Synaptic Transmission

LEARNING OBJECTIVES

Upon completion of this chapter, the student should be able to
answer the following questions:

1. What are the characteristics of electrical synapses?

2. What are the specializations found in the presynaptic and
postsynaptic elements of a chemical synapse?

3. What sequence of events connect the arrival of the action
potential at the presynaptic terminal to the entry of cal-
cium?

4. What sequence of events connect the entry of calcium at
the presynaptic terminal to release of neurotransmitter?

5. What is the quantal hypothesis of synaptic transmission,
and how does the presence of miniature end plate poten-
tials support this hypothesis?

6. Why is the reversal potential of a typical EPSP near 0 mV?

7. What distinguishes EPSPs and IPSPs in terms of underlying
ionic conductances, effect on membrane potential, and
neuronal firing probability?

8. How does an IPSP still inhibit a neuron when its reversal
potential is equal to or more positive than the neuron'’s
resting potential?

9. What are the mechanisms by which synaptic effects can
change over time?

10. What are the criteria for determining a substance is a
neurotransmitter, and what are the major excitatory and
inhibitory neurotransmitters?

11. What are the major classes of neurotransmitter receptors?

Synaptic transmission is the major process by which electri-
cal signals are transferred between cells within the nervous
system (or between neurons and muscle cells, or sensory
receptors). Within the nervous system, synaptic transmis-
sion is usually conceived of as an interaction between two
neurons that occurs in a point-to-point manner at specialized
junctions called synapses. There are two main classes of syn-
apses: electrical and chemical. However, as the list of chemi-
cal neurotransmitters has grown, and as understanding of
their mechanisms of action has increased, the definition and
conception of what constitutes synaptic transmission has
had to be refined and expanded. We no longer think of syn-
aptic transmission as a process that involves only neurons,
but now realize that glia form an important element of the
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synaptic transmission, and that signaling occurs between
neurons and glia. Moreover, in some cases, neurotransmit-
ter released at a synapse will act over a widespread territory
(extrasynaptic transmission) rather than just at the synapse
from which it is released. In this chapter we first describe the
classic conception of synaptic transmission (electrical and
chemical), then introduce some of the nontraditional neu-
rotransmitters, and discuss how they affect chemical com-
munication between cells in the nervous system.

Electrical Synapses

Although their existence in the mammalian central ner-
vous system (CNS) has been known for a long time, elec-
trical synapses, or gap junctions, between neurons were
thought to be of relatively little importance for the func-
tioning of the adult mammalian CNS. Only recently has
it become apparent that these synapses are quite com-
mon and that they may underlie important neuronal
functions.

An electrical synapse is effectively a low-resistance path-
way between cells that allows current to flow directly from
one cell to another and, more generally, allows the exchange
of small molecules between cells. Electrical synapses are
present in the CNS of animals from invertebrates to mam-
mals. They are present between glial cells as well as between
neurons. Electrical coupling of neurons has been demon-
strated for most brain regions, including the inferior olive,
cerebellum, spinal cord, neocortex, thalamus, hippocam-
pus, olfactory bulb, retina, and striatum.

A gap junction is the morphological correlate of an elec-
trical synapse. These junctions are plaque-like structures in
which the plasma membranes of the coupled cells become
closely apposed (the intercellular space narrows to = 3 nm)
and filled with electron-dense material (Fig. 6.1). Freeze-
fracture electron micrographs of gap junctions display reg-
ular arrays of intramembrane particles that correspond to
proteins that form the intercellular channels connecting the
cells. The typical channel diameter is large (1-2 nm), thus
making it permeable not only to ions but also other small
molecules up to approximately 1 kDa in size.

Electrical synapses are fast (essentially no synaptic delay)
and bidirectional (i.e., current generated in either cell can
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« Fig. 6.1 Gap junction structure. A, Schematic view of the gap junction showing narrowing of the intercel-
lular space to 3.5 nm at the junction. The gap junction has multiple channels, with each channel formed
by two connexon hemichannels. Each connexon in turn comprises six connexin subunits. B, Electron
micrograph of part of a complex synaptic arrangement called a glomerulus that is found in the inferior olive
and some other CNS regions. Two dendritic spines are coupled by a gap junction (small black arrows). An
axon terminal packed with synaptic vesicles fills the upper right part of the panel. Large arrowheads point
to the electron-dense material that marks the active zones. Black dots are immunogold labeling for GABA,
thus identifying this terminal as GABAergic. Red arrowheads point to synaptic vesicles. (From De Zeeuw
Cl, Lang EJ, Sugihara |, et al. J Neurosci 1996;16:3420. Copyright 1996 by the Society for Neuroscience.)
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Each gap junction channel is formed by two hemichannels
(called connexons), one contributed by each cell. Each
connexon, in turn, is a hexamer of connexin protein subunits,
which are encoded for by a gene family of at least 21 different
members in mammals. (A second family of proteins that

form gap junctions, the pannexins, has also been identified.)
Gap junctions formed by different connexins have distinct
biophysical properties (gating and conductance) and cellular
distributions. Although at least 10 connexin types are
expressed in the CNS, connexin 36 (connexins are named
according to their molecular weight; thus, the number refers
to the approximate molecular weight of the connexin in
kilodaltons) is the major neuronal connexin in the adult CNS.
Other connexin types found in the CNS form gap junctions
between glial cells or are primarily expressed transiently during
development.

flow across the gap junction to influence the other cell). In
addition, they act as low-pass filters. That is, slow electrical
events are preferendally transmitted compared to fast sig-
nals, such as action potentials. Gap junctions are particularly
abundant during neogenesis and appear to play an impor-
tant role in forming functional neuronal networks in the
neocortex and thalamus. Another important role for neuro-
nal gap junctions appears to be synchronization of network
activity. For example, the activity of inferior olivary neurons
is normally synchronized but becomes uncorrelated when
pharmacological blockers of gap junctions are injected into
the inferior olive. It also appears that the patterns of electri-
cal coupling by gap junctions may be highly specific. For
example, neocortical interneurons almost exclusively couple
to interneurons of the same type. This specific gap junc-
tion—coupling pattern suggests that multiple, independent,
electrically coupled networks of interneurons may coexist
across the neocortex.

Finally, although electrical synapses are generally
regarded as relatively simple and static in comparison to
chemical synapses, they may actually be fairly dynamic enti-
ties. For example, the properties of electrical synapses can
be modulated by several factors, including voltage, ligands,
intracellular pH, and [Ca*]. Moreover, they are subject to
regulation by neurotransmitter-mediated G protein—cou-
pled receptor activation, and connexins (the protein sub-
units that form a gap junction, see At The Cellular Level)
contain sites for phosphorylation. These factors can change
the coupling between cells by causing changes in single-
channel conductance, formation of new gap junctions, or
removal of existing ones.

Chemical Synapses

Chemical synaptic transmission was first demonstrated
between the vagus nerve and the heart by a simple experi-
ment by Otto Loewi. The vagus nerve of a frog was stim-
ulated to slow the heart rate down while the solution
perfusing the heart was collected. This solution was then

used to perfuse a second heart, whose beating then also
slowed, demonstrating that the vagal nerve stimulation
had caused a chemical to be released into the solution. The
chemical responsible was found to be acetylcholine, which
we now know is also a neurotransmitter at the neuromus-
cular junction and at other synapses in the peripheral and
central nervous systems.

Unlike the situation at electrical synapses, at chemical
synapses there is no direct communication between the
cytoplasm of the two cells. Instead the cell membranes are
separated by a synaptic cleft of some 20 nm, and interaction
between the cells occurs via chemical intermediaries known
as neurotransmitters. Chemical synapses are generally uni-
directional, and thus one can refer to the presynaptic and
postsynaptic elements that are diagramed in Fig. 6.2. The
presynaptic element is often the terminal portion of an
axon and is packed with small vesicles whose exact shape
and size vary with the neurotransmitter they contain. In
addition, the presynaptic membrane apposed to the post-
synaptic element has regions, known as active zones, of
electron-dense material that corresponds to the proteins
involved in transmitter release (see Fig. 6.1B). Moreover,
mitochondria and rough endoplasmic reticulum are typi-
cally found in the presynaptic terminal. The postsynaptic
membrane is also characterized by electron-dense material,
which in this case corresponds to the receptors for the neu-
rotransmitter and second messenger molecules engaged by
neurotransmitter receptor activation.

Chemical synapses occur between different parts of
neurons. Traditionally, focus has been placed on synapses
formed by an axon onto the dendrites or soma of a sec-
ond cell (axodendritic or axosomatic synapses), and our
description will be based primarily on such synapses. How-
ever, there are many additional types of chemical synapses,
such as axoaxonic (axon to axon), dendrodendritic (den-
drite to dendrite), and dendrosomatic (dendrite to soma).
Furthermore, complex synaptic arrangements are possible,
such as mixed synapses, in which cells form both electrical
and chemical synapses with each other; serial synapses, in
which an axoaxonic synapse is made onto the axon terminal
and influences the efficacy of that terminal’s synapse with
yet a third element; and reciprocal synapses, in which both
cells can release transmitter to influence the other. Fig. 6.18
shows a complex synaptic arrangement called a glomerulus
that involves both chemical and electrical synapses among
the participating elements.

