold glass of
water causes the perception of temperature change specifically on the hand. If you step into a warm shower or jump
into a cold lake, peripheral sensors will indicate a change in environmental temperature from all over the body
surface.

FIGURE 16.12 Sensation of body temperature in the skin Peripheral nerve endings with thermosensitive channels send information to
the spinal cord and then to the brain.

Core body temperature, the temperature of the internal environment of an animal, is measured directly in the brain
by neurons in a region of the hypothalamus called the pre-optic area (POA) (Figure 16.13). The POA is sensitive to
the temperature of the blood that flows within the blood vessels surrounding these neurons. Because blood travels
throughout the internal organs before reaching the POA, the blood temperature within the POA is likely to be
indicative of the overall body temperature. Some POA neurons increase action potential frequency in response to
relatively warm core body temperatures—the warmer the blood, the greater the action potential frequency. A
separate group of POA neurons increase activation in response to colder core body temperatures.
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FIGURE 16.13 Neural regulation of body temperature Penguins image: Image by Struthious Bandersnatch, 1988. Emperor penguin
chicks at Sea World, by Jose Lopez Jr. U.S. Air Force, Public Domain; Dog reproduced with permission from Bryon Smith.

Neurons that measure body temperature from specific parts of the periphery also send information to the POA.
Therefore, the POA senses information about core body temperature and peripheral body temperatures to
ultimately function as a control center that maintains temperature homeostasis. Interestingly, some POA neurons
also function in the allostatic increase of body temperature experienced during a fever to overcome a virus or
bacterial infection (see the feature box on Investigating allostasis of body temperature during illness).

Effector systems that regulate thermoregulation

If core body temperature deviates from a set point, how does the nervous system cause a change that restores a
healthy value? Mammals employ numerous physiological and behavioral mechanisms to regulate body temperature.
Both the warm-sensitive and cold-sensitive neurons within the POA project axons throughout the brain that, in
response to an increase in action potential frequency, engage different effector systems (Figure 16.13).

One way in which the POA regulates temperature is to cause changes in physiological effector systems. These
changes are often unconscious and regulated by the autonomic nervous system. For example, in response to cold
internal body temperatures, cold-sensitive POA neurons in mammals activate effector neurons in the sympathetic
nervous system that increase body heat. The sympathetic nervous system increases heat primarily by stimulating
brown adipose tissue (BAT), fat cells that increase metabolic activity to release heat. Increasing sympathetic tone
also constricts blood vessels so that warm blood does not lose heat to the external environment. In contrast, when
body temperature becomes too high, warm-sensitive POA neurons decrease sympathetic tone, decreasing BAT
thermogenesis and causing vasodilation of blood vessels to release excessive heat.

The POA also regulates temperature by causing changes in animal behavior. In response to cold internal body
temperatures, cold-sensitive POA neurons cause an unpleasant cold sensation that motivates an animal to seek and
conserve heat. Think about how uncomfortable it can be to feel cold—this aversive behavioral drive causes animals
to relocate to warmer locations, such as places exposed to sunlight or other sources of heat. Animals can also
change posture to decrease the exposed surface area of their bodies, thereby minimizing heat loss to the
environment. Finally, animals engage in species-specific behaviors such as shivering, huddling with other
individuals, or nest building to increase heat. In response to warmer temperatures, warm-sensitive POA neurons
similarly cause an unpleasant warm sensation that motivates animals to cool down by seeking cooler, shady
environments. Many animals change their postures to expose their skin to the outside air and release heat to the
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environment. Some species also engage in licking their bodies, panting, or sweating.

INVESTIGATING ALLOSTASIS OF BODY TEMPERATURE DURING ILLNESS

During viral or bacterial infection, mammals exhibit a temporary increase in core body temperature (a fever) to
try to destroy the foreign pathogens. This period of allostasis can last hours or days depending on the severity of
the infection. Do the same neurons that play a role in temperature homeostasis also increase body temperature
during illness?

A recent study (Osterhout et al., 2022) identified neurons active during infection. To cause an infection, mice
were injected with a compound called lipopolysaccharide (LPS) that mimics a bacterial infection (Figure 16.14)
(see Chapter 17 Neuroimmunology) caused an increase in body temperature, while ablating these neurons
greatly reduced body temperature during infection. Therefore, these VMPO neurons are thought to be
specialized to detect infection and are sufficient and necessary to generate fever by projecting to the POA
neurons that normally increase body temperature.
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16.4 Neural Control of Feeding Behavior
LEARNING OBJECTIVES
By the end of this section, you should be able to

16.4.1 Describe the reasons why animals need to maintain homeostasis for calories and energy balance.
16.4.2 Describe the neural components of homeostatic systems that regulate hunger and satiety.

