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5-1

The Basis of Neural Communication in a Heartbeat

into the fluid bath to influence the second heart. His experiment therefore
demonstrated that the vagus nerve contains a chemical that tells the
heart to slow its rate.
Loewi subsequently identified the messenger chemical. Later, he
also identified a chemical that tells the heart to speed up. The heart
adjusts its rate in response to at least two different messages: an excitatory message that says speed up and an inhibitory message that says
slow down.

Pu
bl
is

Discoveries about how neurons communicate stem from experiments
designed to study what controls an animal’s heart rate. As with any animal, your heartbeat quickens if you are excited or exercising; if you are
resting, it slows. Heart rate changes to match energy expenditure—that
is, to meet the body’s nutrient and oxygen needs.
Heartbeat undergoes a most dramatic change when you dive beneath
water: it slows almost to stopping. This drastic slowing, called diving
bradycardia, conserves the body’s oxygen when you are not breathing.
Bradycardia (brady-, meaning slow, and -cardia, meaning heart) is a useful survival strategy. This energy-conserving response under water is
common to many animals. But what controls your heartbeat?
Otto Loewi, a great storyteller, recounted that his classic experiment,
which earned him a Nobel Prize in 1936, came to him in a dream. As
shown in the Procedure section of Experiment 5-1. Loewi first maintained
a frog’s heart in a salt bath, then electrically stimulated the vagus nerve—
the cranial nerve that leads from the brain to the heart. At the same
time, he channeled some of the fluid bath from the vessel containing the
stimulated heart through a tube to another vessel in which a second heart
was immersed but not electrically stimulated.

Loewi recorded both heart rates. His findings are represented in the
Results section of Experiment 5-1. The electrical stimulation decreased
the rate of the first heart, but more important, the second heartbeat also
slowed. This result indicated that the fluid transferred from the first to
the second container carried instructions to slow down.
Where did the message come from originally? Loewi reasoned that a
chemical released from the stimulated vagus nerve must have diffused

Helgiskulason/Getty Images

RESEARCH F

he
rs

138

Puffins fish by diving underwater, propelling themselves by flapping their
short, stubby wings as if flying. During these dives, their heart displays the
diving bradycardia response, just as our heart does. Here, a puffin emerges
from a dive, fish in beak.
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In this chapter, first we explain how neurons communicate with one another using excita
tory and inhibitory signals. Next we describe how chemicals carried by one neuron signal
receptors on receiving neurons to produce a response. We conclude the chapter by exploring
the neural bases of learning—that is, how neural synapses adapt physically as a result of an
organism’s experience.

5-1
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Acetylcholine (ACh)

Epinephrine (EP)

Norepinephrine (NE)
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Three-dimensional space-filling models
contrast the molecular structure of
ACh, which inhibits heartbeat, to EP
and NE, which excite the heart in frogs
and humans, respectively.

KolbWh5e_CH05_137-170v3.0.1.indd 138

A Chemical Message

Loewi’s successful heartbeat experiment, diagrammed in Experiment 5-1, marked the
beginning of research into how chemicals carry information from one neuron to another
in the nervous system. Loewi was the first to isolate a chemical messenger. We now know
that chemical as acetylcholine (ACh), the same transmitter that activates skeletal muscles,
as described in Section 4-4. Yet here, ACh acts to inhibit heartbeat, to slow it down. It turns
out that ACh activates skeletal muscles in the somatic nervous system and may either excite
or inhibit various internal organs in the autonomic system. And, yes, acetylcholine is the
chemical messenger that slows the heart in diving bradycardia.
In further experiments modeled on his procedure in Experiment 5-1, Loewi stimulated
another nerve to the heart, the accelerator nerve, and heart rate increased. The fluid that
bathed the accelerated heart also speeded the beat of a second heart that was not electri
cally stimulated. Loewi identified the chemical that carries the message to speed up heart
rate in frogs as epinephrine (EP; epi-, above; nephron, kidney), also known as adrenaline.
Adrenaline (Latin) and epinephrine (Greek) are the same substance, produced by the adrenal
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acetylcholine (ACh) First neurotransmitter
discovered in the PNS and CNS; activates
skeletal muscles in the SNS; may either excite
or inhibit internal organs in the ANS.

Question: How does a neuron pass on a message?
Procedure
Recording
device

Stimulating
device

1 Vagus nerve

Vagus
nerve

2 Fluid is transferred
from first to second
container.

Frog heart 1

Rate of
heartbeats
Stimulation

norepinephrine (NE, or noradrenaline)
Neurotransmitter that accelerates heart rate
in mammals; found in the brain and in the
sympathetic division of the ANS.

neurotransmitter Chemical with an
excitatory or inhibitory effect when released
by a neuron onto a target.

Fluid transfer

Results

epinephrine (EP, or adrenaline) Chemical
messenger that acts as a neurotransmitter
in the CNS and as a hormone to mobilize the
body for fight or flight during times of stress.
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of frog heart 1
is stimulated.
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Experiment

A Chemical Message

Frog heart 2

3 Recording from frog heart

4 …as does the recording

1 shows decreased rate of
beating after stimulation,…

from frog heart 2 after the
fluid transfer.
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Conclusion: The message is a chemical released by the nerve.
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glands located atop the kidneys. Adrenaline is the name more people know, in part because
a drug company used it as a trade name, but epinephrine is common parlance in the science
community.
Further experimentation eventually demonstrated that in mammals, the chemical that
accelerates heart rate is norepinephrine (NE; also noradrenaline), a chemical closely related
to EP. The results of Loewi’s complementary experiments showed that acetylcholine from
the vagus nerve inhibits heartbeat, and epinephrine from the accelerator nerve excites it.
Chemical messengers released by a neuron onto a target to cause an excitatory or inhibi
tory effect are neurotransmitters. Outside the central nervous system, many of the same
chemicals, epinephrine among them, circulate in the bloodstream as hormones. Under con
trol of the hypothalamus, the pituitary gland releases hormones into the bloodstream to
excite or inhibit targets such as the organs and glands in the autonomic and enteric nervous
systems. In part because hormones travel throughout the body to distant targets, their action
is slower than that of CNS neurotransmitters prodded by the lightning-quick nerve impulse.
But the real difference between neurotransmitters and hormones is the distances they travel
before they encounter their receptors.
Loewi’s discoveries led to the search for more neurotransmitters and their functions.
The actual number of transmitters is an open question, with 100 posited as the maxi
mum. The confirmed number is 60. Whether a chemical is accepted as a neurotransmitter
depends on the extent to which it meets certain criteria. As this chapter unfolds, you will
learn those criteria along with the names and functions of many neurotransmitters. You
will also learn how groups of neurons form neurotransmitter systems throughout the brain
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The vagus nerve influences the heart
and other internal body processes;
see Figure 2-29.

Section 6-5 explains how hormones influence
the brain and behavior.
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Parkinson Disease
Case VI: The gentleman . . . is seventy-two years of age. . . . About eleven
or twelve, or perhaps more, years ago, he first perceived weakness in the
left hand and arm, and soon after found the trembling to commence. In
about three years afterwards the right arm became affected in a similar
manner: and soon afterwards the convulsive motions affected the whole
body and began to interrupt speech. In about three years from that time
the legs became affected. (James Parkinson, 1817/1989)

substantia nigra to the basal ganglia, Urban Ungerstedt found in 1971
that injecting a neurotoxin called 6-hydroxydopamine into rats selectively destroyed these dopamine-containing neurons and produced
symptoms of Parkinson disease.

Researchers have now linked the loss of dopamine-containing substantia nigra neurons to an array of causes, including genetic predisposition, the flu, pollution, insecticides, herbicides, and toxic drugs. Dopamine
itself in other brain areas has been linked not only to motor behavior but
also to some forms of learning and to neural structures that mediate
reward and addiction. This remarkable series of discoveries, initiated by
James Parkinson, has yielded tremendous insight into brain function.
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In the 1817 essay from which this case study is taken, British physician
James Parkinson reported similar symptoms in six patients, some of whom
he had observed only in the streets near his clinic. Shaking was usually the
first symptom, and it typically began in a hand. Over a span of years, the
shaking spread to include the arm and then other parts of the body.
As the disease progressed, patients had a propensity to
lean forward and walk on the balls of their feet. They also
tended to run forward to prevent themselves from falling.
In the later stages, patients had difficulty eating and swallowing. They drooled, and their bowel movements slowed.
Eventually, the patients lost all muscular control and were
unable to sleep because of the disruptive tremors.
More than 50 years after James Parkinson’s
descriptions, French neurologist Jean-Martin Charcot
named the condition Parkinson’s disease, known today
as Parkinson disease. Three findings have helped
researchers understand its neural basis:

3. Confirming the role of dopamine in a neural pathway connecting the

th

of nine Parkinson patients on autopsy and found that
the substantia nigra, a small midbrain nucleus, had
degenerated. In the brain of one patient who had parkinsonian symptoms only on one side of the body, the
substantia nigra had degenerated on the side opposite
that of the symptoms.
2. Chemical examination of the brains of Parkinson
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patients showed that disease symptoms appear when
the level of dopamine, then a proposed neurotransmitter, was reduced to less than 10 percent of normal in the
basal ganglia (Ehringer & Hornykiewicz, 1960/1974).
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1. In 1919, Constantin Tréatikoff (1974) studied the brains

Photo by Mike Coppola/Getty Images for the Michael J. Fox
Foundation for Parkinson’s Research
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Actor Michael J. Fox gained wide fame in the 1980s for his starring role in the Back to
the Future film series, which included his rendition of Chuck Berry’s pop classic, “Johnny
B. Goode” (left). In 1991, at age 30, Fox was diagnosed with young-onset Parkinson disease.
When he performed the song 20 years later to benefit the Michael J. Fox Foundation for
Parkinson’s Research, he labored but still had the moves (right).

to modulate, or temper, aspects of behavior. The three Clinical Focus boxes in this chapter
tell the fascinating story of how one such neurotransmitter system has yielded deep insight
into brain function. When depleted in a particular brain area, this neurotransmitter is
associated with a specific neurological disorder. The story begins with Clinical Focus 5-2,
Parkinson Disease.

Structure of Synapses
Loewi’s discovery about the chemical messengers that regulate heart rate was the first of
two seminal findings that form the foundation for current understanding of how neurons
communicate. The second had to wait nearly 30 years, for the invention of the electron
microscope. Shown at the right in Figure 5-1, it enables scientists to see the structure
of a synapse.
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Electron microscope

FIGURE 5-1
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Microscopic Advance

Whereas an observer can use a light
microscope (left) to see the general
features of a cell, an electron microscope
(right) allows the observer to examine the
cell’s organelles in detail.
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Light microscope

A Chemical Message

Electron gun

Specimen

Specimen
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Figure 4-5 describes how a digital
oscilloscope measures voltage in biological
tissue.
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The electron microscope uses some principles of a light microscope, shown at the left in
Figure 5-1, and an oscilloscope. The light microscope illuminates the tissue and magni
fies the image. The electron microscope projects a beam of electrons through a very thin
slice of tissue. The tissue’s varying structures scatter the electron beam onto a reflective
surface, where they leave an image, or shadow, of the tissue. Electron waves are smaller
than light waves and scatter much less when the beam strikes tissue, allowing for much
higher resolution.
To see how much finer an electron microscope’s resolution is relative to that of a light
microscope, compare the images at the bottom of Figure 5-1. An electron microscope’s
resolution can be much higher than a light microscope because electron waves are smaller
than light waves, so much less scatter attends the beam striking the tissue. When tissue is
stained with a substance that reflects electrons, vanishingly fine structural details emerge.

Chemical Synapses
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The first good electron micrographs, made in the 1950s, revealed synaptic structure for the
first time. In the center of the micrograph in Figure 5-2A, the upper part of the synapse is
the axon terminal, or end foot; the lower part is the receiving dendrite. The round granular
substances in the terminal are the synaptic vesicles, containing neurotransmitter.
Dark patches on the axon terminal membrane are proteins that serve largely as ion chan
nels to signal the release of the transmitters or as pumps to recapture the transmitter after its
release. The dark patches on the dendrite consist mainly of receptor molecules also made up
of proteins that receive chemical messages. The terminal and the dendrite are separated by a
small space, the synaptic cleft. The synaptic cleft is central to synapse function, because neu
rotransmitter chemicals must bridge this gap to carry a message from one neuron to the next.
You can also see in the micrograph that the synapse is sandwiched by many surrounding
structures, including glial cells, other axons and dendritic processes, and other synapses. The
surrounding glia contribute to chemical neurotransmission in several ways—by supplying the
building blocks for neurotransmitter synthesis, by confining the movement of neurotrans
mitters to the synapse, and by mopping up excess neurotransmitter molecules, for example.
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Parkinson disease Motor system disorder
correlated with dopamine loss in the substantia
nigra; characterized by tremors, muscular
rigidity, and reduction in voluntary movement.
dopamine (DA) Amine neurotransmitter
involved in coordinating movement, attention,
learning, and in reinforcing behaviors.
synaptic vesicle Membranous compartment
that encloses a quantum of neurotransmitter.
synaptic cleft Gap separating the neuronal
presynaptic membrane from the postsynaptic
membrane.
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(B)

Axon
Presynaptic
terminal
Presynaptic
membrane
Synaptic
vesicles
Synaptic
cleft

Dendritic
spine
FIGURE 5-2

Glial cell

Chemical Synapse

(A) Surrounding the central synapse in this
electron micrograph are glial cells, axons,
dendrites, other synapses, and a synaptic
cleft. (B) Within a chemical synapse,
storage granules hold vesicles containing
neurotransmitter that travel to the
presynaptic membrane in preparation for
release. Neurotransmitter is expelled into
the synaptic cleft by exocytosis, crosses
the cleft, and binds to receptor proteins
on the postsynaptic membrane.

Dendrite of
postsynaptic
neuron

Presynaptic membrane:
Encloses molecules
that transmit chemical
messages.

Microtubule: Transport
structure that carries
substances to the axon
terminal.