Much of what we know about chemical synapses comes
from the study of two classic preparations, the frog neuro-
muscular junction (the synapse from a motor neuron onto
a muscle fiber) and the squid giant synapse (the synapse
from a second-order neuron onto third-order neurons that
innervate the muscle of the squid’s mantle; i.e., the motor
neurons whose axons were used to characterize the conduc-
tances underlying the action potential [see Chapter 5]). The
principles governing transmission at these synapses mostly
apply to “classic” synaptic transmission within the mam-
malian CNS (see the section Neurotransmitters). Synaptic
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¢ Fig. 6.2 Schematic of a chemical synaptic terminal releasing all three main classes of neurotransmit-
ter. For each, the mechanisms of release, sites of action, and mechanisms for termination of activity are
shown. Real synapses release transmitter from one or more classes.

transmission at a chemical synapse may be summarized as
follows: (1) Synaptic transmission is initiated by arrival of
the action potential at the presynaptic terminal. (2) The
action potential depolarizes the terminal, which causes
Ca** channels to open. (3) The subsequent rise in [Ca*]
within the terminal triggers the fusion of vesicles contain-
ing neurotransmitter with the plasma membrane. (4) The
transmitter is then expelled into the synaptic cleft, diffuses
across it, and binds to specific receptors on the postsynap-
tic membrane. (5) Binding of transmitter to receptors then
causes the opening (or, less often, the closing) of ion chan-
nels in the postsynaptic membrane, which in turn results in
changes in the potential and resistance of the postsynaptic
membrane that alter the excitability of the cell.

The changes in membrane potential of the postsynap-
tic cell are termed excitatory and inhibitory postsynap-
tic potentials (EPSPs and IPSPs) (Fig. 6.3), depending
on whether they increase or decrease, respectively, the cell’s
excitability, which can be defined as its probability of firing
action potentials. The transmitter typically acts for only a
very short time (milliseconds) because reuptake and degra-
dation mechanisms rapidly clear the transmitter from the
synaptic cleft.

The succeeding sections will amplify specific points of
this summary. However, it is worth mentioning at this point
that some of the nonclassic types of neurotransmitters (e.g.,
neuropeptides, gaseous neurotransmitters, and metabo-
tropic receptors) have required modifications of several
aspects of this basic conception. (Whereas an ionotropic
receptor usually contains the ion channel as an integral part
of itself, a metabotropic receptor does not contain an ion
channel, but instead is coupled to a G protein that initd-
ates a second messenger cascade that can ultimately affect
ion channels.) Some of the differences between classic and
peptide transmitters are listed in Table 6.1. More details on
the properties of peptide and gaseous transmitters are pro-
vided in the relevant parts of the Neurotransmitters section
of this chapter, and metabotropic receptors are covered in
the Receptors section.

Calcium Entry Is the Signal for
Transmitter Release

Depolarization of the presynaptic membrane by the action
potential causes voltage-gated Ca* channels to open,
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which makes it possible for Ca** to flow into the terminal
and trigger the release of transmitter. However, Ca™ will
enter the terminal only if there is a favorable electrochemi-
cal gradient to do so. Recall that it is the combination of
the concentration and voltage gradients that determines the
direction of ion flow through open channels. Extracellular
[Ca*] is high relative to intracellular [Ca*], which favors
entry into the terminal; however, during the peak of the
action potential, the membrane potential is positive, and
the voltage gradient opposes the entry of Ca'* because of its
positive charge. Thus, at the peak of the action potential,
relatively littde Ca** enters the terminal because although
the membrane is highly permeable to Ca*, the overall driv-
ing force is small. In fact, by using a voltage clamp, one can

IPSPs
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EPSPs

Tt 1t 1T 17 1T 1 7 7 7T 7 7177
milliseconds

* Fig. 6.3 IPSPs and EPSPs recorded with a microelectrode in a cat
spinal motor neuron in response to stimulation of appropriate periph-
eral afferent fibers. Forty traces are superimposed. Note that these
IPSPs are hyperpolarizing, but in some cases IPSPs can be depolar-
izing—see text for an explanation. (Redrawn from Curtis DR, Eccles
JC. J Physiol 1959;145:529.)

experimentally make the membrane potential positive and
equal to the Nernst equilibrium potential for Ca**. If this is
done, no Ca** will enter the terminal despite Ca** channels
being open, and as a result, no transmitter is released and
no postsynaptic response is observed. This voltage is known
as the suppression potential. If the membrane potential
is rapidly made negative again (because of cither the end
of the action potential or by adjusting the voltage clamp),
Ca** rushes into the terminal as a result of the large driving
force (which arises instantaneously on repolarization) and
the high membrane permeability to Ca™ (which remains
high because it takes the Ca™ channels several millisec-
onds to close in response to the new membrane potential),
thereby resulting in release of transmitter and a postsynaptic
response (Fig. 6.4).

Synaptic Vesicles and the Quantal Nature of
Transmitter Release

How neurotransmitter is stored and how it is released are
questions fundamental to synaptic transmission. Answering
these questions began with two observations. The first was
the discovery of small round or irregularly shaped organ-
elles known as synaptic vesicles in presynaptic terminals by
electron microscopy (see Figs. 6.18 and 6.2). The second
observation came from recordings of postsynaptic responses
at the neuromuscular junction. Normally an action poten-
tial in a motor neuron causes a large depolarization in the
postsynaptic muscle, termed an end plate potential (EPP),
which is equivalent to EPSPs generated in neurons. How-
ever, under conditions of low extracellular [Ca**], the EPP
amplitude is reduced (because the presynaptic Ca™ current
is reduced, leading to a smaller rise in intracellular [Ca*],
and transmitter release is proportional to [Ca™]). In this
condition, the EPP is seen to fluctuate among discrete val-
ues (Fig. 6.5). Moreover, small spontaneous depolarizations
of the postsynaptic membrane, termed miniature end plate
potentials (mEPPs), are observable. The amplitude of the
mEPP (<1 mV) corresponds to that of the smallest EPP
evoked under low [Ca*], and the amplitudes of other EPPs

Distinctions Between Classic Nonpeptide Neurotransmitters and Peptide Neurotransmitters

Nonpeptide Transmitters

Synthesized and packaged in the nerve terminal

Synthesized in active form

Usually present in small clear vesicles

Released into a synaptic cleft

Action of many terminated because of uptake by presynaptic
terminals via Na+-powered active transport

Typically, action has short latency and short duration
(millisecond)

Peptide Transmitters

Synthesized and packaged in the cell body; transported to the
nerve terminal by fast axonal transport

Active peptide formed when it is cleaved from a much larger
polypeptide that contains several neuropeptides

Usually present in large electron-dense vesicles

May be released some distance from the postsynaptic cell
There may be no well-defined synaptic structure

Action terminated by proteolysis or by the peptide diffusing away

Action may have long latency and may persist for many seconds
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« Fig. 6.4 Presynaptic Ca** current and its relationship to the postsynaptic response. A, Schematic of a
giant squid synapse preparation. Electrodes 1 and 2 are used to voltage-clamp the presynaptic terminal
and record its voltage and current. (Note that tetrodotoxin and tetraethyl ammonium were present to block
Na* and K* conductance to isolate the Ca** conductance.) Electrode 3 records the membrane potential
of the postsynaptic axon. The presynaptic terminal was voltage-clamped to increasingly more depolarized
levels (blue traces). With a small depolarization (B), a small Ca** current starts shortly after the voltage step,
continues to grow for the duration of the step (on current), and then decays exponentially after its termina-
tion (off or tail current). A larger voltage step (C) increases both the on and the off components of the Ca**
current, and now distinct on and off responses are observed in the postsynaptic response. D, The voltage
step is to the Nernst potential for Ca**, so there is no Ca*™ current during the step, but a large tail current
and off response are observed. (Based on data from Llinas R et al. Biophys J 1981;33:323.)

were shown to be integral muldiples of the mEPP ampli-
tude; thus, it was proposed that each mEPP corresponded
to the release of transmitter from a single vesicle, or a quanta
(sometimes referred to as quantal release), and that EPPs
represented the combined simultaneous release of transmit-
ter from many vesicles.

This linking of mEPPs and vesicles implies that each
mEPP is caused by the action of many molecules of neu-
rotransmitter binding to postsynaptic receptors. The
alternative that each mEPP could be caused by a single
transmitter molecule binding to and opening a single post-
synaptic receptor was rejected, in part because responses
smaller in amplitude than mEPPs could be generated

experimentally by directly applying dilute solutions of ace-
tylcholine to the muscle. In fact, mEPPs were calculated
to be caused by the action of approximately 10,000 mol-
ecules, which corresponds well to estimates of the number
of neurotransmitter molecules contained within a single
vesicle.

Many additional studies have confirmed the vesicle
hypothesis of neurotransmitter release. For example, bio-
chemical studies have shown that neurotransmitter is con-
centrated in vesicles, and fusion of vesicles to the plasma
membrane and their depletion in the terminal cytoplasm
after action potentials have been shown with electron
microscopic techniques.

87
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» Fig. 6.5 A, Spontaneous miniature end plate potentials (MEPPS) recorded at a neuromuscular junc-
tion in a fiber of frog extensor digitorum longus. B, EPPs evoked by nerve stimulation under low-[Ca*]
conditions, which reduce the probability of transmitter release. Low [Ca*] response in purple, intermedi-
ate [Ca*™] in green, and high [Ca**] in red. The small-amplitude EPPs evoked under these conditions vary
in amplitude in a step-like manner, where the size of the step is equal to the smallest EPP, which in turn
equals the size of the mEPPs. (Note that in these conditions the stimulus often fails to evoke any response,
as indicated by a flat response.) (A, Data from Fatt P, Katz B. Nature 1950;166:597; B, Data from Fatt P,

Katz B. J Physiol 1952;117:109.)

Molecular Apparatus Underlying
Vesicular Release

The small vesicles that contain classical neurotransmitters
(nonpeptide) can fuse with the presynaptic membrane only
at specific sites called active zones. To become competent
to fuse with the presynaptic membrane at an active zone,
a small vesicle must first dock at the active zone and then
undergo a priming process. Once primed the vesicle can
fuse and release its transmitter into the synaptic cleft in
response to an increase in local cytoplasmic [Ca**]. On the
order of 25 proteins may play roles in docking, priming,
and fusion. Some of these proteins are cytosolic, whereas
others are proteins associated with the vesicle membrane or
the presynaptic plasma membrane.