People typically celebrate major milestones (e.g., birthdays, promotions) or holidays (e.g., Thanksgiving,
Independence Day), with a large, delicious meal. Think about the last time you gathered with friends or family for

FIGURE 16.14 VMPO activity regulates body temperature

Interestingly, other areas of the brain have been discovered that also become activated during infection, such as
a population of neurons in the brainstem (Ilanges et al., 2022). How different populations of neurons throughout
the brain coordinate allostasis in response to illness is an active area of investigation and may lead to insights to
help patients with a severe response to infection.
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such an event. In the morning and early afternoon, you might only have had a light breakfast or lunch in anticipation
of all the good food to come. By the time dinner starts, you are hungry and can’t wait to eat. This hunger is
palpable—your stomach might gurgle and feel “empty,” and you think about food more and more. Perhaps you even
start to feel “hangry”—emotionally upset because of your growing appetite. Once you finally start eating, your
hunger dissipates, and you enjoy the meal. However, in the moments to come, another interesting process starts to
occur—you eat so much that, not only are you satiated, you start to feel full. In fact, on holidays like Thanksgiving,
people typically overeat to the point that they feel uncomfortably full and can’t eat another bite.

This process of transitioning from a hungry state to a full state presents an interesting neurobiological question. At
one moment in time, food is rewarding, and you are highly motivated to eat. But then, just 20-30 minutes later over
the course of a meal, food no longer seems rewarding to consume—in fact, it becomes aversive. When you feel full,
you wouldn’t consume even the most delicious dish. How does the nervous system change the rewarding and
aversive properties of food? How does the brain ensure that you consume enough food but not too much such that it
overwhelms the digestive system?

Eating food is ultimately about maintaining an optimal caloric intake. All animals need to consume calories for
energy and nutrition—and the only way to acquire calories is to seek food. Therefore, energy homeostasis requires
that an animal’s nervous system sense its caloric need and produce an appropriate motivational state to consume
food, what we call being hungry or full. If we don’t consume sufficient calories, we might become undernourished
and lose weight to an unhealthy degree. In contrast, if we consume too much food, we store excess calories as body
fat that could cause further health problems. Fortunately, our energy homeostasis systems work so well that the
average person doesn’t fluctuate in body weight more than 1-2 pounds over the course of a year. Like all
homeostatic processes, various populations of cells serve as sensors, control centers, and effectors for driving and
halting food intake to maintain energy homeostasis.

Hormonal and neuronal sensors of caloric intake

FIGURE 16.15 Hormonal indication of food intake

The nervous system measures caloric need using neural and hormonal mechanisms (Figure 16.15). The initial
ingestion of food is sensed by the degree to which the stomach expands. The stomach is composed of elastic
smooth muscle fibers that can stretch upon the ingestion of foods and liquids. Sensory fibers from the vagus nerve
(the 10th cranial nerve) surrounding the stomach increase activity the more the stomach is stretched (Figure 16.16).
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Therefore, relatively high activity in these fibers indicate that the stomach is becoming more full, while relatively low
activity in these fibers indicate that the stomach is empty. The amount of activity in these neurons indicates the
degree to which an animal should feel full. (This is why drinking a large amount of water can temporarily make you
feel full—the stomach is stretched in response to the water even though there are no calories). (See Studying the
effect of digestive organ stretch on neural activity.)

FIGURE 16.16 Stomach fullness as a satiety signal Stretch of the stomach muscles causes sensory fibers of the vagus nerve to fire.

Caloric need is also sensed by cells throughout the digestive tract that release a variety of hormones to indicate that
an animal has recently ingested food. Many of these hormones are anorexigenic, meaning that they ultimately
cause a reduction in feeding. For example, in response to food passing from the stomach into the gut, specialized
cells in the pancreas release amylin. Cells in the intestines release cholecystokinin (CCK) and peptide YY (PYY).
Levels of these hormones correlate with the amount of food recently consumed—they are relatively low just before a
meal and relatively high during and just after a meal (Figure 16.17). The presence of these hormones in the
bloodstream indicate that an animal has just consumed a meal and ultimately cause an animal to feel satiated. In
contrast, prior to a meal, cells in the stomach release the orexigenic hormone ghrelin (Figure 16.17). Elevated
ghrelin levels indicate an absence of food and cause an animal to feel hungry.
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FIGURE 16.17 Variation in blood hormones after a meal Ghrelin and leptin data based on findings of: Cummings DE, Purnell JQ, Frayo
RS, Schmidova K, Wisse BE, Weigle DS. A preprandial rise in plasma ghrelin levels suggests a role in meal initiation in humans. Diabetes.
2001 Aug;50(8):1714-9. doi: 10.2337/diabetes.50.8.1714. PMID: 11473029. Amylin data based on: Kruger DF, Gatcomb PM, Owen SK.
Clinical Implications of Amylin and Amylin Deficiency. The Diabetes Educator. 1999;25(3):389-397. doi:10.1177/014572179902500310

Food intake is also regulated in a more long-term manner through the release of the hormone leptin (Figure 16.17).
Leptin is released by adipocytes in white adipose tissue (WAT) in proportion to their size. Therefore, an animal with
relatively low body fat will not release as much leptin as compared to levels if the same animal gains weight and
accumulates more body fat. The larger the fat mass, the more leptin is released, which ultimately causes an animal
to feel less hungry.