Mitochondrion:
Organelle that provides
the cell with energy.

Synaptic vesicle:
Round granule
that contains
neurotransmitter.

Synaptic cleft: Small
space separating
presynaptic terminal
and postsynaptic
dendritic spine.

Postsynaptic membrane:
Contains receptor
molecules that receive
chemical messages.

Presynaptic
terminal

Storage granule:
Large compartment that holds
synaptic vesicles.

Neurotransmitter

Dendritic
spine

Channel

Postsynaptic receptor:
Site to which a
neurotransmitter
molecule binds.

Figure 5-2B details the process of neurotransmission at a chemical synapse, the junction
where messenger molecules are released from one neuron to interact with the next neuron.
Here the presynaptic membrane forms the axon terminal, the postsynaptic membrane forms
the dendritic spine, and the space between the two is the synaptic cleft. Within the axon
terminal are specialized structures, including mitochondria, the organelles that supply the
cell’s energy needs; storage granules, large compartments that hold several synaptic vesicles;
and microtubules, which transport substances, including neurotransmitter, to the terminal.
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Cell 1
membrane

Presynaptic
neuron
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Postsynaptic
membrane

Joseph F. Gennaro Jr./Science Source Colorization by: Mary Martin
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Cell 2
membrane
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Electrical Synapses

©

Gap
junction

Intracellular
fluid

FIGURE 5-3

Gap Junction
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Gap
junction
channel

Extracellular
fluid

Chemical synapses are the rule in mammalian nervous systems, but they are not the only
kind of synapse. Some neurons influence each other electrically through a gap junction,
or electrical synapse, where the cell membranes of two neurons come into direct contact
(Figure 5-3). Ion channels in one cell membrane connect to ion channels in the other mem
brane, forming a pore that allows ions to pass from one neuron to the other in both directions.
This fusion eliminates the brief delay in information flow—about 5 milliseconds per
synapse—of chemical transmission (compare Figure 5-3 with Figure 5-2B). For example, the
crayfish’s gap junctions activate its tail flick, a response that provides quick escape from a
predator. Gap junctions are found in the mammalian brain, where in some regions they allow
groups of interneurons to synchronize their firing rhythmically. Gap junctions also allow
glial cells and neurons to exchange substances (Dere & Zlomuzica, 2012).
Why, if chemical synapses transmit messages more slowly, do mammals rely on them
more than on gap junctions? The answer is that chemical synapses flexibly control whether
a message is passed from one neuron to the next; they can amplify or diminish a signal sent
from one neuron to the next; and they can change with experience to alter their signals and
so mediate learning.
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The four-step process of transmitting information across a chemical synapse
is illustrated in Figure 5-4. In brief, the neurotransmitter must be
1. synthesized somewhere inside the neuron and stored at the axon

terminal.
2. transported to the presynaptic membrane and released into the cleft in

response to an action potential.
3. able to bind to and activate receptors on the postsynaptic membrane.
4. inactivated, so it will not continue to work indefinitely.

1 Synthesis: Some neurotransmitters
are transported from the cell nucleus
to the terminal button. Others,…
Precursor chemicals
Neurotransmitter

… made from building
blocks imported into
the terminal, are
packaged into vesicles
there.

2 Release: In response
to an action potential,
the transmitter is
released across the
membrane by exocytosis.
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Step 1: Neurotransmitter Synthesis
and Storage
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Neurotransmission in Four Steps

A Chemical Message
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Neurotransmitters are derived in two general ways, and these origins define
two broad classes of neurotransmitters. Some are synthesized in the cell body
according to instructions in the neuron’s DNA, packaged in membranes on
the Golgi bodies, and transported on microtubules to the axon terminal. Cellderived neurotransmitters may also be manufactured within the presynaptic
terminal from mRNA transported to the terminal.
Other neurotransmitters are synthesized in the axon terminal from building blocks
derived from food. Transporters, protein molecules that pump substances across the cell
membrane, absorb the required precursor chemicals from the blood supply. (Sometimes
transporter proteins absorb the neurotransmitter ready-made.) Mitochondria in the axon
terminal provide the energy needed both to synthesize precursor chemicals into the neuro
transmitter and to wrap them in membranous vesicles.
Regardless of their origin, neurotransmitters in the axon terminal can usually be found
in three locations, depending on their type. Some vesicles are warehoused in granules, some
are attached to microfilaments (a type of microtubule; see Figure 5-2B) in the terminal, and
still others are attached to the presynaptic membrane. These sites are the steps by which
a transmitter is transported from a granule to the membrane, ready to be released into the
synaptic cleft.

Step 2: Neurotransmitter Release

W
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Synaptic vesicles loaded with neurotransmitters must dock near release sites on the pre
synaptic membrane. Then the vesicles are primed to prepare them to fuse rapidly in response
to calcium (Ca21) influx. When an action potential reaches the presynaptic membrane, vol
tage changes on the membrane set the release process in motion. Calcium cations play a
critical role. The presynaptic membrane is rich in voltage-sensitive calcium channels, and
the surrounding extracellular fluid is rich in Ca21. As illustrated in Figure 5-5, the action
potential’s arrival opens these calcium channels, allowing an influx of calcium ions into the
axon terminal.
Primed vesicles fuse with the presynaptic membrane quickly in response to the calcium
influx and empty their contents into the synaptic cleft by exocytosis. The vesicles from stor
age granules and on filaments then move up to replace the vesicles that just emptied their
contents.

©

Step 3: Receptor-Site Activation

After its release from vesicles on the presynaptic membrane, the neurotransmitter dif
fuses across the synaptic cleft and binds to specialized protein molecules embedded in
the postsynaptic membrane. These transmitter-activated receptors have binding sites
for the transmitter, which we elaborate on in Section 5-3. Depending on the properties of
receptors on the postsynaptic membrane, the postsynaptic cell may be affected in one of
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3 Receptor action:

The transmitter crosses
the synaptic cleft and
binds to a receptor.
FIGURE 5-4

4 Inactivation: The
transmitter is either
taken back into the
terminal or inactivated
in the synaptic cleft.

Synaptic Transmission

For a refresher on protein export, review
Figure 3-17.

chemical synapse Junction at which
messenger molecules are released when
stimulated by an action potential.
presynaptic membrane Axon terminal
membrane on the transmitter, or output, side
of a synapse.
postsynaptic membrane Membrane on the
transmitter, or input, side of a synapse.
storage granule Membranous compartment
that holds several vesicles containing a
neurotransmitter.
gap junction (electrical synapse) Area of
contact between adjacent cells in which ion
channels form a pore that allows ions to pass
directly from one cell to the next.
transporter Protein molecule that pumps
substances across a membrane.
transmitter-activated receptor Protein
that has a binding site for a specific
neurotransmitter and is embedded in the
membrane of a cell.
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three ways. The receptor and its associated ion channel or
intracellular messenger system may

1 When an action
potential reaches
the voltage-sensitive
terminal, it opens
calcium channels.

1. depolarize the postsynaptic membrane and so have an

Action
potential

excitatory action on the postsynaptic neuron.

2. hyperpolarize the postsynaptic membrane and so have an

+

Ca2

inhibitory action on the postsynaptic neuron.

2 Incoming
calcium ions
bind to
proteins,
forming a
complex.

to vesicles, releasing
some from filaments
and inducing others to
bind to the presynaptic
membrane and to
empty their contents
by exocytosis.

Binding
proteins

3. initiate other chemical reactions that modulate either

effect, inhibitory or excitatory, or that influence other
functions of the receiving neuron.
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In addition to interacting with the postsynaptic mem
brane’s receptors, a neurotransmitter may interact with
Calcium
receptors on the presynaptic membrane: it may influence
ions
the cell that just released it. That is, a neurotransmitter may
activate presynaptic receptors called autoreceptors (selfPostsynaptic
receptors) to receive messages from their own axon terminals.
receptor sites
How much neurotransmitter is needed to send a message? Bernard Katz was
awarded a Nobel Prize in 1970 for providing an answer. Recording electrical activity
from the postsynaptic membranes of muscles, he detected small, spontaneous depo
Neurotransmitter Release
larizations now called miniature postsynaptic potentials. The potentials varied in size, but
each size appeared to be a multiple of the smallest potential.
Katz concluded that the smallest postsynaptic potential is produced by the release of the
contents of just one synaptic vesicle. This amount of neurotransmitter is called a quantum.
To produce a postsynaptic potential large enough to initiate a postsynaptic action potential
requires the simultaneous release of many quanta from the presynaptic cell.
The results of subsequent experiments show that the number of quanta released from
the presynaptic membrane in response to a single action potential depends on two factors:
(1) the amount of Ca21 that enters the axon terminal in response to the action potential and
(2) the number of vesicles docked at the membrane, waiting to be released. Both factors are
relevant to synaptic activity during learning, which we consider in Section 5-4.
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FIGURE 5-5

3 This complex binds
Complex
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autoreceptor Self-receptor in a neuronal
membrane; that is, it responds to the same
transmitter released by the neuron.

Chemical transmission would not be an effective messenger system if a neurotransmitter
lingered within the synaptic cleft, continuing to occupy and stimulate receptors. If this hap
pened, the postsynaptic cell could not respond to other messages sent by the presynaptic
neuron. Thus, after a neurotransmitter has done its work, it is quickly removed from receptor
sites and from the synaptic cleft. Deactivation is accomplished in at least four ways:

or

quantum (pl. quanta) Amount of
neurotransmitter, equivalent to the content of
a single synaptic vesicle, that produces a justobservable change in postsynaptic electric
potential.

Step 4: Neurotransmitter Deactivation

W

reuptake Deactivation of a neurotransmitter
when membrane transporter proteins bring
the transmitter back into the presynaptic axon
terminal for reuse.
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Table 3-1 describes astrocytes and other
types of glial cells and their functions.
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1. Diffusion. Some of the neurotransmitter simply diffuses away from the synaptic cleft and

is no longer available to bind to receptors.

2. Degradation. Enzymes in the synaptic cleft break down the transmitter.
3. Reuptake. Membrane transporters specific to that transmitter may bring it back into the

presynaptic axon terminal for reuse. The by-products of degradation by enzymes also may
be taken back into the terminal to be used again in the cell.
4. Astrocyte uptake. Some neurotransmitters are taken up by neighboring astrocytes.

Potentially, the astrocytes can also store transmitters for re-export to the axon terminal.
Highlighting the flexibility of synaptic function, an axon terminal has chemical mecha
nisms that enable it to respond to the frequency of its own use. If the terminal is very active,
the amount of neurotransmitter made and stored there increases. If the terminal is not often
used, however, enzymes within the terminal buttons may break down excess transmitter.
The by-products are then reused or excreted from the neuron. Axon terminals may even send
messages to the neuron’s cell body requesting increased supplies of the neurotransmitter or
the molecules with which to make it.
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Figure 4-26 shows both microscopic and
schematic views of an axomuscular synapse
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So far we have considered a generic chemical synapse, with features possessed by most syn
apses. Synapses vary widely in the nervous system. Each type is specialized in location, struc
ture, function, and target. Figure 5-6 illustrates this diversity on a single hypothetical neuron.
You have already encountered two kinds of synapses. One is the axomuscular synapse, in
which an axon synapses with a muscle end plate, releasing acetylcholine. The other synapse
familiar to you is the axodendritic synapse, detailed in Figure 5-2B, in which the axon termi
nal of a neuron synapses with a dendrite or dendritic spine of another neuron.
Figure 5-6 diagrams axon terminals at the axodendritic synapse as well as the axosomatic
synapse, at a cell body; the axoaxonic synapse, on another axon; and the axosynaptic synapse,
on another presynaptic terminal—that is, at the synapse between some other axon and its
target. Axoextracellular synapses have no specific targets but instead secrete their transmit
ter chemicals into the extracellular fluid. In the axosecretory synapse, a terminal synapses
with a tiny blood vessel, a capillary, and secretes its transmitter directly into the blood.
Finally, synapses are not limited to axon terminals. Dendrites also may send messages to
other dendrites through dendrodendritic synapses.
This wide variety of connections makes the synapse a versatile chemical delivery system.
Synapses can deliver transmitters to highly specific sites or diffuse locales. Through connec
tions to the dendrites, cell body, or axon of a neuron, transmitters can control the neuron’s
actions in different ways.
Through axosynaptic connections, they can also exert exquisite control over another
neuron’s input to a cell. By excreting transmitters into extracellular fluid or into the blood,
axoextracellular and axosecretory synapses can modulate the function of large areas of tissue
or even the entire body. Many transmitters secreted by neurons act as hormones circulating
in your blood, with widespread influences on your body.
Gap junctions, shown in Figure 5-3, further increase the signaling diversity between neu
rons. Such interneuronal communication may occur via dendrodendritic and axoaxonic gap
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Varieties of Synapses
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Dendrites
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More about hormones in Section 6-5.

Dendrodendritic: Dendrites
send messages to other
dendrites.
Axodendritic: Axon terminal
of one neuron synapses on
dendritic spine of another.

Axoextracellular: Terminal
with no specific target.
Secretes transmitter into
extracellular fluid.

Cell
body

Axosomatic: Axon terminal
ends on cell body.

Axon

Axosynaptic: Axon terminal
ends on another terminal.
Axoaxonic: Axon terminal
ends on another axon.

Capillary

Axosecretory: Axon terminal
ends on tiny blood vessel
and secretes transmitter
directly into blood.

FIGURE 5-6

The Versatile Synapse
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junctions. Gap junctions also allow neighboring neurons to synchronize their signals through
somatosomatic (cell body to cell body) connections, and they allow glial cells, especially astro
cytes, to pass nutrient chemicals to neurons and to receive waste products from them.