As with other exocytotic processes, neurotransmit-
ter release involves SM (sec1/Muncl8-like) and SNARE
(soluble N-ethyl maleimide—sensitive factor attachment
protein receptor) proteins: v-SNARES in the vesicle mem-
brane and -SNARES in the (target) presynaptic plasma
membrane. Zipper-like interactions between synapto-
brevin (a v-SNARE) and syntaxin and SNAP-25 (both are
t-SNARES) with the assistance of SM proteins bring the
vesicle membrane and the presynaptic plasma membrane
close together before fusion. The SNARE proteins are tar-
gets for various botulinum toxins, which disrupt synaptic
transmission, thus demonstrating their critical role in this
process. Nevertheless, they do not bind Ca™, so another

protein must be the Ca™ sensor that triggers the actual
fusion event. Evidence indicates that a synaptotagmin
protein is almost certainly the Ca* sensor and, even more
specifically, that the second of its two cytoplasmic domains
contains the Ca™ binding site. Interestingly, synaptotag-
mins differ in their kinetics, and brain regions vary as to
which synaptotagmin family member acts as the Ca** sensor
for vesicular fusion. Thus, differential expression of synapto-
tagmin genes in neurons may be a mechanism to adapt the
kinetics of vesicle release and thereby tailor the specific char-
acteristics of synaptic transmission to the functional needs
of each CNS region.

Calcium channels are located in the active zone mem-
brane at sites adjacent to the docked vesicles. When they
open, a small area of high [Ca*'], a microdomain is created at
the active zone. This local high concentration (which lasts for
less than a millisecond) allows the rapid binding of Ca** to
synaptotagmin, triggering the fusion of a docked vesicle and
allowing release of its neurotransmitter. Despite the multiple
steps involved, the process of vesicular release at a synapse is
extremely rapid because of the close proximity of the molec-
ular apparatus involved to each other. Indeed, the time from
Ca** influx to vesicle fusion is about 0.2 millisecond.

Synaptic Vesicles Are Recycled

During synaptic transmission, vesicles must fuse with the
plasma membrane to release their contents into the synaptic
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« Fig. 6.6 \esicle recycling pathways. Synaptic vesicles have been thought to fuse with the membrane
while emptying their contents and then be recycled by forming clathrin-coated pits that are endocytosed to
form coated vesicles (1 — [2 or 2'] - 3’ — 1). An alternative pathway that may allow more rapid recycling
of vesicles has been proposed. This pathway, called “kiss and run,” involves only transient fusion of the
vesicle to the presynaptic membrane to form a pore through which the vesicle contents may be emptied,
followed by detachment of the vesicle from the membrane (1 -2 - 3 - 4 - 5 - 1). (Redrawn from
Valtorta F, Meldolesi J, Fesce R. Trends Cell Biol 2001;11:324.)

cleft. However, there must be a reverse process; otherwise,
it would be hard to sustain the vesicle population, the pre-
synaptic membrane surface area would expand with each
bout of synaptic transmission, and the molecular content
and functionality of the presynaptic member would likely
change (because, as just discussed, the protein content of
the vesicle membrane is distinct from that of the terminal
membrane).

There appear to be two distinct mechanisms by which
vesicles are retrieved after release of their neurotransmit-
ter content (Fig. 6.6). One mechanism is the endocytotic
pathway commonly found in most cell types. Clachrin-
coated pits are formed in the plasma membrane, which
then pinch off to form coated vesicles within the cytoplasm
of the presynaptic terminal. These vesicles then lose their
coat and undergo further transformations (i.e., acquire the
correct complement of membrane proteins and be refilled
with neurotransmitter) to become synaptic vesicles ready for
release.

Evidence for a second, more rapid recycling mechanism
has been obtained (see Fig. 6.6). It involves transient fusion
of the vesicle to the synaptic membrane and has been called
“kiss and run.” In this case, fusion of the vesicle with the
synaptic membrane leads to the formation of a pore through
which the transmitter is expelled, but there is no whole-
sale collapse of the vesicle into the membrane. Instead, the
duration of the fusion is very brief, after which the vesi-
cle detaches from the plasma membrane and reseals itself.
Thus, the vesicle membrane retains its molecular identity.

Its contents can then simply be replenished, thereby making
the vesicle ready for use again.

The relative importance of these two mechanisms is still
being debated. However, at central synapses, which tend to
be small and contain relatively few vesicles in comparison
to the neuromuscular junction, the rapid time course of
the kiss-and-run mechanism may help avoid the problem
of vesicle depletion and the consequent failure of synaptic
transmission during periods of high activity (many neurons
in the CNS can show firing rates of several hundred hertz,
and a few types of neuron can fire at rates of ~ 1000 Hz).

Postsynaptic Potentials

Following vesicle fusion the neurotransmitter molecules are
released and diffuse across the synaptic cleft (a very rapid
process) and bind to receptors on the postsynaptic mem-
brane. This binding leads to the opening (or less often the
closing) of ion channels. These channels are termed ligand-
gated because their opening and closing are primarily con-
trolled by the binding of neurotransmitter. This mechanism
can be contrasted with that of the voltage-gated channels
underlying the action potential, whose opening and closing
are determined by the membrane potential. Some channels,
most notably the NMDA (/N-methyl-p-aspartate) channel,
are both ligand- and voltage-gated.

The focus of this section will be on ionotropic receptors,
which underlie fast synaptic transmission due to the ion
channel being part of the receptor protein. Metabotropic
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receptors, which initiate “slow” synaptic transmission,
are receptors that act on ion channels indirectly through
second-messenger cascades (see the section Receptors for
details). Despite the differing time courses, many of the
same basic principles apply to both types of postsynaptic
potentials (PSDs).

EPSPs (Excitatory PostSynaptic Potentials). As stated
carlier, the binding of neurotransmitter generally changes
the membrane potential of the postsynaptic cell, and these
changes are referred to as EPSPs when they increase the
excitability of the neuron and /PSPs when they inhibit the
neuron from firing action potentials. EPSPs are always depo-
larizing potentials, and IPSPs are usually hyperpolarizing.

Once a ligand-gated channel is open, the direction of
current flow through it is determined by the electrochemi-
cal driving force for the permeant ion(s). It turns out that
the pores of most channels that underlie EPSPs are relatively
large and therefore allow passage of most cations with simi-
lar ease. As an example, consider the acetylcholine-gated
channel that is opened at the neuromuscular junction. Na*
and K* are the major cations present (Na* extracellularly and
K* intracellularly); therefore, the net current through the
channel is approximately the sum of the Na* and K* cur-
rents (I, = I, + I,). Recall that the current through a chan-
nel from a particular ion is dependent on two factors: the
conductance of the channel to the ion and the driving force
on the ion. This relationship is expressed by the equation

Equation 6.1
Ix :gx ><(\/m _Ex)

where g_is the conductance of the channel to ion x, V_ is
the membrane potential, and E_is the Nernst equilibrium
potential for ion x. In this case g, is similar for Na* and K,
so the main determinant of net current is the relative driving
forces (V, - E)). If the membrane is at its resting potential
(typically around -70 mV), there is a strong driving force
(V, - Ey) for Na* to enter the cell because this poten-
tial is far from the Na* Nernst potential (about +55 mV),
whereas there is only a small driving force for K* to leave the
cell because V, is close to the K* Nernst potential (about
-90 mV). Thus, if acetylcholine-gated channels open when
the membrane is at its resting potential, a large inward Na*
current and a small outward K* current will flow through
the acetylcholine channel, thereby resulting in a net inward
current, which acts to depolarize the membrane.

The net inward current that results from opening such
channels is called the excitatory postsynaptic current
(EPSC). Fig. 6.7A contrasts the time course of the EPSC
and the resulting EPSP for fast synaptic transmission.
The EPSC is much shorter (=1-2 milliseconds in dura-
tion) and corresponds to the time the channels are actually
open. The short duration of the EPSC is due to the fact
that the released neurotransmitter remains in the synaptic
cleft for only a short while before being ecither enzymati-
cally degraded or taken up by either glia or neurons. Bind-
ing and unbinding of a neurotransmitter to its receptor take

place rapidly, so once its concentration falls in the cleft, the
postsynaptic receptor channels rapidly close as well and
terminate the EPSC. Note how the end of the EPSC cor-
responds to the peak of the EPSP, which is followed by a
long tail. The duration of the tail and the rate of the decay
in EPSP amplitude reflect the passive membrane properties
of the cell (i.e., its resistance-capacitance [RC] properties)
(see Chapter 5). In slow synaptic transmission, the dura-
tion of the EPSP reflects the activation and deactivation of
biochemical processes more than the membrane properties.
The long duration of even fast EPSPs (relative to EPSCs and
action potentials) is functionally important because it allows
EPSPs to overlap and thereby summate. Such summation is
central to the integrative properties of neurons (see the next
section, Synaptic Integration).

Normally an EPSP depolarizes the membrane, and if
this depolarization reaches threshold, an action potential is
generated. However, consider what happens if the channels
underlying the action potential are blocked and the mem-
brane of the postsynaptic cell is experimentally depolar-
ized by injecting current through an intracellular electrode.
Because the membrane potential is now more positive, the
driving force for Na* is decreased and that for K* increased.
If the synapse is activated at this point, the net current
through the receptor channel (the EPSC) will be smaller
because of changes in the relative driving force. This implies
that if the membrane potential is depolarized enough, there
will be a point at which the Na* and K* currents through
the channel are equal and opposite, and thus there is no
net current and no EPSP. If the membrane is depolarized
beyond this point, there is a net outward current through
the receptor channels and the membrane will hyperpolar-
ize (i.c., the EPSP will be negative). Thus, the potential at
which there is no EPSP (or EPSC) is known as the reversal
potential. For excitatory synapses, the reversal potential is
usually around 0 mV (+10 mV), depending on the synapse
(see Fig. 6.75,C).