Therefore, if you have not eaten recently and are just about to start a meal, your stomach is likely to be in a
contracted state, your blood concentration of ghrelin is relatively high, and your blood concentration of amylin, CCK,
and PYY is relatively low. As you eat a meal, your stomach expands, ghrelin levels decrease, and concentration of
amylin, CCK, and PYY increase. These signals are ultimately integrated within the brain.

NEUROSCIENCE IN THE LAB

Studying the effect of digestive organ stretch on neural activity
When you eat a meal, your stomach expands, holding and mixing the ingested food with enzymes and acids for 2-4
hours before slowly releasing it into the intestines. This stretch of the stomach is sensed by specialized nerve
endings from the vagus nerve that transmit information to the brain about an increase in stomach volume. In fact,
vagal nerve endings also sense stretch of the intestines as digested food passes through.

In the lab, it is possible to study the effects of stomach and intestinal stretch on neural activity by artificially inflating
the stomach or intestines of an anesthetized laboratory animal with a small balloon (Figure 16.18). A sterile latex
balloon is inserted into the stomach or intestines and inflated to a precise volume via a small catheter. Scientists can
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then inflate or deflate the balloon while simultaneously measuring neural activity in peripheral or central neuron
populations.

FIGURE 16.18 Neural activation by stomach stretch Vagus nerve Ca2+ imaging data reprinted from: Williams EK, Chang RB, Strochlic DE,
Umans BD, Lowell BB, Liberles SD. Sensory Neurons that Detect Stretch and Nutrients in the Digestive System. Cell. 2016 Jun
30;166(1):209-21. doi: 10.1016/j.cell.2016.05.011. Epub 2016 May 26. PMID: 27238020; PMCID: PMC4930427. (C) 2016 with
permission from Elsevier. NTS Ca2+ imaging data from: Ran, C., Boettcher, J.C., Kaye, J.A. et al. A brainstem map for visceral sensations.
Nature 609, 320–326 (2022). https://doi.org/10.1038/s41586-022-05139-5 CC BY 4.0

Using this technique, recent studies have identified the exact neural populations that sense stomach and intestinal
stretch using calcium imaging (see Methods: In Vivo Calcium Imaging). For example, a recent experiment (Williams
et al., 2016) increased stomach or intestinal volume while measuring neural activity in different populations of
vagus nerve sensory neurons (Figure 16.18). A small subset of vagus nerve neurons that express a distinct genetic
marker, Glp1r, were found to innervate the stomach and intestines. Consistently, these neurons increased neural
activity during artificial inflation of the stomach and intestines. Interestingly, other populations that expressed other
genetic markers were found to innervate other peripheral organs.

Glp1r-expressing vagus neurons synapse onto neurons in the nucleus tractus solitarius (NTS). Another experiment
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(Ran et al., 2022) measured activity in the NTS during stomach and intestinal stretch, finding that NTS neurons are
topographically organized based on the region being stretched. NTS neurons that increase activity in response to
stomach stretch are located more dorsolaterally, while NTS neurons that increase activity in response to intestinal
stretch are located more medially.

Taken together, these studies identified a genetically-defined anatomical pathway from the digestive tract to the
brain that signals stomach and intestinal volume within the NTS. Future research will identify how this increase in
volume along the digestive tract ultimately causes satiety and the perception of feeling full.

Central integration and regulation of food intake

Neural and hormonal signals from the digestive tract and adipose tissue are integrated in the central nervous
system. Although there are multiple parts of the brain that regulate food intake, the two areas that seem to directly
detect neural and hormonal signals from the periphery are the hypothalamus and brainstem.

The hypothalamus has several groups of neurons located along circumventricular organs, areas where the blood
brain barrier is relatively diminished such that hormones and other substances can easily pass from the blood to the
extracellular environment (Figure 16.19). These regions include the organ vasculosum of the lateral terminalis
(OVLT), the median eminence, the neurohypophysis in the pituitary, the subfornical organ (SFO), the pineal gland,
and the subcommissural organ. These brain regions play roles in multiple homeostatic processes.