Excitatory and Inhibitory Messages

or

Cell body

th
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A neurotransmitter can influence a neuron’s functioning through a remarkable variety of mech
anisms. In its direct actions in influencing a neuron’s electrical activity, however, a neurotrans
mitter acting through its receptors has only one of two effects. It influences transmembrane ion
flow either to increase or to decrease the likelihood that the cell with which it comes in contact
will produce an action potential. Thus, despite the wide variety of synapses, they all convey mes
Each neuron receives thousands of excitatory
sages of only these two types, excitatory or inhibitory. To be precise, neurotransmitters them
and inhibitory signals every second. The
selves do not determine excitation or inhibition. The receptor makes the call.
nervous system works by juxtaposing these
Excitatory and inhibitory synapses differ in their appearance and are generally located on
signals.
different parts of the neuron. As shown in Figure 5-7, excitatory synapses are typically on the
shafts or spines of dendrites, whereas inhibitory synapses are typically on the cell body. Excit
atory synapses have round synaptic vesicles; the vesicles in inhibitory synapses are flattened.
The material on the presynaptic and postsynaptic membranes is denser in an excitatory synapse
than it is in an inhibitory synapse, and the excitatory synaptic cleft is wider. Finally, the active
zone on an excitatory synapse is larger than that on an inhibitory synapse.
The differing locations of excitatory and inhibitory synapses divide a neuron into two zones:
an excitatory dendritic tree and an inhibitory cell body. Think of excitatory and inhibitory mes
Behaviors are lost when a disorder prevents
sages as interacting from these two different perspectives. Viewed from an inhibitory perspec
excitatory instructions and released when a
tive, you can picture excitation coming in over the dendrites and spreading past the axon hillock
disorder prevents inhibitory instructions.
to trigger an action potential at the initial segment. If the message is to be stopped, it is best
stopped by inhibiting the cell body close to the initial segment. In this model of excitatory–inhibi
tory interaction, inhibition blocks excitation by a “cut ’em off at the pass” strategy.
Another way to conceptualize excitatory–inhibitory interaction is to picture
Large active
Dendritic
zone
excitation
overcoming inhibition. In fact, excitatory synaptic inputs that are far
spine
Wide cleft
ther away from the soma are larger, to counteract the loss of signal that occurs
over distance (Magee & Cook, 2000). If the cell body is typically in an inhibited
Dendritic shaft
Excitatory
state, the only way to generate an action potential is to reduce cell body inhibition.
synapse
In this “open the gates” strategy, the excitatory message is like a racehorse ready to
run down the track, but first the inhibitory starting gate must be removed.

Inhibitory
synapse

Dense material Round
on membranes vesicles

Evolution of Complex
Neurotransmission Systems

Considering all the biochemical steps required for getting a message across a
synapse and the variety of synapses, you might well wonder why—and how—
Axon hillock
such a complex communication system ever evolved. How did chemical trans
mitters originate?
To make the origin of chemical secretions for neuronal communication
easier to imagine, think about the feeding behaviors of simple single-celled
creatures. The earliest unicellular creatures secreted juices onto bacteria to
immobilize and prepare them for ingestion. These digestive juices were prob
ably expelled from the cell body by exocytosis: a vacuole or vesicle attaches
itself to the cell membrane then opens into the extracellular fluid to discharge
Sparse material Flat
on membranes vesicles
its contents. The prey thus immobilized is captured through the reverse pro
cess of endocytosis.
FIGURE 5-7 Excitatory and
The exocytosis mechanism for digestion in a single-celled organism parallels its use to
Inhibitory Zones Excitatory synapses
release a neurotransmitter for communication in more complex creatures. Quite possibly,
typically occupy spines and dendritic
evolution long ago adapted these primordial digestive processes into processes of neural com
shafts on a neuron. Inhibitory synapses are
munication in more complex organisms.
typically found on the cell body.
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Small active
zones
Narrow cleft
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REVIEW

A Chemical Message
Before you continue, check your understanding.
1. In mammals, the principal form of communication between neurons occurs via
even though this structure is slower and more complex than the fused

,
.

2. The principal benefit of chemical synapses over electrical synapses is that they can
change with
to alter their signals and so mediate
.

Pu
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3. The nervous system has evolved a variety of synapses:
between axon terminals and dendrites,
between axon terminals and cell bodies,
between axon terminals and muscles,
between axon terminals and other axons,
between axon terminals and other synapses.
A(n)
synapse releases chemical transmitters into extracellular fluid, a(n)
synapse releases transmitter into the bloodstream as hormones, and still
another, the
synapse, connects dendrites to other dendrites.
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Varieties of Neurotransmitters and Receptors

4. Excitatory synapses are usually located on a(n)
synapses are usually located on a(n)

, whereas inhibitory

.

5. Describe the four steps in chemical neurotransmission.

Answers appear at the back of the book.

For additional study tools, visit
:
www.macmillanhighered.com/launchpad/kolb5e
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Subsequent to Otto Loewi’s 1921 discovery that excitatory and inhibitory chemicals control heart
rate, many researchers thought that the brain must work under much the same type of dual
control. They reasoned that norepinephrine and acetylcholine were the transmitters through
which excitatory and inhibitory brain cells worked. They did not imagine what we know today: the
human brain employs a dazzling variety of neurotransmitters and receptors. The neurotransmit
ters operate in even more versatile ways: some may be excitatory at one location and inhibitory at
another, for example, and two or more may team up in a single synapse so that one
makes the other more potent. Moreover, each neurotransmitter may interact with
1 Chemical must
be synthesized or
several varieties of receptors, each with a somewhat different function.
present in neuron.
In this section, you will learn how neurotransmitters are identified and how
they fit within four broad categories on the basis of their chemical structure.
2 When released,
The functional aspects of neurotransmitters interrelate and are intricate, with
no simple one-to-one relation between a single neurotransmitter and a single
behavior. Furthermore, receptor variety is achieved by the unique combination
of protein molecules that come together to form a functional receptor.

©

Four Criteria for Identifying
Neurotransmitters
Among the many thousands of chemicals in the nervous system, which are neu
rotransmitters? Figure 5-8 presents four identifying criteria:
1.	The chemical must be synthesized in the neuron or otherwise be present in it.
2.	When the neuron is active, the chemical must be released and produce a

response in some target.
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chemical must
produce a response
in target cell.
Chemical

3 Same receptor action
must be obtained when
chemical is experimentally
placed on the receptor.

4 There must be a mechanism
for removal after the
chemical’s work is done.

FIGURE 5-8 Criteria for Identifying
Neurotransmitters
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histamine (H) Neurotransmitter that
controls arousal and waking; can cause
the constriction of smooth muscles; when
activated in allergic reactions, constricts
airway and contributes to asthma.

the target.

4.	A mechanism must exist for removing the chemical from its site of action after its work

is done.

These identifying criteria are fairly easy to apply for examining the somatic nervous sys
tem, especially at an accessible nerve–muscle junction with only one main neurotransmitter,
acetylcholine. But identifying chemical transmitters in the CNS is not so easy. In the brain
and spinal cord, thousands of synapses are packed around every neuron, preventing easy
access to any single synapse and its activities. Consequently, multiple techniques, including
staining, stimulating, and collecting, are used to identify substances thought to be CNS
neurotransmitters. A suspect chemical that has not yet been shown to meet all the criteria
is called a putative (supposed) transmitter.
Researchers trying to identify new CNS neurotransmitters can use microelectrodes to
stimulate and record from single neurons. A glass microelectrode is small enough to be
placed on specific neuronal targets. It can be filled with a chemical of interest, and when a
current is passed through the electrode, the chemical can be ejected into or onto the neuron
to mimic neurotransmitter release onto the cell.
Many staining techniques can identify specific chemicals inside the cell. Methods have
also been developed for preserving nervous system tissue in a saline bath while experimenters
determine how the neurons in the tissue communicate. The use of such tissue slices simpli
fies the investigation by allowing the researcher to view a single neuron through a micro
scope while stimulating it or recording from it.
Acetylcholine was not only the first substance identified as a neurotransmitter but also
the first substance identified as a CNS neurotransmitter. A logical argument that predicted
its presence even before experimental proof was gathered greatly facilitated the process. All
motor neuron axons leaving the spinal cord use acetylcholine as a transmitter. Each axon has
an axon collateral within the spinal cord that synapses on a nearby CNS interneuron. The
interneuron, in turn, synapses on the motor neuron’s cell body. This circular set of connec
tions, called a Renshaw loop after the researcher who first described it, is shown in Figure 5-9.
Because the main axon to the muscle releases acetylcholine, investigators suspected that
its axon collateral also might release acetylcholine. For two terminals of the same axon to use
different transmitters seemed unlikely. Knowing what chemical to look for made it easier to
find and obtain the required evidence that ACh is in fact a neurotransmitter in both locations.
The loop made by the axon collateral and the interneuron in the spinal cord forms a
feedback circuit that enables the motor neuron to inhibit itself from overexcitation, should it
receive a great many excitatory inputs from other parts of the CNS. Follow the positive and
negative signs in Figure 5-9 to see how the Renshaw loop works. If the loop is blocked, as can
be done with the toxin strychnine, motor neurons become overactive, producing convulsions
that can choke off respiration and so cause death.
The term neurotransmitter is used more broadly now than it was when researchers began
to identify these chemicals. Today, the term applies to chemicals that
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Figure 4-6 illustrates the use of a glass
microelectrode.

3.	The same response must be obtained when the chemical is experimentally placed on
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small-molecule transmitter Quick-acting
neurotransmitter synthesized in the axon
terminal from products derived from the diet.
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• carry a message from the presynaptic membrane of one neuron to another by
influencing postsynaptic membrane voltage.
• change the structure of a synapse.
• communicate by sending messages in the opposite direction. These retrograde (reversedirection) messages influence the release or reuptake of transmitters on the presynaptic side.

Four Classes of Neurotransmitters
We can impose some order on the diversity of neurotransmitters by classifying them into
four groups based on their chemical composition: (1) small-molecule transmitters, (2) peptide
transmitters, (3) lipid transmitters, and (4) gaseous transmitters.
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Renshaw Loop Left: Some
spinal cord motor neurons project to the
rat’s forelimb muscles. Right: In a Renshaw
loop the main motor axon (green) projects
to a muscle, and its axon collateral remains
in the spinal cord to synapse with a
Renshaw interneuron (red). The Renshaw
interneuron contains the inhibitory
transmitter glycine, which acts to prevent
motor neuron overexcitation. Both the main
motor axon and its collateral terminals
contain acetylcholine. When the motor
neuron is highly excited, it can modulate
its activity level through the Renshaw loop
(plus and minus signs).

Inhibitory cell
(Renshaw interneuron)
Acetylcholine

Ian Whishaw

Glycine
Motor neuron
Motor neurons in
spinal cord of rat

+
Renshaw
loop
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FIGURE 5-9

Axon
collateral

Muscle

Main axon

+

Acetylcholine

Small-Molecule Transmitters
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The first neurotransmitters identified are the quick-acting small-molecule transmitters, such
as acetylcholine. Typically, they are synthesized from dietary nutrients and packaged ready for
use in axon terminals. When a small-molecule transmitter has been released from a terminal
button, it can quickly be replaced at the presynaptic membrane.
Because small-molecule transmitters or their main components are derived from the food
we eat, diet can influence their abundance and activity in our bodies. This fact is important
in the design of drugs that act on the nervous system. Many neuroactive drugs are designed
to reach the brain by the same route that small-molecule transmitters or their precursor
chemicals follow: the digestive tract.
Table 5-1 lists some of the best-known and most extensively studied small-molecule transmit
ters. In addition to acetylcholine, four amines (related by a chemical structure that contains an
NH group, or amine) and three amino acids are included in this list. A few other substances,
including histamine, also are classified as small-molecule transmitters.
Among its many functions, which include control of arousal and of waking, the transmitter
histamine (H) can cause the constriction of smooth muscles. When activated in allergic reac
tions, histamine contributes to asthma, a constriction of the airways. You are probably familiar
with antihistamine drugs used to treat allergies.
ACET YLCHOLINE SYNTHESIS Acetylcholine is present at the junction of neurons and
muscles, including the heart, as well as in the CNS. Figure 5-10 illustrates how ACh mole
cules are synthesized from choline and acetate by two enzymes, then broken down. Choline
is among the breakdown products of fats in foods such as egg yolk, avocado, salmon, and
olive oil; acetate is a compound found in acidic foods, such as vinegar and lemon juice.
As depicted in Figure 5-10, inside the cell, acetyl coenzyme A (acetyl CoA) carries acetate
to the synthesis site, and a second enzyme, choline acetyltransferase (ChAT), transfers the
acetate to choline to synthesize acetylcholine. After ACh has been released into the syn
aptic cleft and diffuses to receptor sites on the postsynaptic membrane, a third enzyme,
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Taking drugs orally is easy and comparatively
safe, but not all drugs can traverse the
digestive tract. Section 6-1 explains.

TABLE 5-1

Small-Molecule Neurotransmitters

Acetylcholine (ACh)
Histamine (H)
Amines
Dopamine (DA)
Norepinephrine (NE, or noradrenaline, NA)
Epinephrine (EP, or adrenaline)
Serotonin (5-HT)
Amino acids
Glutamate (Glu)
Gamma-aminobutyric acid (GABA)
Glycine (Gly)
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1 Acetyl CoA carries

2 ChAT transfers

3 …to

acetate to the transmitter
synthesis site.

acetate to
choline…

form
ACh.