It is worth noting that a reversal potential is a key crite-
rion for demonstrating the chemical-gated as opposed to the
voltage-gated nature of a synaptic response because currents
through voltage-gated channels do not reverse, except at the
Nernst potential of the ion for which they are selective (and
then only if the channel is open at that potential). Conse-
quently, beyond a certain membrane potential, no current
will flow through voltage-gated channels because they will
be closed. In contrast, ligand-gated channels can be opened
at any membrane potential and thus can always have a net
current flow through them, except at one specific voltage,
the reversal potential.

IPSPs (Inhibitory PostSynaptic Potentials). Like
EDPSDs, IPSPs are triggered by the binding of neurotransmit-
ter to receptors on the postsynaptic membrane and typically
involve an increase in membrane permeability as a result of
the opening of ligand-gated channels. They differ in that
IPSP channels are permeable to only a single ionic species,
cither Cl- or K*. Thus, IPSPs will have a reversal poten-
tial equal to the Nernst potential of the ion carrying the
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« Fig. 6.7 Properties of EPSPs. A, Time course of a fast EPSP compared with that of the underlying
EPSC. In many cases, such as this one, the EPSC is much shorter than the EPSP; however, sometimes
the EPSC can have a fairly extensive tail. B, Intracellularly recorded EPSPs at different levels of depolariza-
tion. EPSPs were evoked in motor neurons by stimulation of la afferents. The number to the left of each
trace indicates the membrane potential induced by injection of current through the electrode. At initial
membrane potentials of —42 and —-60 mV, the EPSP triggered an action potential. At more depolarized
levels, Na* channels are inactivated, so no spike occurs. C, To determine the EPSP reversal potential,
the initial membrane potential is plotted against the size of the EPSP (AV). This EPSP reversed at =7 mV.
EPSP, excitatory postsynaptic potential; EPSC, excitatory postsynaptic current (A, Data from Curtis DR,
Eccles JC. J Physiol 1959;145:529; B, Data from Coombs JS, Eccles JC, Fatt P. J Physiol 1955;130:374.)

underlying current. Typically, the Nernst potential for these
ions is somewhat negative relative to the resting potential,
so when IPSP channels open, there is an outward flow of
current through them that results in hyperpolarization of
the membrane (see Fig. 6.3).

However, in some cells, activation of an inhibitory syn-
apse may produce no change in potential (if the membrane
potential equals the Nernst potential for Cl- or K*) or may
actually result in a small depolarization. Nevertheless, in
both these cases, the reversal potential for the IPSP is still
negative with regard to the threshold for eliciting an action
potential (otherwise it would increase the probability of the
cell spiking and by definition be an EPSP). It may seem
counterintuitive that something that depolarizes the mem-
brane can still be considered inhibitory, but if it decreases
the probability of spiking, then it is indeed inhibitory (a
further explanation is given in the Synaptic Integration
section).

In sum, starting from the resting membrane potential,
EPSPs are always depolarizing, IPSPs can be cither depolar-
izing or hyperpolarizing, and a hyperpolarizing potential is
always an IPSP. Thus, the key distinction between inhibi-
tory and excitatory synapses (and IPSPs and EPSPs) is how
they affect the probability of the cell firing an action poten-
tial: EPSPs increase the probability, whereas IPSPs decrease
the probability.

Safety factor. Synapses between cells vary in strength
and thus in the size of the PSP generated in the postsynap-
tic cell. Many factors determine synaptic strength, includ-
ing the size and number of synaptic contacts between two
cells, its activity level and past history, and the probability of
vesicle fusion for the synapse. For excitatory synapses at the
neuromuscular junction, the strength of the synapse may be
quantified by what is known as its safety factor (the ratio
of postsynaptic depolarization amplitude to the amplitude
needed to reach the threshold to trigger an action potential).
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The neuromuscular junction has a high safety factor. When
a motor neuron action potential triggers release of neu-
rotransmitter at the neuromuscular junction, an end plate
potential (EPP; the equivalent of an EPSP in a neuron) is
generated in the muscle fiber. The EPP is so large that under
normal circumstances it depolarizes the sarcolemma well
above the action potential threshold and thus always trig-
gers a spike, leading to contraction of the muscle cell. A high
safety factor makes sense for the neuromuscular junction
because each muscle cell is contacted by only a single motor
neuron, and if that motor neuron is firing, the nervous sys-
tem has basically made the decision to contract that muscle.
In certain diseases of the neuromuscular junction, such as
myasthenia gravis and Lambert-Eaton syndrome, the EPPs
are reduced such that the safety factor can fall below 1, and
thus the EPPs sometimes fail to trigger action potentials in
the muscle fibers, leading to weakness.

In contrast to the neuromuscular junction, most CNS
synapses require summation of EPSPs, due to repetitive
activation of a single synapse or multiple active synapses, to
trigger an action potential in the postsynaptic neuron. This
summation process is at the core of synaptic integration,
which is taken up in the next section.

Synaptic Integration

The overall effect of a particular synapse is dependent on
its location. To understand this concept fully, we must first
recall that action potentials are typically generated at the
initial segment of the cell because it has the highest den-
sity of voltage-gated Na* channels and therefore the lowest
threshold for initiation of a spike. Thus, it is the summed
amplitudes of the synaptic potentials at this point, the ini-
tial segment, that is critical for the decision to spike. EPSPs
generated by synapses close to the initial segment (i.c.,
synapses onto the soma or proximal dendrites) will result
in a larger depolarization at the initial segment than will
EPSPs generated by synapses on distal dendrites (Fig. 6.84
single action potential in axon 2 versus 1). This is because
the cell membrane is leaky and synaptic currents are gener-
ated locally at the synapse, so even if two synapses generate
a local EPSC of the same size, less of the initial current will
arrive at the initial segment from the more distal synapse
than from the more proximal one, thereby resulting in the
generation of a smaller EPSP at the initial segment by the
distal synapse (see discussion of length constant in Chap-
ter 5). Thus, the synapse’s spatial location in the dendritic
tree is an important determinant of its efficacy. However,
as already mentioned, EPSPs generated by most CNS syn-
apses, even those in favorable positions (i.e., close to the
initial segment), are too small by themselves to reach the
spiking threshold in the postsynaptic cell, as illustrated in
Fig. 6.84, where an action potential in either axon 1 (distal)
or 2 (proximal) both produce EPSPs that are too small to
trigger a spike. Thus, generally the summed EPSPs from
multiple synapses are required to reach threshold and trig-
ger a spike.

Recording electrode

Axon hillock

I
®

EPSP(D)

WPQ)

EPSP(®

Action potential

D EPSP (2) alone

« Fig. 6.8 Synaptic integration of EPSPs recorded at the axon hillock
adjacent to the initial segment. A, Comparison of EPSPs evoked by
proximal versus distal synapses (2 versus 1). B, Temporal summation.
EPSPs in response to two spikes in the same axon occurring in rapid
succession (axon 2). C, Spatial summation. Responses evoked by
synapses that are electrically distant from each other (1 and 3). D, Sub-
linear summation of two synapses located near each other because of
shunting (2 and 4). EPSP, Excitatory postsynaptic potential.

The requirement for muldiple EPSPs to summate in order
to trigger a spike is what makes the relatively long duration
of EPSPs so important. Temporal summation refers to the
fact that EPSPs that are separated by a latency less than their
duration can sum. This is illustrated in Fig. 6.8 B, where the
same synapse is activated multiple times in rapid succession
(axons can fire action potentials at rates well over 100 Hz);
in this situation, successive EPSPs will be less than 10 mil-
liseconds apart and therefore overlap and sum. Note the
higher amplitude of the second peak.

Spatial summation refers to the fact that synaptic poten-
tials generated by different synapses can interact. For exam-
ple, in Fig. 6.8, suppose axon 1 and 3 each fire an action
potential but at widely separated times. Each produces an



EPSP that depolarizes the cell but is too small to reach
threshold (see Fig. 6.8C, EPSP1, EPSP3). Instead, if both
axons fire within a short enough time of each other, their
effect can be additive, as shown in Fig. 6.8C (EPSP 1+3).
The combined EPSP amplitude may then reach threshold
and lead to spiking of the cell. If the EPSPs generated by
axons 1 and 3 were simultaneous, then we would have an
example of pure spatial summation. In the example shown,
however, the times of the two EPSPs were slightly separated,
thus we have both spatial and temporal summation pres-
ent. The fact that EPSPs have a long time course (when
compared with action potentials or the underlying EPSCs)
facilitates both types of synaptic integration.

In the previous example, the combined EPSP was
approximately the linear summation of the two individual
EPSPs evoked by action potentials in axons 1 and 3. This is
the case when two synapses are far apart. If the two synapses
are close together, such as for axons 2 and 4 (see Fig. 6.8D),
the summation becomes less than linear because of what
is known as a shunting effect. That is, when synapse 2 is
active, channels are opened in the cell membrane, which
means that it is more leaky. Therefore, when synapse 4 is
also active, more of its EPSC will be lost (shunted) through
the dendritic membrane, and less current will be left to
travel down the dendrite to the initial segment. The result is
that synapse 4 causes a smaller EPSP at the initial segment
than it would have generated in isolation. Nevertheless, the
combined EPSP is still larger than an EPSP caused by either
synapse 2 or 4 alone.

Where do IPSPs fit into synaptic integration? Whereas
EPSPs add together to help bring the membrane potential
up to and beyond the spiking threshold, IPSPs subtract
from the membrane potential to make it more negative, and
therefore, further from threshold. In deciding whether to
spike, a cell adds the ongoing EPSPs and subtracts the IPSPs
to determine whether the sum reaches threshold. As with an
EPSD, the efficacy of an IPSP varies with its location.

In addition to subtracting algebraically from the mem-
brane potential, IPSPs exert an inhibitory action via the
shunting mechanism, just as was described earlier for EPSPs.
That is, while the IPSP channels are open, they make the
membrane more leaky (i.e., lower its resistance) and thereby
reduce the size of EPSPs, thus making them less effective.
This shunting mechanism explains how IPSPs that do not
change the membrane potential—or even those that slightly
depolarize it—can still decrease the excitability of the cell.
An alternative way to look at this effect is to view each syn-
apse as a device that tries to bring the membrane potential
to its own equilibrium potential. Because this potential is
below the action potential threshold in the case of IPSPs,
IPSPs make it harder for the cell to spike.