FIGURE 16.19 Circumventricular organs

In the case of caloric regulation, neurons in a region of the hypothalamus called the arcuate nucleus, which sits
adjacent to the median eminence, have receptors for hormones that regulate feeding. The arcuate nucleus can be
subdivided into two antagonistic populations of neurons: those that express the neuropeptide agouti-related
peptide (AgRP) and those that express pro-opiomelanocortin (POMC) (Figure 16.20).
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FIGURE 16.20 Acruate nucleus neuron tracing Green fluorescent tracers reveal POMC and AgRP cell bodies and axons. Image credit:
POMC-Cre anterograde tracing. AgRP-IRES-Cre anterograde tracing. Allen Brain Atlas.

AgRP neurons increase activity in response to orexigenic hormones, such as ghrelin, and are inhibited by
anorexigenic hormones. In contrast, POMC neurons increase activity in response to anorexigenic hormones and are
inhibited by orexigenic hormones (Figure 16.21). Therefore, AgRP and POMC neurons are like two sides of a balance
beam—the relative activity within AgRP and POMC neurons correspond with the homeostatic feeding state of an
animal, with AgRP neurons preferentially activated the longer an animal goes without feeding, and POMC neurons
activated when an animal consumes a meal (see feature box on studying the regulation of food intake by the
hypothalamus).

FIGURE 16.21 Hunger signaling in the brain

AgRP and POMC neurons therefore serve as control centers that integrate neural and hormonal information from the
body about feeding. They also integrate information from other sources—for example, sensory information from
visual, olfactory, and even auditory stimuli that can inform animals of feeding opportunities. AgRP and POMC

16.4 • Neural Control of Feeding Behavior 727



neurons, in turn, affect several downstream populations of neurons that ultimately control hunger and satiety
(Figure 16.22). Some downstream areas directly generate the emotional states of being hungry or full. Some
downstream areas inhibit competing behaviors such as pain, itch, sex, and sleep to ensure that animals prioritize
food seeking depending on homeostatic need.

FIGURE 16.22 Central regulation of food intake by the hypothalamus

Feeding is also directly regulated by neurons in the brainstem (Figure 16.23). These neurons seem to function in
satiety and the feeling of being unpleasantly full after a meal. For example, when the stomach becomes relatively
full and enlarged, neurons from the vagus nerve transmit this information to a population of neurons in the
brainstem called the nucleus tractus solitarius (NTS). Increased stomach stretch causes increased NTS neural
activity (see feature box on studying the effect of digestive organ stretch on neural activity). These neurons also
have receptors for several anorexigenic hormones, including amylin, CCK, and PYY. The NTS sends axonal
projections to other areas of the brain, especially parts of the limbic system (such as the amygdala) that seem to
mediate feelings of satiety and the uncomfortable aspects of feeling full.
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FIGURE 16.23 Central regulation of food intake by the brainstem

Dysfunction of hypothalamic and brainstem populations, as well as their upstream and downstream connections,
can lead to food intake disorders including obesity and eating disorders (see next section).

NEUROSCIENCE IN THE LAB

Studying the regulation of food intake by the hypothalamus
How do neuroscientists study the neurobiology of homeostasis, such as the neural regulation of feeding behavior?
Many food intake studies are performed in human subjects. However, these studies are limited by the fact that it is
impossible to study specific cell types in a living person. To study and perform experiments to elucidate the neural
basis of feeding, many neuroscientists turn to rodent models, especially mice. Because mice have homologous brain
structures as humans, it is possible to perform experiments that are impossible in humans.

For example, in recent years, most of our understanding of the role of AgRP and POMC neurons has come from
studies in mice. Using techniques like optogenetics (see Methods: Optogenetics) and chemogenetics (see Methods:
Chemogenetics), it has been possible to artificially stimulate each individual population of neurons and observe
behavior (Figure 16.24). For example, stimulating AgRP neurons using optogenetic activation of channelrhodopsin-2
causes a rapid behavioral response in animals in which animals consume much more food than normal (Aponte et
al., 2011). In contrast, stimulating POMC neurons causes a reduction in feeding.
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FIGURE 16.24 Optogenetic activation of AgRP and POMC neurons Based on data from: Aponte, Y., Atasoy, D. & Sternson, S. AGRP
neurons are sufficient to orchestrate feeding behavior rapidly and without training. Nat Neurosci 14, 351–355 (2011). https://doi.org/
10.1038/nn.2739

By expressing a fluorescent reporter molecule in AgRP or POMC neurons, it is possible to visualize where each of the
axons travel throughout the brain. Current research is aimed at identifying the role of each downstream projection to
more fully dissect how AgRP and POMC neurons orchestrate a behavioral state of hunger or satiety.

Food intake disorders

Dysregulation of the hormones and neurons that regulate food intake can cause severe problems in body weight
regulation leading to obesity or various eating disorders. Because modern day society is very different from natural
conditions faced by animals in the wild, humans encounter environmental stimuli (a surplus of highly palatable and
calorically-dense food, extreme societal pressure to maintain a certain body weight, etc.) that contribute to food
intake disorders that are often difficult to reproduce in animal models of disease.