ChAT

Acetate
Acetyl CoA
Products

Choline

ACh

Intracellular fluid (presynaptic)

Synaptic cleft
Acetate

AChE

AChE

ACh

Synaptic cleft

Choline

Postsynaptic membrane
Intracellular fluid (postsynaptic)

AMINE SYNTHESIS Some transmitters grouped together in Table 5-1 have
common biochemical pathways to synthesis and so are related. You are familiar
with the amines dopamine (DA), norepinephrine (NE), and epinephrine (EP). To
review, DA loss figures in Parkinson disease, EP is the excitatory transmitter at the
amphibian heart, and NE is the excitatory transmitter at the mammalian heart.
Figure 5-11 charts the biochemical sequence that synthesizes these amines
in succession. The precursor chemical is tyrosine, an amino acid abundant
in food. (Hard cheese and bananas are good sources.) The enzyme tyrosine
hydroxylase (enzyme 1 in Figure 5-11) changes tyrosine into l-dopa, which other
enzymes convert into dopamine, then norepinephrine, and, finally, epinephrine.
Interestingly, the supply of the enzyme tyrosine hydroxylase is limited. Con
sequently, so is the rate at which dopamine, norepinephrine, and epinephrine
can be produced, regardless of how much tyrosine is present or ingested. This
rate-limiting factor can be bypassed by the oral administration of l-dopa, which
is why l-dopa is a medication used in treating Parkinson disease, as described in
Clinical Focus 5-3, Awakening with l-Dopa, on page 152.
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Presynaptic membrane

acetylcholinesterase (AChE), reverses the process, breaking down the transmit
ter by detaching acetate from choline. The breakdown products can then be
taken back into the presynaptic terminal for reuse.
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SEROTONIN SYNTHESIS The amine transmitter serotonin (5-HT, for
5-hydroxy-tryptamine) is synthesized from the amino acid l-tryptophan. Tryp
tophan is abundant in pork, turkey, milk, and bananas, among other foods.
Serotonin plays a role in regulating mood and aggression, appetite and arousal,
respiration, and pain perception.

5 The breakdown products

4 In the synaptic cleft,

can be taken back up into
the cell and reused.

AChE detaches acetate
from choline.
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AMINO ACID SYNTHESIS Two amino acid transmitters, glutamate (Glu) and
gamma-aminobutyric acid (GABA), are closely related. GABA is formed by a sim
ple modification of the glutamate molecule, as shown in Figure 5-12. These two
FIGURE 5-10 Chemistry of Acetylcholine Two
transmitters are the workhorses of the brain because so many synapses use them.
enzymes combine the dietary precursors of ACh within
In the forebrain and cerebellum, glutamate is the main excitatory transmitter
the cell, and a third breaks them down in the synapse for
and GABA is the main inhibitory transmitter. Thus, glutamate is a neurotransmit
reuptake.
ter in excitatory synapses, and GABA is a neurotransmitter in inhibitory synapses.
So a synapse’s appearance provides information about the neurotransmitter and its function
(review Figure 5-7). Interestingly, glutamate is widely distributed in CNS neurons, but it becomes
a neurotransmitter only if it is appropriately packaged in vesicles in the axon terminal. The
amino acid transmitter glycine (Gly) is a much more common inhibitory transmitter in the brain
stem and spinal cord, where it acts within the Renshaw loop, for example (review Figure 5-9).
FIGURE 5-11 Sequential Synthesis of
Three Amines A different enzyme is

W

responsible for each successive molecular
modification in this biochemical sequence
of amine neurotransmitters. The twins
featured in Focus 3-1 lack an enzyme that
enhances DA production.

©

Figure 3-15 diagrams peptide bonding and
Figure 3-17, protein export.
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Tyrosine

Enzyme 1

Enzyme 2
L-Dopa

Enzyme 4

Enzyme 3
Dopamine

Norepinephrine

Epinephrine

Peptide Transmitters
More than 50 short amino acid chains of various lengths (fewer than 100) form the fami
lies of peptide transmitters, or neuropeptides, listed in Table 5-2. Synthesized through the
translation of mRNA from instructions contained in the neuron’s DNA, neuropeptides are
multifunctional chains of amino acids that act as neurotransmitters.
In some neurons, peptide transmitters are made in the axon terminal, but most are assem
bled on the neuron’s ribosomes, packaged in a membrane by Golgi bodies, and transported
by the microtubules to the axon terminals. The entire process of neuropeptide synthesis and
transport is relatively slow compared with the nearly ready-made small-molecule neurotrans
mitters. Consequently, peptide transmitters act slowly and are not replaced quickly.
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FIGURE 5-12 Amino Acid
Transmitters Top: Removal of a

carboxyl (COOH) group from the bottom of
the glutamate molecule produces GABA.
Bottom: Their different shapes, illustrated
by three-dimensional space-filling models,
thus allow these amino acid transmitters to
bind to different receptors.

Met-enkephalin

Tyr Gly Gly Phe Met
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Neuropeptides, however, perform an enormous
COOH
COOH
range of functions in the nervous system, as might be
CH2
CH2
expected from their large numbers. They act as hor
CH2
CH2
mones that respond to stress, enable a mother to bond
with her infant, regulate eating and drinking and plea
H2N CH
H2N
CH
sure and pain, and probably contribute to learning.
COOH
Opium and related synthetic chemicals such as
Glutamate
GABA
morphine, long known both to produce euphoria and
to reduce pain, appear to mimic the actions of endog
enous brain opioid neuropeptides: enkephalins, dynor
phins, and endorphins. (The term enkephalin derives
from the phrase in the cephalon, meaning in the brain
or head, whereas the term endorphin is a shortened
form of endogenous morphine.)
A part of the amino acid chain in each of these nat
urally occurring opioid peptides is structurally similar
to the others, as illustrated for two of them in Figure 5-13. Presumably, opium mimics this
part of the chain. The discovery of naturally occurring opium-like neuropeptides suggested
that one or more of them might have analgesic properties and take part in pain perception.
It turns out that beta-endorphin, released in response to exercise and thought responsible
for runner’s high, has many times the analgesic potency of morphine.
Some CNS peptides take part in specific periodic behaviors, each month or each year
perhaps. For instance, in female deer, neuropeptide transmitters act as hormones (luteini
zing hormone) that prepare her for the fall mating season. Come winter, a different set
of biochemicals facilitates the developing deer fetus. When the mother gives birth in
the spring, yet another set of highly specific neuropeptide hormones—such as oxytocin,
which enables her to bond to her fawn, and prolactin, which enables her to nurse—takes
control.
The same neuropeptides serve similar specific hormonal functions in humans. Others,
such as neuropeptide growth hormones, perform far more general functions in regulating
growth. Unlike small-molecule transmitters that bind to ion channels, neuropeptides have
no direct effects on postsynaptic membrane voltage. Instead, peptide transmitters activate
synaptic receptors that indirectly influence cell structure and function. Digestive processes
degrade neuropeptide amino acid chains, so they generally cannot be taken orally as drugs,
as small-molecule transmitters can.

151

he
rs

5-2 •

or

Lipid Transmitters
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Predominant among the lipid neurotransmitters are the endocannabinoids (endogenous
cannabinoids), a class of lipid neurotransmitters synthesized at the postsynaptic membrane
to act on receptors at the presynaptic membrane. The endocannabinoids include anan
damide and 2-AG (2-arachidonoylglycerol), both derived from arachidonic acid, an unsatu
rated fatty acid. Poultry and eggs are especially good sources. Endocannabinoids participate
TABLE 5-2

Peptide Neurotransmitters

©

Family

Examples

Opioids

Met-enkephalin, dynorphin, beta-endorphin

Neurohypophyseals

Vasopressin, oxytocin

Secretins

Secretin, motilin, glucagon, growth hormone–releasing factor

Insulins

Insulin, insulin growth factors

Gastrins

Gastrin, cholecystokinin

Somatostatins

Somatostatin

Tachykinins

Neurokinin A, neurokinin B, substance P
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Leu-enkephalin

Tyr Gly Gly Phe Leu

FIGURE 5-13 Opioid Peptides Parts
of the amino acid chains of some
neuropeptides that act on brain centers for
pleasure and pain are structurally similar
and also share similarities to drugs such
as opium and morphine, which mimic their
functions (see Section 6-2).

Sections 12-4 and 12-5 explain hormonal
influence over human emotional and
motivated behavior.

rate-limiting factor Any chemical in limited
supply that restricts the pace at which
another chemical can be synthesized.
serotonin (5-HT) Amine neurotransmitter;
helps to regulate mood and aggression, appetite
and arousal, perception of pain, and respiration.
glutamate (Glu) Amino acid
neurotransmitter; typically excites neurons.
gamma-aminobutyric acid (GABA) Amino
acid neurotransmitter; typically inhibits neurons.
neuropeptide Short (fewer than 100),
multifunctional amino acid chain; acts as a
neurotransmitter and can act as a hormone;
may contribute to learning.
endocannabinoid Class of lipid
neurotransmitters, including anandamide
and 2-AG, synthesized at the postsynaptic
membrane to act on receptors at the presynaptic
membrane; affects appetite, pain, sleep, mood,
memory, anxiety, and the stress response.
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Awakening with l-Dopa

neurotransmitter. l-Dopa has since become a standard treatment for
Parkinson disease. Its effects have been improved by the administration
of drugs that prevent l-dopa from being converted to dopamine in the
body before it passes through the blood–brain barrier and gets to dopamine neurons in the brain.
l-Dopa is not a cure. Parkinson disease still progresses during
treatment, and as more and more dopamine synapses are lost, the
treatment becomes less and less effective. Eventually, l-dopa begins
to produce dyskinesias—involuntary, unwanted movements, such
as ballistic (throwinglike) or choreic (dancelike) movements. When
these side effects eventually become severe, the treatment must be
discontinued.
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He was started on l-dopa in March 1969. The dose was slowly raised
to 4.0 mg a day over a period of three weeks without apparently
producing any effect. I first discovered that Mr. E. was responding to
l-dopa by accident, chancing to go past his room at an unaccustomed
time and hearing regular footsteps inside the room. I went in and found
Mr. E., who had been chair bound since 1966, walking up and down his
room, swinging his arms with considerable vigor, and showing erectness
of posture and a brightness of expression completely new to him. When
I asked him about the effect, he said with some embarrassment: “Yes!
I felt the l-dopa beginning to work three days ago—it was like a wave
of energy and strength sweeping through me. I found I could stand and
walk by myself, and that I could do everything I needed for myself—but I
was afraid that you would see how well I was and discharge me from the
hospital.” (Sacks, 1976)

The movie Awakenings recounts the l-dopa trials conducted by Oliver
Sacks and described in his book of the same title.

th

In this case history, neurologist Oliver Sacks describes administering
l-dopa to a patient who had acquired parkinsonism as an aftereffect of
severe influenza in the 1920s. The relation between the influenza and
the parkinsonian symptoms suggests that the flu virus had entered the
brain and selectively attacked dopamine neurons in the substantia nigra.
By increasing the amount of DA in remaining synapses, l-dopa relieved
the patient’s symptoms.
Two separate groups of investigators independently gave l-dopa to
Parkinson patients beginning in 1961 (Birkmayer & Hornykiewicz, 1961;
Barbeau et al., 1961). Both research teams knew that the chemical is
catalyzed into dopamine at DA synapses (see Figure 5-11). The l-dopa
turned out to reduce the patients’ muscular rigidity.
This work was the first demonstration that a neurological condition can be relieved by a drug that aids in increasing the amount of a

Everett Collection

Clinical F
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Fatty acid molecules that contribute to
forming the cell membrane likewise are
hydrophobic. See Figure 3-11.

in a diverse set of physiological and psychological processes that affect appetite, pain, sleep,
mood, memory, anxiety, and the stress response. Their scientific history is brief but illus
trates how science can progress, punctuated by short steps.
Because endocannabinoids are lipophilic (fat-loving) molecules, they are not soluble in
water and are not stored in vesicles. Rather, investigators hypothesize that endocannabi
noids are synthesized on demand after a neuron has depolarized and calcium has entered.
Calcium activates the enzyme transacylase, the first step in producing anandamide. Once
anandamide or 2-AG is synthesized, it diffuses across the synaptic cleft and interacts
with its receptor on the presynaptic membrane. Thus, both molecules act as retrograde
neurotransmitters, for a time reducing the amount of small-molecule transmitter being
released. In this way, the postsynaptic neuron has some control over the amount of incom
ing neural signal.
The CB1 receptor is the target of all cannabinoids, whether generated by the body (endo
cannabinoids), from plants (phytocannabinoids), or synthetically. CB1 receptors are found at
both glutamate and GABA synapses, and so cannabinoids act as neuromodulators to inhibit
release of glutamate and GABA. Cannabinoids thus dampen both neuronal excitation and
inhibition.
Phytocannabinoids are obtained from the hemp plants Cannabis sativa and Cannabis
indica. These plants have been used medically and recreationally for thousands of years, but
only recently was an extract from cannabis synthesized. Early in the last century, many con
stituents of cannabis, including cannabidiol and tetrahydrocannabinol (THC), were isolated

Cannabis is among the psychotropic drugs
discussed in Section 6-2.
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Gaseous Transmitters

nitric oxide (NO) Gaseous neurotransmitter;
acts, for example, to dilate blood vessels, aid
digestion, and activate cellular metabolism.
carbon monoxide (CO) Gaseous
neurotransmitter; activates cellular
metabolism.

hydrogen sulfide (H2S) Gaseous
neurotransmitter; slows cellular metabolism.

ionotropic receptor Embedded membrane
protein; acts as (1) a binding site for a
neurotransmitter and (2) a pore that regulates
ion flow to directly and rapidly change
membrane voltage.

Pu
bl
is

and their chemical structure determined. In 1964, Yehiel Gaoni and Raphael Mechoulam
reported the structure of the THC molecule, the main psychoactive constituent in cannabis.
Next, investigators determined how THC is metabolized. (The process is quite slow, which
explains why THC can be detected in urine for weeks after cannabis use.)
Research on the physiological and psychological effects of THC in animals and people,
which began after its isolation and purification, is ongoing. Twenty-four years after the struc
ture of the THC molecule was determined, the first cannabinoid receptor (CB1) was found.
Typically, receptors are activated by endogenous molecules, which motivated researchers to
look for endogenous cannabinoids. Four years later, in 1992, anandamide was isolated and
its structure determined, but it took another couple of decades to figure out that endocan
nabinoids act as retrograde transmitters (Mechoulam et al., 2014).
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The gases nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) further
expand the biochemical strategies that transmitter substances display. As water-soluble gases,
they are neither stored in synaptic vesicles nor released from them; instead, the cell syn
thesizes them on demand. After synthesis, each gas diffuses away, easily crossing the cell
membrane and immediately becoming active. Both NO and CO activate metabolic (energyexpending) processes in cells, including processes modulating the production of other neu
rotransmitters. H2S prevents oxygen from binding in the mitochondria and thus functions
to slow down metabolism.
All three gaseous transmitters serve as chemical messengers in many parts of the body.
NO and H2S control intestinal wall muscles and dilate blood vessels in active brain regions,
allowing these regions to receive more blood. Because NO and H2S also dilate blood vessels
in the sexual organs, both are active in producing penile erections. Drugs used to treat erec
tile dysfunction in men, such as Viagra and Cialis, act by enhancing the chemical pathways
influenced by NO. NO does not of itself produce sexual arousal.

metabotropic receptor Embedded
membrane protein with a binding site for
a neurotransmitter linked to a G protein;
can affect other receptors or act with
second messengers to affect other cellular
processes, including opening a pore.