Thus far the interaction of synaptic potentials has been
presented under the assumption that the postsynaptic cell
membrane is passive (i.e., it acts as though it were simply
resistors and capacitors in parallel with each other). How-
ever, it is clear that the dendrites and somas of most, if not
all, neurons contain active elements (i.e., gated channels)
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that can amplify and alter EPSPs and IPSPs. For example,
a distal EPSP can have a larger-than-expected effect if the
EPSP activates dendritically located voltage-gated Na* or
Ca** channels that boost its amplitude or even generate
propagated dendritic action potentials. Another example is
Ca**-activated K* channels that are present in the dendrites
of some neurons. These channels are activated by the influx
of Ca** through synaptic channels or via dendritic voltage-
gated Ca** channels opened by EPSPs, or by the release of
Ca** from smooth endoplasmic reticulum, and can cause
long-lasting hyperpolarizations that effectively make the cell
inexcitable for tens to hundreds of milliseconds. As a final
example, there are some Ca'™* channels that underlie a low-
threshold Ca** spike. These channels are normally inactive
at resting membrane potentials, but the hyperpolarization
that results from a large IPSP can de-inactivate them and
allow them to open (and produce a spike) after termina-
tion of the IPSP. In this case “inhibition” actually increases
the cell’s excitability. In sum, synaptic integration is a highly
complex, nonlinear process. Nevertheless, the basic prin-
ciples just described remain at its core.

Modulation of Synaptic Activity

Integration of synaptic input by a postsynaptic neuron,
as described in the previous section, represents one aspect
of the dynamic nature of synaptic transmission. A second
aspect is that the strength of individual synapses can vary as
a function of their use or activity. That is, a synapse’s current
functional state reflects, to some extent, its history.

Activation of a synapse typically produces a response in
the postsynaptic cell (i.e., a PSP) that will be roughly the
same each time, assuming the postsynaptic cell is in a simi-
lar state. Certain patterns of synaptic activation, however,
result in changes in the response to subsequent activation
of the synapse. Such use-related changes may remain for
short (milliseconds to seconds) or long (minutes to days)
durations and may be either a potentiation or diminish-
ment of the synapse’s strength. These changes in synaptic
efficacy are a critical feature of synaptic transmissions, in
part, because they undetlie cognitive abilities such as learn-
ing and memory.

Paired-Pulse Facilitation

When a presynaptic axon is stimulated twice in rapid suc-
cession, it is often found that the PSP evoked by the sec-
ond stimulus is larger in amplitude than the one evoked
by the first (Fig. 6.9). This increase is known as paired-
pulse facilitation (PPF). Note PPF is distinct from tem-
poral summation, in which two EPSPs ovetlap and sum
to a larger response; with PPF the second EPSP itself is
greater in size. If one plots the relative size of the two PSPs
as a function of the time between two stimuli, the amount
of increase in the second PSP will be seen to depend on
the time interval. Maximal facilitation occurs at around 20
milliseconds, followed by a gradual reduction in facilitation
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« Fig. 6.9 A, Facilitation at a neuromuscular junction. EPPs at a neuromuscular junction in toad sarto-
rius muscle were elicited by successive action potentials in the motor axon. Neuromuscular transmission
was depressed by 5 mM Mg* and 2.1 mM curare so that action potentials did not occur. B, EPPs at a
frog neuromuscular junction elicited by repetitively stimulating the motor axon at different frequencies.
Note that facilitation failed to occur at the lowest frequency of stimulation (1/second) and that the degree
of facilitation increased with increasing frequency of stimulation in the range of frequency used. Neuro-
muscular transmission was inhibited by bathing the preparation in 12 to 20 mM Mg**. C, Post-tetanic
potentiation at a frog neuromuscular junction. The top two traces indicate control EPPs in response to
single action potentials in the motor axon. Subsequent traces indicate EPPs in response to single action
potentials after tetanic stimulation (50 impulses/second for 20 seconds) of the motor neuron. The time
interval between the end of tetanic stimulation and the single action potential is shown on each trace. The
muscle was treated with tetrodotoxin to prevent generation of action potentials. EPPs, End plate potentials
(A, Redrawn from Belnave RJ, Gage PW. J Physiol 1977;266:435; B, redrawn from Magelby KL. J Physiol
1973;234:327; C, redrawn from Weinrich D. J Physiol 1971;212:431.)

as the interstimulus interval continues to increase; with
intervals of several hundred milliseconds, the two PSPs are
equal in amplitude and no facilitation is observed. Thus,
PPF is a relatively rapid and short-lasting change in synap-
tic efficacy.

Post-tetanic Potentiation

Post-tetanic potentiation (PTP) is similar to PPF; how-
ever, in this case the responses are compared before and
after stimulation of the presynaptic neuron tetanically (tens
to hundreds of stimuli at a high frequency). Such a tetanic
stimulus train causes an increase in synaptic efficacy (see
Fig. 6.9C). PTD like PPF, is an enhancement of the postsyn-
aptic response, but it lasts longer: tens of seconds to several
minutes after the cessation of tetanic stimulation.
Numerous experiments have shown that PPF and PTP
are the result of changes in the presynaptic terminal and
do not generally involve a change in the sensitivity of the
postsynaptic cell to transmitter. Rather, the repeated stimu-
lation leads to an increased number of quanta of transmitter
being released. This increase is thought to be due to residual
amounts of Ca* that remain in the presynaptic terminal
after each stimulus and help potentiate subsequent release of
transmitter. However, the exact mechanism or mechanisms
by which this residual Ca** enhances release is not yet clear.
The residual Ca** does not, however, appear to act simply by
binding to the same sites as the Ca** that enters at the active

zone and directly triggers vesicle fusion in response to the
action potential.

Synaptic Depression

Use of a synapse can also lead to a short-term depression in
its efficacy. Most commonly, the postsynaptic cell at such a
fatigued or depressed synapse responds normally to trans-
mitter applied from a micropipette; hence, as was the case
for PPF and PTD, the change is presynaptic. In general, the
depression is thought to reflect depletion of the number of
releasable presynaptic vesicles. Thus, short-term depression
of synaptic transmission is most often and most easily seen
at synapses in which the probability of release after a single
stimulus is high and under conditions that favor release
(i.e., high [Ca™]). A postsynaptically related cause of synap-
tic depression can be desensitization of the receptors in the
postsynaptic membrane.

Both potentiation and depressive processes can occur
at the same synapse; in general, the type of modulation
observed will depend on which process dominates. This in
turn can reflect stimulus parameters, local ionic conditions,
and the properties of the synapse. In particular, synapses
have different baseline probabilities for releasing vesicles.
Synapses with a high release probability will be more likely
to show poststimulus depression, whereas those with low
release probability are less likely to deplete their vesicle store
and thus can be facilitated more easily. Sometimes mixed



responses can occur. For example, during a tetanic stimulus
train a synapse may show a depressed response, but after the
train the synapse can show post-tetanic facilitation once the
vesicles are recycled.

Presynaptic Receptors Can Modulate
Transmitter Release

Just as the postsynaptic membrane contains receptors for
neurotransmitters, so does the presynaptic membrane.
When these presynaptic receptors bind neurotransmit-
tet, they cause events that can modulate subsequent release
of transmitter by the terminal. There are several sources of
transmitter that bind to presynaptic receptors: it can be
the transmitter released by the terminal itself (i.e., self-
modulation, in which case the receptors are referred to as
autoreceprors), it can be released by another presynaptic ter-
minal that synapses onto the terminal (a serial synapse), or
it can be a nonsynaptically acting neurotransmitter (see the
section Neurotransmitters).

Presynaptic receptors can be either ionotropic or
metabotropic. In the latter case, recall that their action will
be relatively slow in onset and long in duration and the
effect will depend on the specific second messenger cas-
cades that are activated. Such cascades can ultimately regu-
late presynaptic voltage-gated Ca* and K* channels and
other presynaptic proteins and thereby alter the probability
of vesicle release.

In contrast, activation of presynaptic ionotropic recep-
tors will directly alter the electrical properties of the presyn-
aptic terminal and cause rapid transient (millisecond time
scale) changes in the probability of vesicle release (although
they too can have much longer lasting effects). Binding of
an ionotropic receptor will open channels in the presynap-
tic terminal and thereby alter the amount of transmitter
released by an action potential.

Presynaptic inhibition refers to occasions when bind-
ing of presynaptic receptors leads to a decrease in release of
transmitter, and it can be the result of one or more mecha-
nisms (Fig. 6.10). First, opening of channels decreases
membrane resistance and creates a current shunt. The
shunt acts to divert the current associated with the action
potential from the active zone membrane and thereby less-
ens the depolarization of the active zone, which results in
less activation of Ca™ channels, less Ca* entry, and less
release of transmitter. A second mechanism is the change in
membrane potential caused by the opening of presynaptic
ionotropic channels. If a small depolarization is the result,
there will be inactivation of voltage-gated Na* channels and
thereby lessening of the action potential-associated current
and transmitter release. Presynaptic y-aminobutyric acid A
receptors (GABA,) occur in the spinal cord and mediate
presynaptic inhibition by these mechanisms. They control
Cl" channels. Generally, opening of Cl- channels generates
a hyperpolarization. However, in the presynaptic terminal,
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 Fig. 6.10 Presynaptic inhibition. Active regeneration of action
potentials in axon 2 ends at the last node. The action potential is then
passively conducted into the terminal. Axon 1 makes an axoaxonic
synapse with axon 2. Activation of this synapse reduces conduction of
the action potential in axon 2 to the active zone of its synaptic termi-
nal by mechanisms described in the text. This reduces the opening of
voltage-gated Ca** channels and therefore release of neurotransmitter.

the [Cl] gradient is such that Cl- flows out of the cell and
generates a small depolarization. This depolarization is small
enough that it does not cause significant opening of voltage-
gated Ca** channels; otherwise, it would increase release of
transmitter (presynaptic facilitation). In fact, there are other
receptors that control cation channels and create large depo-
larizations, thereby increasing the release of transmitter. In
addition, presynaptic nicotinic acetylcholine receptors con-
trol a cation channel that is permeable to Ca**. By allowing
additional entry of Ca*, these receptors increase the release
of transmitter from the terminal.