Obesity is a complex and multifactorial disorder characterized by an excessive accumulation of body fat. The
neurobiology of obesity is complex, with many potential underlying causes. Obesity is ultimately caused by
consuming too many calories relative to metabolic activity and caloric expenditure.

Why don’t homeostatic systems prevent obesity? Consuming high calorie foods and gaining body weight likely
causes dysregulation of the hormones and neurons that regulate food intake in the hypothalamus. For example,
individuals with obesity often exhibit a state of leptin resistance, in which neurons in the hypothalamus
downregulate leptin receptors and become insensitive to the satiety hormone. This leptin resistance results in
increased appetite and decreased energy expenditure. Additionally, chronic overconsumption of high-calorie, high-
fat foods can cause changes in the reward pathways of the brain, resulting in a decrease in the perceived pleasure of
healthier, lower calorie foods.
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Like obesity, eating disorders are complex psychiatric conditions characterized by altered eating behavior. These
disorders often manifest with excessive and unrealistic body image perception. For example, anorexia nervosa is a
disorder in which an unwarranted fear of gaining weight causes an individual to engage in too much fasting or
exercising such that they manifest an abnormally low body weight. Bulimia nervosa is characterized by bouts of
overeating followed by self-induced vomiting or extreme exercise to avoid absorbing calories.

Because eating disorders are intertwined with body image perception, these disorders do not seem to be caused by
dysfunction of the neural systems and circuits that maintain caloric homeostasis. Indeed, individuals with food
disorders are often very hungry and intentionally suppress the homeostatic motivation to consume food to correct
for low body weights. Therefore, brain regions implicated in the pathophysiology of eating disorders seem to be
located in areas that regulate cognition and perception, such as the cerebral cortex. The insular cortex regulates the
conscious perception of taste, hunger, and satiety, and likely contributes to the etiology of eating disorders.
Additionally, the prefrontal cortex is involved in executive functions such as decision making and impulse control.
Neurons in the prefrontal cortex likely suppress homeostatic signals from the hypothalamus and brainstem to cause
dysregulated food intake.

16.5 Neural Control of Drinking Behavior
LEARNING OBJECTIVES
By the end of this section, you should be able to

16.5.1 Describe the reasons why animals need to maintain homeostasis for water.
16.5.2 Describe the neural components of homeostatic systems that regulate water balance and

drinking behavior.

Consider how interesting (or uninteresting) water is as a stimulus. Colorless, odorless, tasteless… By definition,
water is about as neutral a stimulus as one can imagine. Most of the time, we don’t think of water as rewarding. We
often walk past drinking fountains and water coolers without feeling like we are missing a valuable opportunity.
However, when we don’t have enough water in our bodies, drinking water becomes highly rewarding. The feeling of
being thirsty is very unpleasant and the longer we go without water, the more extraordinary lengths we will go to
take a drink.

Mammals are composed mostly of water. Over half of a human’s body weight is water, with approximately 65%
located within the body cells, 28% in the extracellular fluid, and 7% in the blood. Maintaining an appropriate
amount of water in our cells and surrounding fluids is critical for maintaining the structural integrity of cells and for
providing an aqueous environment for the solutes (nutrients, ions, and biomolecules) that make life possible.

Water enters and leaves cells by the process of osmosis—the diffusion of water across a membrane from regions of
low solute concentration to regions of high solute concentration (Figure 16.25). The unit of measurement of solute
concentration within a solution is osmolarity, the number of moles of solute per liter of solution. Mammalian cells
have an osmolarity of approximately 300 mOsm/L. If cells are surrounded by a solution of equal osmolarity, the
environment is said to be isotonic, and there is no net water flow in or out of the cell. However, if the cell is
surrounded by a solution that has a higher solute concentration, the environment is hypertonic. In these conditions,
water will flow from inside the cell to the extracellular fluid, causing the cell to shrink. In contrast, if the cell is
surrounded by a solution that has a lower solute concentration, the environment is hypotonic, and there is net
movement of water from outside the cell to the cytoplasm. This state can cause the cell to swell up and even burst.
Therefore, osmotic homeostasis systems must ensure that the blood and extracellular solutions are stably
maintained at 300 mOsm/L.
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FIGURE 16.25 Osmolarity and tonicity

To maintain osmotic homeostasis, animals must measure the osmolarity of the blood and ensure that the amount of
water lost over time is equal to the amount of water gained over time. Our bodies constantly lose water over time
due to evaporation and the need to urinate metabolic waste products. Although animals can generate some water
molecules on their own via the process of cellular respiration, most mammals obtain water primarily by ingesting
liquids. When the osmolarity of the blood becomes too low, homeostatic systems motivate us to excrete more water
in the urine (having to pee!). When the osmolarity of the blood becomes too high, homeostatic systems motivate us
to consume water—a process we describe as being thirsty.