Varieties of Receptors

th

Each of the two general classes of receptor proteins produces a different effect: one directly
changes the postsynaptic membrane’s electrical potential, and the other induces cellular change
indirectly. A dazzling array of receptor subtypes allows for subtle differences in receptor function.

Two Classes of Receptors

Structurally, ionotropic receptors resemble
voltage-sensitive channels, which propagate
the action potential. See Figure 4-17.
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When a neurotransmitter is released from any of the wide varieties of synapses onto a wide
variety of targets, as illustrated in Figure 5-6, it crosses the synaptic cleft and binds to a recep
tor. What happens next depends on the receptor type.
Ionotropic receptors allow the ions, such as Na1, K1, and Ca21, to move across a mem
brane (the suffix -tropic means moving toward). As Figure 5-14 illustrates, an ionotropic
receptor has two parts: (1) a binding site for a neurotransmitter and (2) a pore, or channel.
When the neurotransmitter attaches to
the binding site, the receptor quickly
Transmitter binds
The pore opens, allowing
changes shape, either opening the pore
to the binding site.
the influx or efflux of ions.
and allowing ions to flow through it or
closing the pore and blocking the ion
Extracellular
Ion
Transmitter
fluid
flow. Thus, ionotropic receptors bring
Binding site
about rapid changes in membrane volt
age and are usually excitatory: they trig
ger an action potential.
In contrast, a metabotropic receptor
has a binding site for a neurotransmit
Pore
Pore
Intracellular
closed
open
fluid
ter but lacks its own pore through which
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FIGURE 5-14 Ionotropic
Receptor When activated, embedded

transmitter proteins bring about direct,
rapid changes in membrane voltage.
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ions can flow. Through a series of steps, activated metabotropic receptors indirectly pro
duce changes in nearby membrane-bound ion channels or in the cell’s metabolic activity.
Figure 5-15A shows the first of these two indirect effects. The metabotropic receptor con
sists of a single protein that spans the cell membrane, its binding site facing the synaptic cleft.
Each receptor is coupled to one of a family of guanyl nucleotide–binding proteins, G proteins
for short, shown on the inner side of the cell membrane in Figure 5-15A. When activated, a
G protein binds to other proteins.
A G protein consists of three subunits: alpha, beta, and gamma. (A subunit is a protein
that assembles with other proteins.) The alpha subunit detaches when a neurotransmitter
binds to the G protein’s associated metabotropic receptor. The detached alpha subunit can
then bind to other proteins within the cell’s membrane or its intracellular fluid. If the alpha
subunit binds to a nearby ion channel in the membrane, as shown at the bottom of Figure
5-15A, the channel structure changes, modifying the flow of ions through it. If the channel
is open, the alpha subunit may close it or, if closed, it may open. Changes in the channel and
the ion flow across the membrane influence the membrane’s electrical potential.
The binding of a neurotransmitter to a metabotropic receptor can also trigger more
complicated cellular reactions, summarized in Figure 5-15B. All these reactions begin when
the detached alpha subunit binds to an enzyme. The enzyme in turn activates a second

Metabotropic
Receptors When activated by a

FIGURE 5-15

neurotransmitter, embedded membrane
receptor proteins trigger associated
G proteins, exerting indirect effects
(A) on nearby ion channels or (B) in the
cell’s metabolic activity.
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(A) Metabotropic receptor coupled to an ion channel
Transmitter

Ion

Binding site
Receptor

β γ
α
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Alpha subunit

Intracellular fluid

Enzyme

G protein

Receptor-bound
transmitter

The binding of the
transmitter triggers
the activation of a
G protein in both
reactions.

β γ
α

The a subunit of the G
protein binds to a
channel, causing a
structural change in the
channel that allows ions
to pass through it.

Extracellular fluid

β γ

Binding site
Receptor

β γ
α

Receptor-bound
transmitter

β γ
α

Transmitter

Transmitter binds
to receptor in both
reactions.

Closed ion
channel

G protein

(B) Metabotropic receptor coupled to an enzyme

α
Open ion
channel

The a subunit binds to an
enzyme, which activates
a second messenger.
The second messenger
can activate other cell
processes.

β γ

α
Alpha subunit
Second messenger
Activates
DNA

Forms new
ion channel
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Varieties of Neurotransmitters and Receptors

messenger (the neurotransmitter being the first messenger) that carries instructions to other
cellular structures. As illustrated at the bottom of Figure 5-15B, the second messenger can
• bind to a membrane-bound channel, causing the channel to change its structure and
thus alter ion flow through the membrane.
• initiate a reaction that incorporates intracellular (within the cell) protein molecules into
the cell membrane, resulting, for example, in the formation of new ion channels.
• bind to sites on the cell’s DNA to initiate or cease the production of specific proteins.

G protein Guanyl nucleotide–binding protein
coupled to a metabotropic receptor; when
activated, binds to other proteins.
subunit Protein molecule that assembles
with other protein molecules.

second messenger Chemical that initiates
a biochemical process when activated by a
neurotransmitter (the first messenger).
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Metabotropic receptors also allow for the possibility that a single neurotransmitter’s
binding to a receptor can activate an escalating sequence of events called an amplification
cascade. The cascade effect is that many downstream proteins (second messengers or chan
nels or both) are activated or deactivated. Ionotropic receptors do not have such a widespread
amplifying effect.
Recall that acetylcholine has an excitatory effect on skeletal muscles. Here it activates
an ionotropic receptor. Conversely, acetylcholine has an inhibitory effect on the heart rate.
Here it activates a metabotropic receptor. Further, each transmitter may bind with several
different kinds of ionotropic or metabotropic receptors. Elsewhere in the nervous system, for
example, ACh may activate a wide variety of either receptor type.
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Receptor Subtypes

Figure 14-18 diagrams how glutamate and
the NMDA receptor function in associative
learning.

or

th

While there are two general classes of receptors, ionotropic and metabotropic, each
neurotransmitter may interact with a number of receptor subtypes specific to that neuro
transmitter. Serotonin (5-HT), for instance, has one ionotropic receptor subtype (5-HT3) and
12 subtypes of metabotropic receptors. Table 5-3 lists the variety of small-molecule neuro
transmitter receptor subtypes.
How is this variety achieved? Alternative forms of each subunit can assemble in unique
combinations to make a functional receptor. For instance, the functional NMDA recep
tor, an ionotropic receptor for glutamate, is always composed of 4 subunits, but a total of
12 distinct subunits are available to come together in various combinations to form the
functional receptor.
Why does the brain contain so many receptor subtypes for each neurotransmitter? The
answer seems to be that each subtype has slightly different properties, which confer dif
ferent activities. These activities can include the presence or absence of binding sites for
other molecules, how long a channel remains open or closed, and the ability to interact with
intracellular signaling molecules.
TABLE 5-3

Small-Molecule Transmitter Receptors*

Neurotransmitter

Metabotropic Receptors

Acetylcholine (ACh)

Nicotinic

Muscarinic† M1, M2, M3, M4, M5

Dopamine (DA)

—

D 1, D2 , D 3 , D4 , D 5

GABA

GABA A

GABAB

Glutamate (Glu)

NMDA, AMPA, kainate

mGluR1, mGluR2, mGluR3, mGluR4,
mGluR5, mGluR6, mGluR7

Glycine (Gly)

Glycine, NMDA

—

Histamine (H)

—

H1, H 2 , H 3

Norepinephrine (NE)

—

a 1a, a 1b, a 1c, a 1d, a2a, a2b, a2c, a2d,
b1 , b 2 , b 3

Serotonin (5-HT)

5-HT3

5-HT1A , 5-HT1B, 5-HT1D, 5-HT1E,
5-HT1F, 5-HT2A , 5-HT2B, 5-HT2C,
5-HT4, 5-HT5, 5-HT6, 5-HT7
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Ionotropic Receptors

*Peptide neurotransmitters and the lipid neurotransmitters anandamide and 2-AG have specific metabotropic-class
receptors. Gaseous neurotransmitters do not have a specific receptor.
†
All metabotropic cholinergic receptors are muscarinic.
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It should not be surprising that a brain such as ours, with its incredible complexity, is built
upon a vast array of units, including copious neurotransmitter types and even more copious
receptor types. All this, and more, allows the human brain to function successfully.

Review

Varieties of Neurotransmitters and Receptors
Before you continue, check your understanding.

1. Neurotransmitters are identified using four experimental criteria:
,
, and
.

,

,
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2. The four broad classes of chemically related neurotransmitters are
,
, and
.
3. Acetylcholine is composed of
synaptic cleft, ACh is broken down by

4. Endocannabinoids are
from the
membrane.

and

. After release into the
, and the products can be recycled.

neurotransmitters, made on demand and released

5. Contrast the major characteristics of ionotropic and metabotropic receptors.

Answers appear at the back of the book.

For additional study tools, visit
:
www.macmillanhighered.com/launchpad/kolb5e

Neurotransmitter Systems
and Behavior

When researchers began to study neurotransmission, they reasoned that any given neuron
would contain only one transmitter at all its axon terminals. Newer methods of analysis
revealed that this hypothesis isn’t strictly accurate. A single neuron may use one transmitter
at one synapse and a different transmitter at another synapse. Moreover, different transmit
ters may coexist in the same terminal or synapse. Neuropeptides have been found to coexist
in terminals with small-molecule transmitters, and more than one small-molecule transmit
ter may be found in a single synapse. In some cases, more than one transmitter may even be
packaged within a single vesicle.
All these findings allow for multiple combinations of neurotransmitters and receptors
for them. They caution as well against assuming a simple cause-and-effect relation between
a neurotransmitter and a behavior. What are the functions of so many combinations? The
answer will likely vary, depending on the behavior that is controlled. Generally, neurotrans
mission is simplified by concentrating on the dominant transmitter within any given axon
terminal. The neuron and its dominant transmitter can then be associated with a function
or behavior.
We now consider some links between neurotransmitters and behavior. We begin by
exploring the three peripheral nervous system divisions: SNS, ANS, and ENS. Then we
investigate neurotransmission in the central nervous system.
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cholinergic neuron Neuron that uses
acetylcholine as its main neurotransmitter;
cholinergic applies to any neuron that uses
ACh as its main transmitter.
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Neurotransmission in the Somatic
Nervous System
Motor neurons in the brain and spinal cord send their axons to the body’s skeletal muscles,
including the muscles of the eyes and face, trunk, limbs, fingers, and toes. Without these SNS
neurons, movement would not be possible. Motor neurons are also called cholinergic neurons
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Axon
terminal

Synaptic
cleft
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because acetylcholine is their main neurotransmitter. At a skeletal muscle, cholinergic neu
rons are excitatory, producing muscular contractions.
Just as a single main neurotransmitter serves the SNS, so does a single main receptor, a
transmitter-activated ionotropic channel called a nicotinic acetylcholine receptor (nAChr).
When ACh binds to this receptor, its pore opens to permit ion flow, thus depolarizing the
muscle fiber. The nicotinic receptor pore is large enough to permit the simultaneous efflux
of K1 and influx of Na1. The molecular structure of nicotine, a chemical found in tobacco,
activates the nAChr in the same way that acetylcholine does, which is how this receptor
got its name. The molecular structure of nicotine is sufficiently similar to that of ACh that
nicotine acts as a mimic, fitting into acetylcholine receptor binding sites.
Acetylcholine is the primary neurotransmitter at skeletal muscles, but other neurotrans
mitters also occupy these cholinergic axon terminals and are released onto the muscle
along with ACh. One is a neuropeptide called calcitonin gene–related peptide (CGRP),
which acts through CGRP metabotropic receptors to increase the force with which a
muscle contracts.

Dual Activating Systems of the Autonomic
Nervous System
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Muscle
membrane

Muscle
cell

Nicotinic ACh Receptor Research from
J. E. Heuser and T. Reese, 1977, in E. R. Kandel, ed, The
Nervous System, vol. 1, Handbook of Physiology. Oxford
University Press, p. 266.
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The complementary ANS divisions, sympathetic and parasympathetic, regulate the body’s
internal environment. The sympathetic division rouses the body for action, producing
the fight-or-flight response. Heart rate ramps up and digestive functions ramp down. The
parasympathetic division calms the body down, producing an essentially opposite restand-digest response. Digestive functions ramp up, heart rate ramps down, and the body is
ready to relax.
Figure 5-16 shows the neurochemical organization of the ANS. Both divisions are con
trolled by acetylcholine neurons that emanate from the CNS at two levels of the spinal cord.
The CNS neurons synapse with parasympathetic neurons that also contain acetylcholine
and with sympathetic neurons that contain norepinephrine. In other words, cholinergic

KEY

Acetylcholine
Norepinephrine

©

W

or

Sympathetic division
fight or flight
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Parasympathetic division
rest and digest

FIGURE 5-16 Controlling Biological
Functions in the Autonomic
Nervous System The neurotransmitter

in all the neurons leaving the spinal cord
is acetylcholine. Left: In the sympathetic
division, ACh neurons activate autonomic
norepinephrine neurons in the sympathetic
ganglia. NE stimulates organs required for
fight or flight and suppresses activity in
organs used to rest and digest. Right: In
the parasympathetic division, ACh neurons
from the spinal cord activate ACh neurons
in the parasympathetic ganglia near their
target organs to suppress activity in organs
used for fight or flight and to stimulate
organs used to rest and digest. To review
the ANS divisions and connections in detail,
see Figure 2-30.
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neurons in the CNS synapse with sympathetic NE neurons to prepare the body’s organs
for fight or flight. Cholinergic neurons in the CNS synapse with autonomic ACh neurons
in the parasympathetic division to prepare the body’s organs to rest and digest.
Which type of synapse is excitatory and which inhibitory depends on the particular body
organ’s receptors. During sympathetic arousal, norepinephrine turns up heart rate and turns
down digestive functions, because NE receptors on the heart are excitatory, whereas NE
receptors on the gut are inhibitory. Similarly, acetylcholine turns down heart rate and turns
up digestive functions because its receptors on these organs are reversed: on the heart,
inhibitory; on the gut, excitatory. Neurotransmitter activity, excitatory in one location and
inhibitory in another, mediates the sympathetic and parasympathetic divisions, forming a
complementary autonomic regulating system that maintains the body’s internal environ
ment under varying circumstances.
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Enteric Nervous System Autonomy

The ENS can act without input from the CNS, which is why it has been called the second
brain. It uses all four classes of neurotransmitters, more than 30 transmitters in total. Most
are identical to those employed by the CNS. Chief among the small-molecule neurotransmit
ters used by the enteric nervous system are serotonin and dopamine.
Sensory ENS neurons detect mechanical and chemical conditions in the system. Via
intestinal muscles, motor neurons in the ENS control the mixing of intestinal contents.
Secretion of digestive enzymes is also under ENS control.