Long-Term Changes in Synaptic Strength

Repetitive stimulation of certain synapses in the brain can
also produce more persistent changes in the efficacy of
transmission at these synapses—a process called long-term
potentiation or long-term depression. Such changes can
persist for days to weeks and are believed to be involved in
the storage of memories.

The increased synaptic efficacy that occurs in long-term
potentiation predominantly involves changes in the post-
synaptic site, in contrast to the short-term changes that
involve changes in presynaptic function. Entry of Ca** into
the postsynaptic region is an early step required for initiat-
ing the changes that result in long-term enhancement of
the response of the postsynaptic cell to neurotransmitter.
Entry of calcium occurs through NMDA recepror—acti-
vated channels (see classes of glutamate receptors; see the
section Receptors). Entry of Ca* is believed to activate
Ca**-calmodulin kinase II, a multifunctional protein kinase
that is present in very high concentrations in postsynaptic
densities. In the presence of high [Ca*], this kinase can
phosphorylate itself and thereby become active. Calcium-
calmodulin kinase II is believed to phosphorylate pro-
teins, which in turn, leads insertion of additional AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptors into the postsynaptic membrane. An increase in
AMPA receptors results in an increase in long-term synaptic
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efficacy. Long-term potentiation may also have an anatomic
component. After appropriate stimulation of a presynaptic
pathway, the number of dendritic spines and the number
of synapses on the dendrites of postsynaptic neurons may
increase rapidly. Changes in the presynaptic nerve termi-
nal may also contribute to long-term potentiation at some
synapses.

Neurotransmitters

Neurotransmitters are the substances that mediate chemical
signaling between neurons. For a substance to be consid-
ered a neurotransmitter, it must meet several generally rec-
ognized criteria. First, the substance must be demonstrated
to be present in the presynaptic terminal, and the cell must
be able to synthesize the substance. It should be released
on depolarization of the terminal. Finally, there should be
specific receptors for it on the postsynaptic membrane. This
last criterion is certainly true for substances that act as syn-
aptic transmitters, but if we want to be inclusive and include
substances that act over widespread territories rather than
just at a single synapse, the last criterion needs to be relaxed
to include situations in which receptors are located at sites
outside the synapse. Neurotransmission has been suggested
as a general term to describe both synaptic and nonsynaptic
signaling between cells.

More than 100 substances have been identified as
potential neurotransmitters because they have met some
(hence the “potential” qualifier) or all of these criteria.
These substances can be subdivided into three major cat-
egories: small-molecule transmitters, peptides, and gaseous
transmitters. The small-molecule neurotransmitters may
be further subdivided into acetylcholine, amino acids, bio-
genic amines, and purines. Of the small-molecule trans-
mitters, all but the purines are considered to be classic
neurotransmitters.

Small-Molecule Neurotransmitters
Acetylcholine

In the peripheral nervous system, acetylcholine is the trans-
mitter at neuromuscular junctions, at sympathetic and para-
sympathetic ganglia, and of the postganglionic fibers from
all parasympathetic ganglia and a few sympathetic ganglia.
It is also a transmitter within the CNS, most prominently
of neurons in some brainstem nuclei, in several parts of the
basal forebrain (septal nuclei and nucleus basalis) and basal
ganglia, and in the spinal cord (e.g., motor neuron axon
collaterals). Cholinergic neurons from the basal forebrain
areas project diffusely throughout the neocortex, the hippo-
campus, and the amygdala, and they have been implicated
in memory function. Degeneration of these cells occurs in
Alzheimer’s disease, in which memory function is gradually
and progressively lost, suggesting a possible role for cholin-
ergic neurons in dementia.

A number of drugs known as anticholinesterases interfere
with acetylcholinesterase and thereby enhance the action of
acetylcholine by prolonging its presence at its synapses. Such
drugs include insecticides and chemical warfare agents, as
well as some therapeutic drugs, such as those used to treat
myasthenia gravis. Myasthenia gravis is an autoimmune
disease in which antibodies bind to acetylcholine receptors
at the neuromuscular junction, thereby disrupting their
functionality and causing them to be more rapidly degraded.
This reduction in receptors leads to severe weakness and
ultimately paralysis. The weakness is characterized by rapid
tiring of the muscle with repeated use. Rapid tiring occurs
because the number of presynaptic vesicles available for
release drops during the high-frequency train of motor neuron
action potentials that generates such contractions. Normally,
because of the high safety factor of the neuromuscular
junction, smaller but still suprathreshold EPPs would still

be generated and maintain muscle contraction during
repeated use. In people with myasthenia gravis, the safety
factor is so reduced by the loss of acetylcholine receptors
that the decrease in release of acetylcholine with repeated
activity leads to EPPs that fail to trigger spikes, and thus
muscular contraction fails. Standard treatments include
anticholinesterases, which allow a greater concentration of
acetylcholine to partially overcome the deficit caused by the
reduced number of functional postsynaptic receptors, and
immunosuppressive therapies and plasma exchange, which
reduce levels of autoantibodies against the acetylcholine
receptor. These therapies are all relatively nonspecific and can
therefore have many side effects. Potential future therapies
are being developed and include inducing tolerance to the
acetylcholine receptor and selective destruction of the B cells
that make antibodies against the receptor.

Acetylcholine is synthesized from acetyl coenzyme A and
choline by the enzyme choline acetyltransferase, which is
located in the cytoplasm of cholinergic presynaptic termi-
nals. After synthesis, acetylcholine is concentrated in vesi-
cles. After release, the action of acetylcholine is terminated
by the enzyme acetylcholinesterase, which is highly concen-
trated in the synaptic cleft. Acetylcholinesterase hydrolyzes
acetylcholine into acetate and choline. The choline is then
taken up by an Na* symporter in the presynaptic mem-
brane for the resynthesis of acetylcholine. The extracellu-
lar enzymatic degradation of acetylcholine is unusual for a
neurotransmitter inasmuch as the synaptic action of other
classic neurotransmitters is terminated via reuptake by a
series of specialized transporter proteins.

Amino Acids

A variety of amino acids function as neurotransmitters. The
three most important are glutamate, GABA, and glycine.
Glutamate is the neurotransmitter at the overwhelm-
ing majority of excitatory synapses throughout the CNS.
Despite its ubiquity, it was initially difficult to identify spe-
cific neurons as glutamatergic because glutamate is present
in all cells; it has a key role in multiple metabolic pathways,
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and it is a precursor to GABA, the major inhibitory neu-
rotransmitter. Nevertheless, experimental results have now
clearly established glutamate as the major excitatory CNS
neurotransmitter.

In addition to being the main excitatory neurotransmit-
ter, glutamate is a potent excitotoxin at high concentrations.
Thus, glutamate is highly regulated after its release from
the presynaptic terminal, not only to allow normal synap-
tic transmission, but also to prevent cell death. This task is
accomplished by specialized membrane transporter proteins
(Fig. 6.11 and At the Cellular Level box) and absorption by
astrocytes.

GABA and glycine act as inhibitory neurotransmitters.
GABA is the major inhibitory transmitter throughout the
nervous system. GABA is produced from glutamate by a
specific enzyme (glutamic acid decarboxylase) that is pres-
ent only in neurons that use GABA as a transmitter. Thus,
experimentally, it is possible to identify cells as inhibitory
GABAergic neurons by using antibodies to this enzyme to
mark them (immunolabeling, see Fig. 6.18). Many local
interneurons are GABAergic. In addition, several brain
regions contain large numbers of GABAergic projection
neurons. The most notable are the medium spiny neu-
rons of the striatum and the Purkinje cells of the cerebellar
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cortex. The inhibitory nature of Purkinje cells was especially
surprising because they represent the entire output of the
cerebellar cortex, and thus cerebellar cortical activity basi-
cally functions to suppress the activity of its downstream
targets (cerebellar and vestibular nuclei).

Glycine functions as an inhibitory neurotransmitter in
a much more restricted territory. Glycinergic synapses are
predominantly found in the spinal cord, where they repre-
sent approximately half of the inhibitory synapses. They are
also present in the lower brainstem, cerebellum, and retina.
Interestingly, glycine also has another synaptic function.
At excitatory NMDA-type glutamate receptors, glycine
must also be bound for the ion channel to open. Thus, it
acts as a co-transmitter at these synapses. It was generally
thought that under physiological conditions the extracellu-
lar glycine concentration was high enough that the glycine
binding sites of the NMDA channel were always saturated,
but recent results suggest that this may not always be true,
which implies that fluctuations in glycine levels may also
be an important modulator of NMDA-mediated synaptic
transmission.

After GABA and glycine are released from the presynap-
tic terminal, they are taken back up into the nerve termi-
nal and neighboring glia by high-affinity Na*-Cl—coupled
membrane transporters. These Na*-Cl- transporters are part
of what is called the solute carrier 6 (SLC6) family of trans-
porters that also includes those for the biogenic amine neu-
rotransmitters, but it is distinct from those for glutamate.
Transport of the neurotransmitter into the cell is accom-
plished by symport with two Na* and one Cl- ion. Four
GABA transporter (GAT1, GAT2, GAT3, and BGT1I) genes
have been identified; however, GAT1 and GAT3 are the
ones that are highly expressed in the CNS. Depending on
region and species, they may be expressed in neurons and/or
in glia. There are two main glycine transporters, GlyT1 and
GlyT2. GlyT1 is found predominantly on astrocytes and is
present throughout the CNS. In contrast, GlyT2 is located
on glycinergic nerve terminals and is largely restricted to the
spinal cord, brainstem, and cerebellum.