Osmotic homeostasis systems

Mammals sense blood osmolarity within a brain structure called the subfornical organ (SFO) (Figure 16.26). Some
SFO neurons increase action potential frequency when the blood becomes hypertonic, while others increase neural
activity when the blood becomes hypotonic. These two populations of neurons within the SFO project to other
hypothalamic populations including the organ vasculosum of the lateral terminalis (OVLT). Together, the SFO and
OVLT control the neural response to osmotic change.
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FIGURE 16.26 Neural regulation of water intake

For example, if you ingest food that is high in solutes (such as a handful of salty crackers), the solutes become
absorbed by the bloodstream and can increase the hypertonicity of blood. Likewise, if you have not consumed water
in a relatively long time (multiple hours), the blood also risks becoming hypertonic. In response to hypertonic
conditions, the SFO and OVLT activate effector systems to increase the amount of water within the blood (Figure
16.26). One method of increasing water is to motivate an animal to drink by creating the sensation of thirst—an
unpleasant condition in which the tongue dries and the act of swallowing liquids becomes highly rewarding. Thirst is
a complex motivational state mediated by multiple downstream areas, including regions of the cerebral cortex and
limbic areas. How neurons in these structures collectively coordinate the aversive feeling of being thirsty is an active
area of investigation.

In addition to causing changes in behavior, the SFO and OVLT can cause a physiological response that results in less
water loss in the urine (Figure 16.26). In response to hypertonic states, the SFO and OVLT cause an increase in the
release of antidiuretic hormone (ADH) from the pituitary gland. This hormone primarily acts on cells within the
kidney to release less water into the urine. This regulation of urine water content is why the color of urine can
change depending on hydration state—the more water you drink, the less ADH is released from the pituitary, and the
clearer your urine will become! Dysregulation of the ADH system (for example, mutations in the gene that encodes
ADH or the ADH receptors in the kidney) disrupt osmotic homeostasis by causing abnormal water loss and urine
formation by the kidneys. This disorder, called diabetes insipidus, can cause severe dehydration and constant thirst
if untreated.

Interestingly, regulation of osmotic balance has a feed-forward mechanism, in which a homeostatic response
occurs before there is actually a change in the system (see feature box on Studying feed-forward mechanisms in
thirst). For example, if you feel thirsty and drink a large glass of water, sensors on the tongue detect the ingestion of
water and cause a change in SFO neural activity before the water is actually absorbed into the bloodstream from the
digestive tract. This mechanism allows you to feel satiated immediately when taking a large drink of
water—otherwise, you would have to wait several minutes to feel the effect. In this way, homeostasis can be
maintained faster than normal digestive processes would otherwise allow.
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NEUROSCIENCE IN THE LAB

Studying feed-forward mechanisms in thirst

Neuroscientists have studied the effect of environmental stimuli on activity in SFO neurons using fiber photometry, a
form of calcium imaging. SFO neurons can be made to express a transgene, GCaMP, that fluoresces proportionally to
Ca2+ release inside the cell. This Ca2+ signal is a reflection of neural activity (see Methods: In Vivo Calcium
Imaging). An optical fiber is placed directly above SFO neurons to measure changes in SFO activity in freely moving,
behaving mice (Figure 16.27).

FIGURE 16.27 SFO activity is regulated by ingestion of food and water

A recent study (Zimmerman et al., 2016) showed that SFO neurons increase or decrease activity immediately when
mice are allowed to ingest certain substances, much faster than digestive processes. For example, in thirsty mice,
when SFO activity is already relatively high, SFO activity decreases immediately when mice are allowed to drink
water. In fact, SFO activity decreases even more if the water is cold. This result might explain why drinking cold
water is so much more satiating when we are thirsty compared with water served at room temperature. In contrast,
SFO activity increases immediately when mice consume solid chow, likely a mechanism to anticipate the need for
water before the food is actually absorbed by the digestive track into the bloodstream. Taken together, these feed-
forward mechanisms allow an animal to minimize changes to homeostasis and avoid large deviations from a set
point during ingestion of food and liquids during a meal.
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Section Summary
16.1 Principles of Homeostasis

Access multimedia content (https://openstax.org/
books/neuroscience/pages/16-section-summary)
Animals maintain a stable internal environment
through the process of homeostasis. Life-sustaining
factors, such as oxygen, temperature, food, and water,
are maintained at optimal set-points for each
organism. Animals maintain set-points via negative
feedback mechanisms, in which a sensor detects a
deviation from a set-point, a control system processes
information from one or more sensors, and an effector
system produces a response that counteracts the
change. Many homeostatic systems throughout the
body are regulated by the nervous system. The
challenge for neuroscientists interested in studying the
neurobiology of homeostasis is to understand the
specific sensors, control centers, and effectors that
regulate each life-sustaining factor.