Four Activating Systems in the Central
Nervous System
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Just as there is an organization to the neurochemical systems of the PNS, there is an organi
zation of neurochemical systems in the CNS. These systems are remarkably similar across a
wide range of animal species, which allowed for their identification, first in the rat brain and
then in the human brain (Hamilton et al., 2010).
For each of the four activating systems that we describe here, a relatively small number
of neurons grouped together in one or a few brainstem nuclei send axons to widespread
CNS regions, suggesting that these nuclei and their terminals help to synchronize activity
throughout the brain and spinal cord. You can envision an activating system as analogous to
the power supply in a house. The fuse or breaker box is the source of the power, and from it
transmission lines go to each room.
Just as in the ANS, the precise action of the CNS transmitter depends on the brain region
that is innervated and on the types of receptors the transmitter acts on at that region. To con
tinue our analogy, precisely what the activating effect of the power is in each room depends
on the electrical devices in that room.
Each of four small-molecule transmitters participates in its own neural activating
system—the cholinergic, dopaminergic, noradrenergic, and serotonergic systems. Figure 5-17
locates each system’s nuclei, with arrow shafts mapping the axon pathways and arrowheads
indicating axon terminal locales.
As summarized on the right in Figure 5-17, each CNS activating system is associated with
numerous behaviors. Associations among activating systems, behavior, and brain disorders
are far less certain. All these relations are subjects of ongoing research. Making definitive
correlations between activating systems and behavior or activating systems and a disorder is
difficult, because the axons of these systems connect to almost every part of the brain and
spinal cord. They likely have both specific functions and modulatory roles. We detail some
of the documented relations between the systems and behavior and disorders here and in
many subsequent chapters.

©

activating system Neural pathways that
coordinate brain activity through a single
neurotransmitter; its cell bodies lie in a
brainstem nucleus; axons are distributed
through a wide CNS region.

KolbWh5e_CH05_137-170v3.0.1.indd 158

23/09/15 8:27 PM

Corpus callosum

Frontal
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Neurotransmitter Systems and Behavior

Cholinergic system (acetylcholine)
• Active in maintaining attention and waking EEG pattern.
• Thought to play a role in memory by maintaining
neuron excitability.
• Death of cholinergic neurons and decrease in ACh
in the neocortex are thought to be related to
Alzheimer disease.

Basal forebrain
nuclei

Substantia
nigra

Caudate nucleus

Nucleus
accumbens
in basal ganglia

gathered into nuclei (shown as ovals) in the
brainstem. Their axons project diffusely
through the CNS and synapse on target
structures. Each activating system is
associated with one or more behaviors or
diseases.

Cerebellum

Dopaminergic system (dopamine)
Nigrostriatal pathways (orange projections)
• Active in maintaining normal motor behavior.
• Loss of DA is related to muscle rigidity and
dyskinesia in Parkinson disease.
Mesolimbic pathways (purple projections)
• Dopamine release causes feelings of reward and
pleasure.
• Thought to be the neurotransmitter system most
affected by addictive drugs and behavioral addictions.
• Increases in DA activity may be related to
schizophrenia.
• Decreases in DA activity may be related to deficits
of attention.

Noradrenergic system (norepinephrine)
• Active in maintaining emotional tone.
• Decreases in NE activity are thought to be related
to depression.
• Increases in NE are thought to be related to mania
(overexcited behavior).
• Decreased NE activity is associated with
hyperactivity and attention-deficit/hyperactivity
disorder.

th

Ventral tegmentum

FIGURE 5-17 Major Activating
Systems Each system’s cell bodies are
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Midbrain nuclei
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Thalamus
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Locus coeruleus

Serotonergic system (serotonin)
• Active in maintaining waking EEG pattern.
• Changes in serotonin activity are related to
obsessive-compulsive disorder, tics, and
schizophrenia.
• Decreases in serotonin activity are related to
depression.
• Abnormalities in brainstem 5-HT neurons are linked
to disorders such as sleep apnea and SIDS.

Raphe nuclei
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Cholinergic Activation

The EEG detects electrical signals the brain
emits during various conscious states; see
Sections 7-2 and 13-3.
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Copyright Katsuyoshi Tanaka, courtesy of the Mark Morris Dance Group
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Rhythmic movement helps Parkinson patients restore the balance between
neural excitation and inhibition—between the loss and the release of
behavior. Some patients participate in a specially designed Dance for PD
(http://danceforparkinsons.org/) class for people with Parkinson’s (PwP).
Participants at the Mark Morris Dance Center, pictured here, report that
moving to music helps them regain muscle control.
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Cholinergic System

Figure 5-18 shows in cross sec
tion a rat brain stained for the
enzyme acetylcholinesterase
(AChE), which breaks down ACh
in synapses, as diagrammed ear
lier in Figure 5-10. The darkly
Acetylcholine
stained areas have high AChE
synapses
Basal forebrain
concentrations, indicating the
cholinergic neurons
presence of cholinergic termi
nals. AChE permeates the cortex and is especially dense in the basal ganglia. Many of these
cholinergic synapses are connections from ACh nuclei in the brainstem, as illustrated in the
top panel of Figure 5-17.
The cholinergic system participates in typical waking behavior, attention, and memory.
For example, cholinergic neurons take part in producing one form of waking EEG activ
ity. People affected by the degenerative Alzheimer disease, which begins with minor
forgetfulness, progresses to major memory dysfunction, and later develops into generalized
dementia, show a profound loss of cholinergic neurons at autopsy. One treatment strategy
for Alzheimer disease is drugs that stimulate the cholinergic system to enhance alertness.
But the beneficial effects of these drugs are minor at best (Herrmann et al., 2011). Recall
that ACh is synthesized from nutrients in food; thus, the role of diet in maintaining ace
tylcholine levels also is being investigated.
The brain abnormalities associated with Alzheimer disease are not limited to the cho
linergic neurons, however. Autopsies reveal extensive damage to the neocortex and other
brain regions. As a result, what role, if any, the cholinergic neurons play in the progress of
the disorder is not yet clear. Perhaps their destruction causes degeneration in the cortex or
perhaps the cause-and-effect relation is the other way around, with cortical degeneration
causing cholinergic cell death. Then too, the loss of cholinergic neurons may be just one
of many neural symptoms of Alzheimer disease.
Basal ganglia
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Focus 14-3 details research on Alzheimer
disease. Section 16-3 reviews dementias’
causes and treatments.

Neocortex Basal ganglia
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Drawing at left shows the cortical location
of the micrograph at right, stained to reveal
AChE. Cholinergic neurons in the rat’s basal
forebrain project to the neocortex, and the
darkly stained bands in the cortex show
areas rich in cholinergic synapses. The
darker central parts of the section, also rich
in cholinergic neurons, are the basal ganglia.
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FIGURE 5-18

Ian Whishaw

160

Dopaminergic System
Figure 5-17 maps the dopaminergic activating system’s two dis
tinct pathways. The nigrostriatal dopaminergic system plays a
major role in coordinating movement. As described through
out this chapter in relation to parkinsonism, when dopamine
neurons in the substantia nigra are lost, the result is a condition
of extreme muscular rigidity. Opposing muscles contract at the
same time, making it difficult for an affected person to move.
Parkinson patients also exhibit rhythmic tremors, espe
cially of the limbs, which signals a release of formerly inhib
ited movement. Although the causes of Parkinson disease are
not fully known, it can actually be triggered by the ingestion
of certain toxic drugs, as described in Clinical Focus 5-4, The
Case of the Frozen Addict. Those drugs may act as selective
neurotoxins that specifically kill dopamine neurons in the
substantia nigra.
Dopamine in the mesolimbic dopaminergic system may
be the neurotransmitter most affected in addiction—to
food, to drugs, and to other behaviors that involve a loss of
impulse control. A common feature of addictive behaviors
is that stimulating the mesolimbic dopaminergic system
enhances responses to environmental stimuli, thus making
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Neurotransmitter Systems and Behavior

The Case of the Frozen Addict
Patient 1: During the first 4 days of July 1982, a 42-year-old man used
4½ grams of a “new synthetic heroin.” The substance was injected
intravenously three or four times daily and caused a burning sensation
at the site of injection. The immediate effects were different from heroin,
producing an unusual “spacey” high as well as transient visual distortions
and hallucinations. Two days after the final injection, he awoke to find that
he was “frozen” and could move only in “slow motion.” He had to “think
through each movement” to carry it out. He was described as stiff, slow,
nearly mute, and catatonic during repeated emergency room visits from
July 9 to July 11. (Ballard et al., 1985, p. 949)
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Patient 1 was one of seven young adults hospitalized at about the
same time in California. All showed symptoms of severe Parkinson disease that appeared very suddenly after drug injection. These symptoms
are extremely unusual in this age group. All who were affected reportedly injected a synthetic heroin that was being sold on the streets in the
summer of 1982.
J. William Langston (2008) and his colleagues found that the synthetic
heroin contained a contaminant called MPTP (1-methyl-4-phenyl-1,2,3,6tetrahydropyridine) resulting from poor technique during its synthesis.
The results of experimental studies in rodents showed that MPTP was
not itself responsible for the patients’ symptoms but was metabolized
into MPP1 (1-methyl-4-phenylpyridinium), a neurotoxin.
The autopsy of one individual who was suspected of having died of MPTP
poisoning showed that the brain had selectively lost dopamine neurons in the
substantia nigra. The rest of the brain appeared healthy. Injecting MPTP into
monkeys, rats, and mice produced similar symptoms and a similar selective
loss of dopaminergic neurons in the substantia nigra. Thus, the combined
clinical and experimental evidence indicates that a toxin can selectively kill
dopamine neurons and that the die-off can induce Parkinson disease.
In 1988, Patient 1 received an experimental treatment at University Hospital in Lund, Sweden. Living dopamine neurons taken from human fetal
brains at autopsy were implanted into the caudate nucleus and putamen
(Widner et al., 1992). Extensive work with rodents and nonhuman primates
in a number of laboratories had demonstrated that fetal neurons, before
they develop dendrites and axons, can survive transplantation, mature, and
secrete neurotransmitters.

Patient 1 had no serious postoperative complications and was much
improved 24 months after the surgery. He could dress and feed himself, visit the bathroom with help, and make trips outside his home. He
also responded much better to medication. The accompanying diagrams
contrast DA levels in the brain of a Parkinson patient before (left) and
2 years, 4 months after implantation (right).
Transplantation of fetal neurons to treat Parkinson disease typically does not work. Unlike the case of the frozen addict, Parkinson
disease is associated with a continuing, active process that destroys
dopaminergic neurons, including transplanted neurons, in the substantia nigra. Because Parkinson disease can affect as many as 20 people
per 100,000, scientists continue to experiment with new approaches to
transplantation and with genetic approaches for modifying remaining
dopamine neurons (Lane et al., 2010).

DA levels before fetal DA cell
implantation

Diagrams represent PET scans contrast DA levels in a Parkinson patient’s
brain before and 28 months after implantation. Research from “Bilateral Fetal
Mesencephalic Grafting in Two Patients with Parkinsonism Induced by 1-Methyl-4-phenyl1,2,3,6-tetrahydropyradine (MPTP),” by H. Widner, J. Tetrud, S. Rehngrona, B. Snow,
P. Brundin, B. Gustavii, A. Bjorklund, O. Lindvall, and J. W. Langston, 1992, New England
Journal of Medicine, 327, p. 151. Dr. Hakan Widner, M.D., PhD., Lund University, Sweden.

those stimuli attractive and rewarding. Indeed, some Parkinson patients who take dopa
mine receptor agonists as medications show a loss of impulse control that manifests
in such behaviors as pathological gambling, hypersexuality, and compulsive shopping
(Moore et al., 2014).
Excessive mesolimbic dopaminergic activity is proposed as well to play a role in
schizophrenia, a behavioral disorder characterized by delusions, hallucinations, disorga
nized speech, blunted emotion, agitation or immobility, and a host of associated symptoms.
Schizophrenia is one of the most common and most debilitating psychiatric disorders, affect
ing about 1 in 100 people.

Sections 6-3, 6-4, and 12-3 describe drug
effects on the mesolimbic DA system. Sections
6-2 and 7-4 discuss schizophrenia’s possible
causes and Section 16-4, its neurobiology.

Noradrenergic System

schizophrenia Behavioral disorder
characterized by delusions, hallucinations,
disorganized speech, blunted emotion,
agitation or immobility, and a host of
associated symptoms.