Biogenic Amines

Many of the neurotransmitters in this category may be famil-
iar because they have roles outside the nervous system, often
as hormones. Among the amines known to act as neurotrans-
mitters are dopamine, norepinephrine (noradrenaline),
epinephrine (adrenaline), serotonin (5-hydroxytryptamine
[5-HT]), and histamine. Dopamine, norepinephrine, and
epinephrine are catecholamines, and they share a common
biosynthetic pathway that starts with the amino acid tyro-
sine. Tyrosine is converted to L-dopa by the enzyme tyro-
sine hydroxylase. L-Dopa is then converted to dopamine by
dopa-decarboxylase. In dopaminergic neurons, the pathway
stops here. In noradrenergic neurons, another enzyme, dopa-
mine B-hydroxylase, converts dopamine to norepinephrine.
Epinephrine is obtained by adding a methyl group to nor-
epinephrine via phenylethanolamine-/V-methyl transferase.
In serotoninergic neurons, serotonin is synthesized from the

essential amino acid tryptophan. Tryptophan is first con-
verted to 5-hydroxytryptophan by tryptophan 5-hydroxylase,
which is then converted to serotonin by aromatic L-amino
acid decarboxylase. Finally, in histaminergic neurons the
conversion of histidine to histamine is catalyzed by histidine
decarboxylase.

Removal of synaptically released biogenic amines is
generally accomplished by reuptake into astrocytes and
neurons via transporters belonging to the Na*-Cl—depen-
dent transporter family. The catecholamines are then
degraded by two enzymes, monoamine oxidase and catechol
O-methyltransferase.

§ AT THE CELLULAR LEVEL

At least five transporters (EAAT1-EAAT5, in which EAAT
stands for excitatory amino acid transporter) that carry
glutamate across the plasma membrane have been
identified. They are all part of the Na*-K*—dependent family of
transporters. Inward movement of each glutamate molecule
is driven by the cotransport of three Na* ions and one H* ion
and the countertransport of one K* ion out of the cell (see
Fig. 6.11B). In addition, the transporter has CI- conductance,
although passage of ClI- ions is not stoichiometrically linked
to glutamate transport. Glutamate transporters are found on
both neurons and glia. However, the transporters differ in their
regional and cellular distribution and in their pharmacological
and biophysical properties. For example, EAAT2 is found

on glia and is generally responsible for more than 90% of
glutamate uptake from the extracellular space. The glutamate
taken up into glial cells by EAAT2 is eventually returned to
the presynaptic terminal by the glutamate-glutamine cycle
(see Fig. 6.11). Inside glial cells, glutamate is converted to
glutamine. Glutamine is then transported out of the glial

cell and back into the presynaptic terminal, where it is
subsequently converted back to glutamate. Glutamate inside
the presynaptic terminal is packaged into synaptic vesicles
by a second set of glutamate transporters known as vGLUTs
(vesicular glutamate transporters), which are present

in the membrane of glutamatergic vesicles. Transport of
glutamate into synaptic vesicles by vGLUT is driven by the
countertransport of H* ions, the electrochemical gradient for
which having been established by an H*-ATPase in the vesicle
membrane.

Within the CNS, neurons that generate biogenic amines
as neurotransmitters are primarily found within one of a
few brainstem nuclei, most of which project rather dif-
fusely throughout large areas of the brain. Noradrenergic
neurons are primarily found in the locus coeruleus and
nucleus subcoeruleus, which are located near each other in
the dorsal part of the rostral pons. The neurons of the locus
coeruleus project throughout the entire brain. Targets of the
nucleus subcoeruleus are more limited, but still widespread
and include the pons, medulla, and spinal cord. (Norepi-
nephrine is also important in the peripheral nervous system
because it is used by postganglionic sympathetic cells.) Sero-
toninergic fibers arise from a series of nuclei located at the
midline of the brainstem, known as the raphe nuclei. Similar



to the noradrenergic fibers, serotoninergic fibers are distrib-
uted throughout most of the brain and spinal cord. Dopa-
minergic fibers arise from two main brainstem regions: the
substantia nigra pars compacta, which projects to the stria-
tum, and the ventral tegmental area, which projects more
widely to the neocortex and subcortical areas, including the
nucleus accumbens and amygdala. Histaminergic neurons
are located within the tuberomammillary nucleus of the
hypothalamus and project diffusely throughout the CNS.
Finally, adrenergic neurons are relatively few in number
when compared with the other biogenic amine transmic-
ters. They have cell bodies localized to small cell groups in
the rostral medulla. The largest group, termed C1, has pro-
jections to the locus coeruleus and down to the thoracic and
lumbar levels of the spinal cord, where they terminate in the
autonomic nuclei of the intermediolateral and intermedio-
medial cell columns. Thus, these neurons are important for
autonomic functions, particularly vasomotor ones, such as
control of arterial pressure.

The diffuse projection pattern of most of the amine
systems leads to widespread consequences, such as setting
global brain states. For example, these systems are involved
in setting the level of arousal (sleep, waking), attention, and
mood. Their involvement in pathways connected with the
hypothalamus and other autonomic centers also indicates
that they have important homeostatic functions. The role
of dopamine in balancing the flow of activity through the
basal ganglia pathways and how its loss leads to the motor
symptoms observed in Parkinson’s disease are described in
Chapter 9.

Purines

ATP has the potential to act as a transmitter or co-transmit-
ter at synapses in the peripheral and central nervous systems.
ATP is found in all synaptic vesicles and thus is co-released
during synaptic transmission. ATP has its own receptors,
which like standard neurotransmitters are coupled to ion
channels, but it can also modify the action of other neu-
rotransmitters with which it is co-released, including nor-
epinephrine, serotonin, glutamate, dopamine, and GABA.
Glial cells may also release ATP after certain types of stimu-
lation. Once released, ATP is broken down by ATPases and
5-nucleotidase to adenosine, which can be taken up again
by the presynaptic terminal.

Peptides

Peptide neurotransmitters consist of chains of between 3
and about 40 amino acids. Studies of neuropeptides focused
on the hypothalamus for many years. However, it is now
clear that neuropeptides are released by neurons and act
on receptors throughout the CNS. To date, more than 100
neuropeptides have been identified. They can be classified
into several functional groups, as shown in Box 6.1, which
lists some of the known neuropeptides. It is now clear that
many neurons that release classic neurotransmitters also
release neuropeptides. As detailed later, understanding the
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interaction between coexisting classic and peptide transmit-
ters has become an important area of research. In addition
to being co-released with another transmitter, neuropep-
tides can also function as the sole or primary neurotrans-
mitter at a synapse.

In some ways, neuropeptides are like the classic neu-
rotransmitters: they are packaged into synaptic vesicles,
their release is dependent on Ca*™, and they bind to specific
receptors on target neurons. However, there are also signifi-
cant differences, ones that have led to alternative names for
the intercellular communication mediated by neuropep-
tides, such as nonsynaptic, parasynaptic, and volume trans-
mission. Table 6.1 summarizes some of these differences
between classic and peptide neurotransmiteers.

Unlike classic neurotransmitters, which are synthesized
at the presynaptic terminal, neuropeptides are synthe-
sized at the cell body and then transported to the termi-
nal (see Fig. 6.2). Neuropeptides are packaged into large
electron-dense vesicles, called dense core vesicles, scat-
tered throughout the presynaptic terminal, unlike classic
neurotransmitters in small electron-lucent vesicles docked
at the active zone. (In neurons that make multiple neu-
ropeptides, the various peptides are co-stored in the same
vesicles.) Neuropeptide receptors are not confined to the
synaptic region, and in general, peptide action is not limited
by reuptake mechanisms.

Each of these differences has functional implications. For
example, the separate storage of peptide and nonpeptide
transmitters immediately raises the question of whether the
two transmitters are co-released or differentially released in
response to particular stimulation patterns.

In fact, differential release of peptide and classic trans-
mitters from the same cell has been demonstrated for several
types of neurons and is probably a result of the differences
in vesicle storage. Because of their proximity to the active
zones, nonpeptide small vesicles can be released rapidly
(<1 millisecond) following localized influx of Ca™ inid-
ated by action potentials at the presynaptic terminal. As
a consequence, low-frequency stimulation of the cell, and
relatively small increases in [Ca*'], is sufficient for triggering
the release of nonpeptide transmitter. In contrast, higher-
frequency stimulation of a presynaptic neuron, and greater
influx of [Ca**], leads to the mobilization and release of neu-
ropeptide, as well as neurotransmiteer.

When neuropeptides are co-released with other trans-
mitters, they may act synergistically or antagonistically.
For example, in the spinal cord, tachykinins and calcito-
nin gene—related peptide (CGRP) act synergistically with
glutamate and with substance P to enhance the action of
serotonin. Conversely, tachykinins and CGRP antagonize
norepinephrine’s action at other synapses. The interactions,
however, are not simply a one-to-one synergism or antago-
nism at a particular synapse because of the differing tem-
poral and spatial profiles of the action of peptides versus
classic transmitters. In particular, the slower release and lack
of rapid reuptake mean that neuropeptides can act for long
durations, diffuse over a region of brain tissue, and affect
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* BOX 6.1

Hypothalamic Hormones

Corticotropin-releasing hormone (CRH)

Growth hormone-releasing hormone (GHRH)
Luteinizing hormone-releasing hormone (LHRH)
Oxytocin

Somatostatin

Thyrotropin-releasing hormone (TRH)
Vasopressin

NPY-Related Peptides
Neuropeptide Y

Opioid Peptides
Dynorphin

Methionine enkephalin
Leucine enkephalin

Tachykinins

Neurokinin o
Neurokinin
Neuropeptide K
Substance P

VIP-Glucagon Family

Glucagon-like peptide 1

Peptide histidine-leucine

Pituitary adenylyl cyclase—activating peptide (PACAP)
Vasoactive intestinal polypeptide (VIP)

Others

Adrenocorticotropic hormone (ACTH)
Brain natriuretic peptide
Cholecystokinin (CCK)

Galanin

Hypocretins/orexins

Neurotensin

Motilin

Insulin

a-Melanocyte-stimulating hormone (a-MSH)
Neurotensin

Prolactin-releasing peptide
Secretoneurin

Urocortin

all cells in that region (that have the appropriate receptors)
rather than just acting at the specific synapse at which it was
released. In fact, studies have shown that there is often a spa-
tial mismatch between the presynaptic terminals that con-
tain a particular neuropeptide and the sites of the receprors
for that peptide. In sum, peptides released from a particular
synapse probably affect the local neuronal population as a
whole, whereas the co-released classic transmitters act in
more of a point-to-point manner.