16.2 Neural Control of Blood Oxygenation
Levels

Homeostasis for blood oxygenation levels is regulated
by the medullary respiratory control center (MRCC) and
medullary cardiac control center (MCCC) in the
brainstem. These populations of neurons sense
changes in low blood oxygenation levels indirectly by
sensing the pH of the blood. In response to higher
acidity of the blood (lower pH), these neuronal
populations increase respiratory rate and heart rate,
respectively, to correct for deficiencies in blood
oxygenation and to ensure delivery of oxygen to cells
throughout the body.

16.3 Neural Control of Core Body
Temperature

Regulation of core body temperature is important for
survival to ensure that cells and organ systems are
neither too hot nor too cold. Temperature can be
sensed throughout the skin via thermosensitive ion
channels, expressed in neurons that ultimately inform
the brain about changes in body temperature
throughout the body. Core body temperature is also
sensed directly in the preoptic area (POA) of the
hypothalamus. The POA serves as both a sensory and
control center that employs several physiological and

behavioral effector mechanisms to regulate
homeostasis of body temperature. If too cold, an
animal might increase sympathetic nervous system
activity to increase metabolism and constrict blood
vessels while simultaneously altering behavior to seek
warmth. If too warm, an animal might decrease
sympathetic tone, engage in behaviors such as panting
or sweating, and seek cooler environments.

16.4 Neural Control of Feeding Behavior

Energy homeostasis ensures that animals consume
enough calories for their daily metabolic needs without
overwhelming their digestive systems with too much
food. Feeding behavior is regulated by hormonal and
neuronal systems in the peripheral and central nervous
systems. A variety of hormones released by the
digestive track including amylin, CCK, and PYY, as well
as hormones released by fat cells, such as leptin,
inform the brain about the course of a meal and energy
reserves. Additionally, stomach volume is sensed by
the vagus nerve. Various populations of neurons in the
brain ultimately regulate feelings of hunger and satiety.
Just before a meal, AgRP neurons initiate a behavioral
state of feeling hungry and an animal is motivated to
seek food. During and after a meal, POMC neurons and
brainstem satiety centers, like the NTS, progressively
cause a behavioral state of feeling full. Taken together,
the neural populations that regulate food intake cause
motivation to seek food such that an animal consumes
enough calories throughout the day but not so much
that it continuously overeats. Dysfunction of energy
homeostatic systems can cause an imbalance that
leads to obesity or malnourishment.

16.5 Neural Control of Drinking Behavior

Homeostasis for water ensures that our cells and organ
systems maintain a precise osmotic balance. Neurons
in the SFO and OVLT sense a change in plasma
osmolarity in adjacent blood vessels. If the plasma
osmloarity becomes too hypertonic, the SFO and OVLT
excite downstream neural populations that cause
feelings of thirst and the motivation to drink. The SFO
and OVLT also causes an increase in the release of
antidiuretic hormone from the pituitary gland, causing
the kidney to release less water into the urine.

Key Terms
16.1 Principles of Homeostasis

Homeostasis, set point, allostasis, negative feedback,
sensor, control system, effector system, unidirectional

homeostatic system, bidirectional homeostatic system,
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Multiple Choice
16.1 Principles of Homeostasis

1. How might set points for specific factors change over a 24-hour circadian period?
a. They always remain constant throughout the day and night
b. They typically decrease during the day and increase at night
c. They may fluctuate slightly depending on the factor and the organism
d. They vary based on environmental conditions

2. What is the purpose of negative feedback mechanisms in homeostasis?
a. To amplify deviations from set points
b. To reduce the need for optimal values of a life-sustaining factor
c. To counteract deviations and restore optimal set point values
d. To maintain physiological conditions outside a normal range

3. Sometimes drivers pass by a highway patrol system that automatically measures their speed and displays
how fast they are driving. If driving over the speed limit, most drivers will slow down. This can be considered
an example of:

a. A negative feedback loop
b. Allostasis
c. Homeostasis
d. An autonomic response

4. Many laptop computers now have systems that automatically increase the brightness of the screen if the
outside environment is well lit and that decrease the brightness of the screen if the outside environment
becomes dim. This system can be considered an example of:

a. Allostasis
b. A bidirectional homeostatic system
c. An effector system
d. A control center

5. During an immediate threat to survival, what does allostasis allow an organism to do?
a. Maintain internal physiological conditions within the normal range
b. Increase the speed by which control and effector systems counteract deviations from a set point
c. Persevere against short-term challenges by temporarily adjusting set points
d. Ignore environmental challenges for a brief period