W
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DA production at 2 years, 4 months
after implantation

Norepinephrine (noradrenaline) may participate in learning by stimulating neurons to
change their structure. Norepinephrine may also facilitate healthy brain development
and contribute to organizing movements. A neuron that uses norepinephrine as its
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Alzheimer disease Degenerative brain
disorder related to aging; first appears as
progressive memory loss and later develops
into generalized dementia.
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transmitter is termed a noradrenergic neuron (derived from adrenaline, the Latin name
for epinephrine).
In the main, behaviors and disorders related to the noradrenergic system concern the emo
tions. Some symptoms of major depression—a mood disorder characterized by prolonged
feelings of worthlessness and guilt, the disruption of typical eating habits, sleep disturbances,
a general slowing of behavior, and frequent thoughts of suicide—may be related to decreased
activity of noradrenergic neurons. Conversely, some symptoms of mania (excessive excitability)
may be related to increased activity in these same neurons. Decreased NE activity has also
been associated both with hyperactivity and attention-deficit/hyperactivity disorder (ADHD).
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The serotonergic activating system maintains a waking EEG in the forebrain when we move
and thus participates in wakefulness, as does the cholinergic system. Like norepinephrine,
serotonin plays a role in learning, as described next in Section 5-4. Some symptoms of depres
sion may be related to decreased activity in serotonin neurons, and drugs commonly used to
treat depression act on 5-HT neurons. Consequently, two forms of depression may exist, one
related to norepinephrine and another related to serotonin.
Likewise, some research results suggest that various symptoms of schizophrenia also may
be related to increases in serotonin activity, which implies that different forms of schizophre
nia may exist. Decreased serotonergic activity is related to symptoms observed in obsessivecompulsive disorder (OCD), in which a person compulsively repeats acts (such as hand
washing) and has repetitive and often unpleasant thoughts (obsessions). Evidence also points
to a link between abnormalities in serotonergic nuclei and conditions such as sleep apnea and
sudden infant death syndrome (SIDS).

Consult the Index of Disorders inside the
book’s front cover for more information on
major depression, mania, ADHD, OCD, sleep
apnea, and SIDS.

5-3

Review

Neurotransmitter Systems and Behavior
Before you continue, check your understanding.
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, they are usually
1. Although neurons can synthesize more than one
identified by the principal
in their axon terminals.
2. In the peripheral nervous system, the neurotransmitter at somatic muscles is
; in the autonomic nervous system,
neurons from the
spinal cord connect with
neurons for parasympathetic activity and with
neurons for sympathetic activity.
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3. The two principal small-molecule transmitters used by the enteric nervous system are
and
.

4. The four main activating systems of the CNS are
, and
.
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5. How would you respond to the comment that a behavior is caused solely by a chemical
imbalance in the brain?
Answers appear at the back of the book.

For additional study tools, visit
:
www.macmillanhighered.com/launchpad/kolb5e
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Adaptive Role of Synapses
in Learning and Memory
Among our most cherished abilities are learning and remembering. Neuroplasticity is a
requirement for learning and memory and a characteristic of the mammalian brain. In fact,
it is a trait of the nervous systems of all animals, even the simplest worms. Larger brains with
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Experiment 2-1 demonstrates observational
learning in the octopus and the ubiquity of
neuroplasticity.

Hebb’s “cell-assembly” diagram appears at
the end of Section 15-1.

Copyright © Earley, Steve/Animals
Animals—All rights reserved.
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more connections are more plastic, however, and thus likely to show more adaptability in
neural organization.
Greater adaptability happens because experience can alter the synapse. Not only are
synapses versatile in structure and function, they are plastic: they can change. The synapse,
therefore, is the site for the neural basis of learning, a relatively permanent change in behav
ior that results from experience.
Donald O. Hebb (1949) was not the first to suggest that learning is mediated by structural
changes in synapses. But the change that he envisioned in his book The Organization of
Behavior was novel 65 years ago. Hebb theorized, “When an axon of cell A is near enough to
excite a cell B and repeatedly or persistently takes part in firing it, some growth process or
metabolic change takes place in one or both cells such that A’s efficiency, as one of the cells
firing B, is increased” (Hebb, 1949, p. 62). Simply put, cells that fire together wire together. A
synapse that physically adapts in this way is called a Hebb synapse today.
Eric Kandel was awarded a Nobel Prize in 2000 for his descriptions of the synaptic basis
of learning in a way that Hebb envisaged: learning in which the conjoint activity of nerve
cells serves to link them. Kandel’s subject, the marine slug Aplysia californica, is an ideal
subject for learning experiments. Slightly larger than a softball and lacking a shell, Aplysia
has roughly 20,000 neurons. Some are quite accessible to researchers, who can isolate and
study circuits having few synapses.
When threatened, Aplysia defensively withdraws its more vulnerable body parts—the gill
(through which it extracts oxygen from the water to breathe) and the siphon (a spout above
the gill that excretes seawater and waste). By stroking or shocking the slug’s appendages,
Kandel and his coworkers (Bailey et al., 2015) produced enduring changes in its defensive
behaviors. They used these behavioral responses to study underlying changes in Aplysia’s
nervous system.
We illustrate the role of synapses in two kinds of learning that Kandel has studied: habit
uation and sensitization. For humans, both are called unconscious because they do not
depend on a person’s knowing precisely when and how they occur.

163

he
rs

5-4 •

Aplysia californica

Section 14-4 investigates the neural bases of
brain plasticity in conscious learning and in
memory.
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Habituation Response
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In habituation, the response to a stimulus weakens with repeated stimulus presentations.
If you are accustomed to living in the country, then move to a city, you might at first find
the sounds of traffic and people extremely loud and annoying. With time, however, you stop
noticing most of the noise most of the time. You have habituated to it.
Habituation develops with all our senses. When you first put on a shoe, you feel it on
your foot, but very soon it is as if the shoe were not there. You have not become insensitive
to sensations, however. When people talk to you, you still hear them; when someone steps
on your foot, you still feel the pressure. Your brain simply has habituated to the customary
background sensation of a shoe on your foot.
Aplysia habituates to waves in the shallow tidal zone where it lives. These slugs are con
stantly buffeted by the flow of waves against their body, and they learn that waves are just
the background noise of daily life. They do not flinch and withdraw every time a wave passes
over them. They habituate to this stimulus.
A sea slug that is habituated to waves remains sensitive to other touch sensations. Prodded
with a novel object, it responds by withdrawing its siphon and gill. The animal’s reaction
to repeated presentations of the same novel stimulus forms the basis for Experiment 5-2,
studying its habituation response.

Neural Basis of Habituation
The Procedure section of Experiment 5-2 shows the setup for studying what happens to
the withdrawal response of Aplysia’s gill after repeated stimulation. A gentle jet of water
is sprayed on the siphon while gill movement is recorded. If the water jet is presented to
Aplysia’s siphon as many as 10 times, the gill withdrawal response is weaker some minutes
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noradrenergic neuron From adrenaline,
Latin for epinephrine; a neuron containing
norepinephrine.
major depression Mood disorder characterized
by prolonged feelings of worthlessness and
guilt, the disruption of normal eating habits, sleep
disturbances, a general slowing of behavior, and
frequent thoughts of suicide.
mania Disordered mental state of extreme
excitement.
obsessive-compulsive disorder (OCD)
Behavior characterized by compulsively
repeated acts (such as hand washing)
and repetitive, often unpleasant, thoughts
(obsessions).
learning Relatively permanent change in
behavior that results from experience.
habituation Learned behavior in which
the response to a stimulus weakens with
repeated presentations.
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Experiment

5-2

Question: What happens to the gill response after repeated
stimulation?
Procedure

1 Gill withdraws

2 Gill no longer
withdraws from
water jet,
demonstrating
habituation.

from water jet.
Siphon

After
repeated
stimulation
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Water jet
Result

The sensory neuron stimulates the motor neuron
to produce gill withdrawal before habituation.

Sensory neuron

Motor neuron

Skin of
siphon

Gill
muscle

1 With habituation, the influx
of calcium ions in response to an
action potential decreases,…

+

2 …resulting in less
neurotransmitter
released at the
presynaptic membrane...

th

Ca2

Presynaptic
membrane

or

Postsynaptic membrane

3 …and less

+
Ca2

depolarization of the
postsynaptic membrane.

W

Conclusion: The withdrawal response weakens with repeated
presentation of water jet (habituation) owing to decreased
Ca 21 influx and subsequently less neurotransmitter release
from the presynaptic axon terminal.

©

sensitization Learned behavior in which
the response to a stimulus strengthens with
repeated presentations.
posttraumatic stress disorder (PTSD)
Syndrome characterized by physiological
arousal associated with recurrent memories
and dreams arising from a traumatic event
that occurred months or years earlier.
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later, when the animal is again tested. The decrement in the strength
of the withdrawal is habituation, which can last as long as 30 minutes.
The Results section of Experiment 5-2 starts by showing a simple
representation of the pathway that mediates Aplysia’s gill withdrawal
response. For purposes of illustration, only one sensory neuron, one
motor neuron, and one synapse are shown; in actuality, about 300 neu
rons may take part in this response. The water jet stimulates the sen
sory neuron, which in turn stimulates the motor neuron responsible
for the gill withdrawal. But exactly where do the changes associated
with habituation take place? In the sensory neuron? In the motor neu
ron? In the synapse between the two?
Habituation does not result from an inability of either the sensory or the
motor neuron to produce action potentials. In response to direct electrical
stimulation, both the sensory neuron and the motor neuron retain the abil
ity to generate action potentials even after habituation. Electrical recordings
from the motor neuron show that as habituation develops, the excitatory
postsynaptic potentials (EPSPs) in the motor neuron become smaller.
The most likely way in which these EPSPs decrease in size is that
the motor neuron is receiving less neurotransmitter from the sen
sory neuron across the synapse. And if less neurotransmitter is being
received, then the changes accompanying habituation must be taking
place in the presynaptic axon terminal of the sensory neuron.
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Reduced Sensitivity of Calcium
Channels Underlies Habituation

Kandel and his coworkers measured neurotransmitter output from
a sensory neuron and verified that less neurotransmitter is in fact
released from a habituated neuron than from a nonhabituated one.
Recall from Figure 5-5 that neurotransmitter release in response
to an action potential requires an influx of calcium ions across the
presynaptic membrane. As habituation takes place, that Ca21 influx
decreases in response to the voltage changes associated with an action
potential. Presumably, with repeated use, voltage-sensitive calcium
channels become less responsive to voltage changes and more resis
tant to the passage of calcium ions.
The neural basis of habituation lies in the change in presynaptic
calcium channels. Its mechanism, which is summarized close up in
the Results section of Experiment 5-2, is a reduced sensitivity of cal
cium channels and a consequent decrease in neurotransmitter release.
Thus, habituation can be linked to a specific molecular change, as
summarized in the experiment’s Conclusion.

Sensitization Response

A sprinter crouched in her starting blocks is often hyperresponsive to
the starter’s gun: its firing triggers in her a rapid reaction. The stress
ful, competitive context of the race helps to sensitize the sprinter to
this sound. Sensitization, an enhanced response to some stimulus, is the opposite of habitu
ation. The organism becomes hyperresponsive to a stimulus rather than accustomed to it.
Sensitization occurs within a context. Sudden, novel stimulation heightens our general
awareness and often results in larger-than-typical responses to all kinds of stimulation. If a
loud noise startles you suddenly, you become much more responsive to other stimuli in your
surroundings, including some to which you previously were habituated. In posttraumatic
stress disorder (PTSD), physiological arousal related to recurring memories and dreams
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many other stimuli in its environment. In the laboratory, a small electric
shock to Aplysia’s tail mimics a predatory attack and effects sensitiza
tion, as illustrated in the Procedure section of Experiment 5-3. A single
electric shock to the slug’s tail enhances its gill withdrawal response for
a period that lasts for minutes to hours.
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surrounding a traumatic event persist for months or years after the event. One characteristic
Stress can foster and prolong PTSD effects.
See Sections 6-5 and 12-4. Section 16-4
of PTSD is a heightened response to stimuli, suggesting that the disorder is in part related
covers treatment strategies.
to sensitization.
The same thing happens to Aplysia. Sudden, novel stimuli can
Experiment 5-3
heighten a slug’s responsiveness to familiar stimulation. When attacked
Question: What happens to the gill response in sensitization?
by a predator, for example, the slug displays heightened responses to
Procedure

Gill withdrawal

A single shock to the tail
enhances the gill withdrawal
response (sensitization).
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Neural Basis of Sensitization
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The neural circuits participating in sensitization differ from those that
take part in a habituation response. The Results section of Experi
ment 5-3 shows the sensory and motor neurons that produce the gill
withdrawal response and adds an interneuron that is responsible for
sensitization.
An interneuron that receives input from a sensory neuron in Aplysia’s
tail (and so carries information about the shock) makes an axoaxonic
synapse with a sensory neuron in the siphon. The interneuron’s axon
terminal contains serotonin. Consequently, in response to a tail shock,
the tail sensory neuron activates the interneuron, which in turn releases
5-HT onto the axon of the siphon sensory neuron. Information from the
siphon still comes through the sensory neuron to activate the motor
neuron leading to the gill muscle, but the interneuron’s action in releas
ing 5-HT onto the sensory neuron’s presynaptic membrane amplifies
the gill withdrawal response.
At the molecular level, shown close up in Experiment 5-3 Results,
the serotonin released from the interneuron binds to a metabotropic
serotonin receptor on the siphon’s sensory neuron axon. This binding
activates second messengers in the sensory neuron. Specifically, the
serotonin receptor is coupled through its G protein to the enzyme
adenyl cyclase. This enzyme increases the concentration of second
messenger cyclic adenosine monophosphate (cAMP) in the presynaptic
membrane of the siphon’s sensory neuron.
Through several chemical reactions, cAMP attaches a phosphate
molecule (PO4) to potassium channels, rendering them less responsive.
The close-up in Experiment 5-3 sums it up. In response to an action
potential traveling down the axon of the siphon’s sensory neuron (such
as one generated by a touch to the siphon), the potassium channels on
that neuron are slower to open. Consequently, K1 ions cannot repolar
ize the membrane as quickly as normal, so the action potential lasts
longer than it usually would.