6. ________ allows animals to maintain a stable internal environment.
a. Homeostasis
b. Allostasis
c. Adaptation
d. Positive feedback

7. The neuroendocrine system regulates homeostasis by releasing ________ that affect target organs
throughout the brain and body.
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a. neurotrophic factors
b. cytokines
c. small molecule neurotransmitters
d. hormones

16.2 Neural Control of Blood Oxygenation Levels

8. How does the medullary respiratory control center (MRCC) indirectly sense blood oxygenation levels?
a. By measuring the concentration of carbon dioxide
b. By directly sensing oxygen in the lungs
c. By detecting changes in heart rate
d. By measuring the pH (acidity) of the blood

9. How does the medullary cardiovascular control center (MCCC) affect heart rate?
a. It has no effect on heart rate
b. It increases heart rate
c. It decreases heart rate
d. It either increases or decreases heart rate depending on blood oxygenation levels

10. What would be the effect of administering isoproterenol, a drug that mimics the effects of norepinephrine, on
the heart?

a. Heart rate increases
b. Heart rate decreases
c. No effect on heart rate
d. Parasympathetic activity decreases

16.3 Neural Control of Core Body Temperature

11. What is the primary source of heat for endothermic animals?
a. Metabolism
b. The environment
c. Sunlight
d. Thermal vents

12. What is the role of the sympathetic nervous system in thermoregulation?
a. Decrease body heat
b. Induce panting
c. Stimulate sweating
d. Increase body heat

16.4 Neural Control of Feeding Behavior

13. The release of the hormone ________ is inversely proportional to the stretch of the stomach.
a. ghrelin
b. CCK
c. amylin
d. leptin

14. If the ________ nerve is severed, an animal would not receive information about stomach stretch from nerve
endings surrounding the stomach.

a. phrenic
b. vagus
c. glossopharyngeal
d. hypoglossal
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15. Artificial stimulation of the OVLT would cause an increase in the release of ________ from the pituitary gland.
a. POMC
b. AgRP
c. ADH
d. PYY

16. What is the main effect of leptin on appetite?
a. Increases hunger
b. Decreases hunger
c. Has no effect on hunger
d. Induces cravings for specific foods

17. Why might drinking a large volume of water make you feel temporarily full?
a. Water has a calming effect on the nervous system
b. Stomach expansion in response to water
c. Water causes the release of appetite suppressing hormones
d. Ingesting water activates NTS neurons in the brainstem

18. If the vagus nerve was severed, how could the brain continue to receive information about stomach volume?
a. The sympathetic nervous system
b. The parasympathetic nervous system
c. Levels of CCK in the bloodstream
d. Levels of ghrelin in the bloodstream

19. Immediately after a meal
a. The activity of POMC neurons is high and you experience a feeling of hunger
b. The activity of POMC neurons is high and you experience a feeling of fullness
c. The activity of AgRP neurons is high you experience a feeling of hunger
d. The activity of AgRP neurons is high you experience a feeling of fullness

16.5 Neural Control of Drinking Behavior

20. Dysregulation of the ADH system can lead to a disorder called ________, causing severe dehydration and
thirst.

a. Diabetes insipidus
b. Hypoxia
c. Obesity
d. Diabetes mellitus

21. Which neural population is involved in sensing blood osmolarity?
a. AgRP neurons
b. SFO neurons
c. POMC neurons
d. POA neurons

22. What is the feed-forward mechanism in the context of osmotic balance?
a. A response that occurs after water is absorbed into the bloodstream
b. A response that occurs independent of neural activity
c. A response that occurs before a change in blood osmolarity actually occurs
d. An osmotic response caused by external stimuli

23. If blood plasma osmolarity is high all the following responses will occur, except:
a. Increased ADH release
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b. Increased water reabsorption in the kidneys
c. Increased release of ghrelin
d. Increased motivation to drink

24. If a cell is surrounded by a solution with a greater osmolarity than the inside of the cell, then
a. Water will flow out of the cell
b. Water will flow into the cell
c. The cell will become swollen
d. The cell will have a normal shape

Fill in the Blank
16.1 Principles of Homeostasis

1. Animals maintain homeostasis by maintaining internal values for life-sustaining factors at optimal ________.

16.2 Neural Control of Blood Oxygenation Levels

2. The medullary cardiovascular control center (MCCC) senses changes in blood oxygen levels indirectly by
measuring the ________ of the blood.

16.3 Neural Control of Core Body Temperature

3. The ________ area of the hypothalamus directly measures core body temperature.

4. Many mouthwashes contain menthol, a chemical compound that produces a cool sensation by activating
________ ion channels.

16.4 Neural Control of Feeding Behavior

5. Neurons that express ________ increase their activity the longer an animal has gone without eating food.

16.5 Neural Control of Drinking Behavior

6. Water enters and leaves cells through the process of ________.
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