Water jet

Shock

Results

An interneuron receives input from a shocked
sensory neuron in the tail and releases serotonin
onto the axon of a siphon sensory neuron.
Interneuron

Sensory
neuron

Skin of
siphon
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Gill
muscle

1 Serotonin reduces K+ efflux through
potassium channels, prolonging an action
potential on the siphon sensory neuron.
Interneuron
Serotonin

K+

Motor
neuron

2
Second
Sensory messenger
neuron

2 The prolonged
action potential
results in more
+
Ca2 influx and
increased
transmitter
release,...
3

Less-Responsive Potassium Channels
Underlie Sensitization

The longer-lasting action potential that occurs because potassium chan
nels are slower to open prolongs Ca21 inflow. Ca21 influx is necessary
for neurotransmitter release. Thus, greater Ca21 influx results in more
neurotransmitter being released from the sensory synapse onto the
motor neuron.
This increased neurotransmitter release produces greater activa
tion of the motor neuron and thus a larger-than-normal gill withdrawal

Motor
neuron

Ca2+

3 …causing greater
depolarization of the
postsynaptic
membrane after
sensitization.

Conclusion: Enhancement of the withdrawal response after
a shock is due to increased Ca 21 influx and subsequently
more neurotransmitter release from the presynaptic axon
terminal.
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response. If the second messenger cAMP mobilizes more synaptic vesicles, making more
neurotransmitter ready for release into the sensory–motor synapse, gill withdrawal may also
be enhanced.
Sensitization, then, is the opposite of habituation at the molecular level as well as at the
behavioral level. In sensitization, more Ca21 influx results in more transmitter being released,
whereas in habituation, less Ca21 influx results in less neurotransmitter being released. The
structural basis of cellular memory in these two forms of learning is different, however. In
sensitization, the change takes place in potassium channels, whereas in habituation, the
change takes place in calcium channels.

Learning as a Change in Synapse Number
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Neural changes associated with learning must last long enough to account for a relatively
permanent change in an organism’s behavior. The changes at synapses described in the pre
ceding sections develop quite quickly, but they do not last indefinitely, as memories often do.
How then, can synapses be responsible for the long-term changes associated with learning
and memory?
Repeated stimulation produces habituation and sensitization that can persist for months.
Brief training produces short-term learning; longer training periods produce more enduring
learning. If you cram for an exam the night before you take it, you might forget the material
quickly, but if you study a little each day for a week, your learning may tend to endure. What
underlies this more persistent form of learning?
Researchers working with Eric Kandel (Bailey et al., 2015) found that the number and size
of sensory synapses change in well-trained, habituated, and sensitized Aplysia. Relative to a
control neuron, the number and size of synapses decrease in habituated animals and increase
in sensitized animals, as represented in Figure 5-19. Apparently, synaptic events associated
with habituation and sensitization can also trigger processes in the sensory cell that result in
the loss or formation of new synapses.
A mechanism through which these processes can take place begins with calcium ions
that mobilize second messengers to send instructions to nuclear DNA. The transcription
and translation of nuclear DNA in turn initiate structural changes at synapses, including
the formation of new synapses and new dendritic spines. Research Focus 5-5, Dendritic
Spines: Small but Mighty, summarizes experimental evidence about structural changes in
dendritic spines.
The second messenger cAMP plays an important role in carrying instructions regarding
these structural changes to nuclear DNA. The evidence for cAMP’s involvement comes from
studies of the fruit fly Drosophila. Two genetic mutations in the fruit fly can produce similar
learning deficiencies. Both render the second messenger cAMP inoperative, but in opposite
ways. One mutation, called dunce, lacks the enzymes necessary to degrade cAMP, so the
fruit fly has abnormally high cAMP levels. The other mutation, called rutabaga, reduces
levels of cAMP below the normal range for Drosophila neurons.
Significantly, fruit flies with either mutation are impaired in acquiring habituated and
sensitized responses because their levels of cAMP cannot be regulated. New synapses seem

FIGURE 5-19

Motor
neuron

Physical Basis of

Memory Relative to a control neuronal

©

connection (left), the number of synapses
between Aplysia’s sensory neuron and
a motor neuron decline as a result of
habituation (center) and increase as
a result of sensitization (right). Such
structural changes may underlie
enduring memories.
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Dendritic Spines: Small but Mighty
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Dendritic spines, which protrude from the dendrite’s shaft, measure summarizes synaptic structures that can be measured and related to
about 1 to 3 micrometers (mm, one-millionth of a meter) long and learning and behavior and to structural changes that may subserve
less than 1 mm in diameter. Each neuron can have many thousands of learning.
Dendritic spines provide the structural basis for our behavior, our
spines. The number of dendritic spines in the human cerebral cortex is
individual skills, and our memories (Bosch & Hayashi, 2012). Impairestimated at 1014.
Dendritic spines originate in filopodia (from the Latin file, for thread, ments in forming spines characterize some kinds of mental disability, and
and the Greek podium, for foot) that bud out of neurons, especially at the loss of spines is associated with the dementia of Alzheimer disease.
dendrites. Microscopic observation of dendrites shows that filopodia
are constantly emerging and retracting over times on the order of
seconds.
This budding of filopodia is much more pronounced in developing
neurons and in the developing brain (see Figure 8-13). Because filopodia can grow into dendritic spines, their budding suggests that they
Increased axonal
are searching for contacts from axon terminals to form synapses.
transport
When contact is made, some new synapses may have only a short
Increase in terminal
life; others will endure.
size or area
A permanent dendritic spine tends to have a large, mushroomshaped head, giving it a large contact area with a terminal button, and
Increase in
number of
a long stem, giving it an identity apart from that of its dendrite. The
synaptic vesicles
heads of spines and the terminals of presynaptic connections form
functional compartments that can generate huge electrical potentials
Increase in
density of
and so influence the neuron’s electrical messages.
contact zones
Dendritic spines mediate learning that lasts, including habituaChange in
tion and sensitization. To mediate learning, each spine must be able
size of
synaptic cleft
to act independently, undergoing changes that its neighbors do not
Increase in
undergo.
spine size or
area
Examination of dendritic spines in the nervous system shows that
some are simple and others complex. The cellular mechanisms that
Change in dendrite
allow synapses to appear on spines and to change shape include
stem length and
width
Increase in
microfilaments linked to the membrane receptors, protein transport
protein transport
from the cell body, and the incorporation of nutrients from the extrafor spine
cellular space.
construction
The variety suggests that all this activity changes the appearance of both presynaptic and postsynaptic structures. The illustration
Synaptic structures that may subserve learning.

W

to be required for learning to take place, and the second messenger cAMP seems to carry
instructions to form them. Figure 5-20 summarizes these research findings.
More lasting habituation and sensitization are mediated by relatively permanent changes
in neuronal structure—by fewer or more synaptic connections—and the effects can be
difficult to alter. As a result of sensitization, for example, symptoms of PTSD can persist
indefinitely.
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Before you continue, check your understanding.
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2. Aplysia’s synaptic function mediates two basic forms of learning:
.

cAMP

Learning

Review

, the site of the neural basis of
1. Experience alters the
relatively permanent change in behavior that results from experience.

Drosophila

dunce
No mutation
rutabaga

Genetic Disruption of
Learning Either of two mutations in the

FIGURE 5-20

,a
and

fruit fly Drosophila inactivates the second
messenger cAMP by moving its level either
above or below the concentration range the
cell can regulate, thus disrupting learning.
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3. Changes that accompany habituation take place within the
neuron, mediated by
channels that grow
sensitive with use.

4. The sensitization response is amplified by
that release serotonin onto the
presynaptic membrane of the sensory neuron, changing the sensitivity of presynaptic
channels and increasing the influx of
.

, defined as physiological arousal related to recurring
5. One characteristic of
memories and dreams surrounding a traumatic event that persist for months or years
after the event, is a heightened response to stimuli. This suggests that the disorder is in
part related to
.
6. Describe the benefits and/or drawbacks of permanent habituation and sensitization.
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Answers appear at the back of the book.

For additional study tools, visit
:
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A Chemical Message
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In the 1920s, Otto Loewi suspected that nerves to the heart secrete a
chemical that regulates its beat rate. His subsequent experiments with
frogs showed that acetylcholine slows heart rate, whereas epinephrine
increases it. This observation proved key to understanding the basis of
chemical neurotransmission.
The systems for chemically synthesizing an excitatory or inhibitory
neurotransmitter are in the presynaptic neuron’s axon terminal or its
soma, whereas the systems for neurotransmitter storage are in its
axon terminal. The receptor systems on which that neurotransmitter
acts typically are on the postsynaptic membrane. Such chemical
neurotransmission is dominant in the human nervous system.
Nevertheless, neurons also make direct connections with each other
through gap junctions, channel-forming proteins that allow direct
sharing of ions or nutrients.
The four major stages in the life of a neurotransmitter are (1) synthesis
and storage, (2) release from the axon terminal, (3) action on postsynaptic
receptors, and (4) inactivation. After synthesis, the neurotransmitter is
wrapped in a membrane to form synaptic vesicles in the axon terminal.
When an action potential is propagated on the presynaptic membrane,
voltage changes set in motion the vesicles’ attachment to the presynaptic
membrane and neurotransmitter release by exocytosis.
One synaptic vesicle releases a quantum of neurotransmitter into
the synaptic cleft, producing a miniature potential on the postsynaptic
membrane. To generate an action potential on the postsynaptic cell
requires simultaneous release of many quanta of transmitter. After
a transmitter has done its work, it is inactivated by such processes
as diffusion out of the synaptic cleft, breakdown by enzymes, and
reuptake of the transmitter or its components into the axon terminal
(or sometimes uptake into glial cells).

Varieties of Neurotransmitters
and Receptors

©
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Small-molecule transmitters, peptide transmitters, lipid transmitters,
and gaseous transmitters are broad classes for ordering the roughly
100 neurotransmitters that investigators propose might exist.
Neurons containing these transmitters make a variety of connections
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with other neurons as well as with muscles, blood vessels, and
extracellular fluid.
Functionally, neurons can be both excitatory and inhibitory, and they
can participate in local circuits or in general brain networks. Excitatory
synapses are usually on a dendritic tree, whereas inhibitory synapses
are usually on a cell body.
Some neurotransmitters are associated with both ionotropic
and metabotropic receptors. An ionotropic receptor quickly and
directly induces voltage changes on the postsynaptic cell membrane.
Slower-acting metabotropic receptors activate second messengers
to indirectly produce changes in the cell’s function and structure. A
plethora of receptors, formed from combinations of multiple types of
proteins called subunits, exist for most transmitters.
5-3

Neurotransmitter Systems and Behavior

Because neurotransmitters are multifunctional, scientists find it
impossible to isolate relations between a single neurotransmitter and a
single behavior. Rather, activating systems of neurons that employ the
same principal neurotransmitter influence various general aspects of
behavior. For instance, acetylcholine, the main neurotransmitter in the
SNS, controls movement of the skeletal muscles, whereas acetylcholine
and norepinephrine, the main neurotransmitters in the ANS, control the
body’s internal organs. In the ENS, dopamine and serotonin serve as the
main neurotransmitters regulating the gut’s functioning.
The CNS contains not only widely dispersed glutamate and GABA
neurons—its main neurotransmitters—but also neural activating systems
that employ acetylcholine, norepinephrine, dopamine, or serotonin. All
these systems ensure that wide areas of the brain act in concert, and
each is associated with various classes of behaviors and disorders.

Adaptive Role of Synapses
in Learning and Memory
5-4

Changes in synapses underlie the neural basis of learning and memory.
In habituation, a form of learning in which a response weakens as
a result of repeated stimulation, calcium channels become less
responsive to an action potential. Consequently, less neurotransmitter
is released when an action potential is propagated.
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Key Terms

In Aplysia, the number of synapses connecting sensory neurons
and motor neurons decreases in response to repeated sessions of
habituation. Conversely, the number of synapses connecting sensory
and motor neurons increases in response to repeated sensitization
sessions. These changes in the numbers of synapses and dendritic
spines are related to long-term learning.
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In sensitization, a form of learning in which a response strengthens
as a result of stimulation, changes in potassium channels prolong the
action potential’s duration, resulting in an increased influx of calcium
ions and consequently, release of more neurotransmitter. With repeated
training, new synapses can develop, and both forms of learning can
become relatively permanent.
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acetylcholine (ACh), p. 139
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schizophrenia, p. 161

noradrenergic neuron, p. 163

second messenger, p. 155

Alzheimer disease, p. 161

glutamate (Glu), p. 151

norepinephrine (NE), p. 139

sensitization, p. 164

autoreceptor, p. 144

habituation, p. 163

carbon monoxide (CO), p. 153

histamine (H), p. 148

obsessive-compulsive disorder
(OCD), p. 163

chemical synapse, p. 143

hydrogen sulfide (H2S), p. 153

Parkinson disease, p. 141

small-molecule transmitter,
p. 148

cholinergic neuron, p. 156

ionotropic receptor, p. 153

postsynaptic membrane, p. 143

storage granule, p. 143

dopamine (DA), p. 141

learning, p. 163

endocannabinoid, p. 151

posttraumatic stress disorder
(PTSD), p. 164

subunit, p. 155

major depression, p. 163

epinephrine (EP), p. 139

mania, p. 163

presynaptic membrane, p. 143

synaptic vesicle, p. 141

G protein, p. 155

metabotropic receptor, p. 153

quantum (pl. quanta), p. 144

gamma-aminobutyric acid
(GABA), p. 151

neuropeptide, p. 151

rate-limiting factor, p. 151

transmitter-activated receptor,
p. 143

neurotransmitter, p. 139

reuptake, p. 144

transporter, p. 143

serotonin (5-HT), p. 151

synaptic cleft, p. 141
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gap junction (electrical synapse),
p. 143

nitric oxide (NO), p. 153

activating system, p. 158
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