Opioid Peptides

Opioids and opiates, terms often used interchangeably, are
compounds that act on opioid receptors. More accurately,
opioids include all natural, synthetic, or semisynthetic
chemicals, whereas opiates refer to natural opioids derived

from the opium poppy, such as herion, morphine, and
codeine. Examples of synthetic opioids, include methadone,
fentanyl, and oxycodone.

The three major classes of endogenous opioids—peptides
made in neurons—are enkephalins, endorphins, and
dynorphins. Enkephalins are the simplest opioids; they
are pentapeptides. Dynorphins and endorphins are some-
what longer peptides that contain a dynorphin sequence or
endorphin sequence at their N-terminal ends.

Opioid peptides are widely distributed in neurons of the
CNS and intrinsic neurons of the gastrointestinal tract. The
endorphins are discretely localized in particular structures of
the CNS, whereas the enkephalins and dynorphins are more
widely distributed. Most notably, opioids inhibit neurons in
the brain involved in the perception of pain—opioid pep-
tides are among the most potent analgesic (pain-relieving)
compounds known, and are used therapeutically as powerful
analgesics. Opioids can also lead to feelings of pleasure, con-
tentment, and relaxation. Because of these qualities and their
pharmacokinetic properties, opioids can be highly addictive.

Substance P

Substance P is a peptide consisting of 11 amino acids. It is
present in specific neurons in the brain, in primary sensory
neurons, and in plexus neurons in the wall of the gastroin-
testinal tract. The wall of the gastrointestinal tract is richly
innervated with neurons that form networks or plexuses (see
also Chapter 27). The intrinsic plexuses of the gastrointes-
tinal tract exert primary control over its motor and secre-
tory activities. These enteric neurons contain many of the
neuropeptides, including substance B, that are found in the
brain and spinal column. Substance P is involved in pain
transmission and has a powerful effect on smooth muscle.

Substance P is probably the transmitter used at synapses
made by primary sensory neurons (their cell bodies are in
the dorsal root ganglia) with spinal interneurons in the dor-
sal horn of the spinal column, and thus it is an example
of a peptide acting as a primary transmitter at a synapse.
Enkephalins act to decrease the release of substance P at
these synapses and thereby inhibit the pathway for pain sen-
sation at the first synapse in the pathway.

Endocannabinoids

Endocannabinoids, thus named because they are endogenously
produced and bind to cannabinoid receptors, are expressed
throughout the CNS. The basic properties and characteris-
tics of the endocannabinoid system are still being discovered.
Endocannabinoids appear to be involved in widespread physi-
ological and cognitive processes, including appetite, pain sen-
sation, mood, emotion and motivation, and more.

Cannabinoids are found in the cannabis plant, or are
synthetic compounds, which interact with the endocan-
nabinoid system. Tetrahydrocannabinol (Delta-9-THC;
THC) and cannabidiol (CBD) are the major constituents
of cannabis plants. THC is the primary psychoactive com-
ponent of the Cannabis plant; cannabidiol has litdle, if any,
psychotropic effects.



The primary endocannabinoids are known are anan-
damide (/N-arachidonoylethanolamide; AEA) and 2-AG
(2-arachidonoylglycerol). They are arachidonate-based lipids
produced at the site of release. Unlike traditional neurotrans-
mitters, they are not stored in vesicles and relatively little is
known about their synthetic processes. Endocannabinoids
act as neuromodulators that provide retrograde signaling
between neurons. Because they are lipids and hydrophobic,
endocannabinoids can travel relatively long distances in the
aqueous extracellular medium. Unlike conventional neu-
rotransmitters released by a presynaptic terminal and bind-
ing to postsynaptic neurons, endocannabinoids provide a
retrograde signal: they are released from the postsynaptic
cells and act on receptors on presynaptic axonal terminals.
Activation of cannabinoid receptors leads to a reduction of
neurotransmitter release, thus providing a mechanism for
the postsynaptic neuron to control how much activation it
receives from a given presynaptic terminal.

Gas Neurotransmitters

Gas neurotransmitters are neither packaged into synaptic ves-
icles nor released by exocytosis. Instead, gas neurotransmitters
are highly permeant and simply diffuse from synaptic termi-
nals to neighboring cells after synthesis, their synthesis being
triggered by depolarization of the nerve terminal (the influx of
Ca™ activates synthetic enzymes). Moreover, there are no spe-
cific reuptake mechanisms, nor do they undergo enzymatic
destruction, so their action appears to be ended by diffusion
or binding to superoxide anions or various scavenger proteins.
Both nitric oxide (NO) and carbon monoxide (CO) are
examples of gaseous neurotransmitters. NO is a transmitter
at synapses between inhibitory motor neurons of the enteric
nervous system and gastrointestinal smooth muscle cells (see
Chapter 27). NO also functions as a neurotransmitter in the
CNS. The enzyme NO synthase catalyzes the production of
NO as a product of the oxidation of arginine to citrulline.
This enzyme is stimulated by an increase in cytosolic [Ca*™].

In addition to serving as a neurotransmitter, NO func-
tions as a cellular signal transduction molecule both in neu-
rons and in nonneuronal cells (e.g., vascular smooth muscle;
see Chapter 14). One way that NO functions as a signal
transduction molecule is by regulating guanylyl cyclase,
the enzyme that produces cGMP from GTP. NO binds to a
heme group in soluble guanylyl cyclase and potently stimu-
lates the enzyme. Stimulation of this enzyme leads to an
elevation in cGMP in the target cell. The cGMP can then
influence multiple cellular processes.

Neurotransmitter Receptors

The mulditude of neurotransmitters used in the nervous
system provides it with a specific and flexible interneuronal
communications system. These characteristics are even fur-
ther enhanced by the variety of receptors for each neurotrans-
mitter. Receptors for a particular neurotransmitter were
traditionally distinguished primarily by pharmacological
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differences in their sensitivity to particular agonists and
antagonists. For example, acetylcholine receptors were
split into muscarinic and nicotinic classes, depending on
whether they bind muscarine or nicotine. Similarly, gluta-
mate receptors were split into three main groups according
to their sensitivity to the agonists NMDA, kainic acid, or
AMPA. Though useful, this classification scheme has several
limitations: some receptors fail to be activated by agonists,
and it fails to disclose all the various receptor subtypes for a
particular transmitter. Over the past 20 years or so, molec-
ular biological approaches have been used to identify and
sequence the receptor genes for many of the known neu-
rotransmitters. It is thought that we now have a relatively
complete catalog of the genes for these receptors. What this
work has revealed is that there is a tremendous diversity of
actual and potential receptor subtypes that are or could be
used by the nervous system. Moreover, knowledge of the
gene sequences has enabled an understanding of the rela-
tionship of different receptor proteins to each other and to
other important proteins. This knowledge, combined with
the results of biochemical, crystallographic, and other types
of studies, has led to a much deeper understanding of the
structural and functional workings of receptor proteins. In
particular, various receptors can be grouped into families
based on gene sequences, and members of each family share
various structural and functional features.
Neurotransmitter receptors are members of one of two
large groups or families of proteins: ligand-gated ion chan-
nels, also known as ionotropic receprors, and G protein—
coupled receptors, referred to as metabotropic receptors (Fig.
6.12A,B). Almost all classic neurotransmitters and neu-
ropeptides have at least one metabotropic-type receptor.
Many of the classic neurotransmitters also have at least one
ionotropic receptor. lonotropic receptors are protein com-
plexes that both have an extracellular binding site for the
transmitter and form an jon channel (pore) through the
cell membrane. The receptor is made up of several protein
subunits, usually three to five, each of which typically has
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The ionotropic receptors can be divided into several
superfamilies. Members of the cys-loop superfamily have
peptide subunits that have an N-terminal extracellular domain
that contains a loop delimited by cysteine residues. This family
includes the ionotropic receptors for acetylcholine, serotonin,
GABA, and glycine. In addition to their family-defining cysteine
loop, these receptors share the following common features:
they are pentamers, with each peptide subunit having four
transmembrane domains; the neurotransmitter binds to the
N-terminal domain; and the second transmembrane domains
are thought to form the wall of the ion pore.

lonotropic glutamate and ATP receptors form two other
ionotropic receptor superfamilies; the details for each are
given in the later corresponding sections. Transient receptor
potential (TRP) channels, which are important for transduction
of pain and thermal sensations, form yet another family (see
Chapter 7).
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a series of membrane-spanning domains, some of which
contribute to the wall of the ion channel. Binding of the
neurotransmitter alters (usually increases) the probability
of the ion channel being in the open state and thus typi-
cally results in postsynaptic events that are rapid in both
onset and decay, with a duration of several milliseconds.
Ionotropic receptors underlie fast synaptic EPSPs and
IPSPs.

Metabotropic receptors are not ion channels. Instead,
they are protein monomers that have an extracellular bind-
ing site for a particular transmitter and an intracellular site
for binding a G protein. Binding of the receptor leads to
activation of a G protein, which is the first step in a sig-
nal transduction cascade that alters the function of an ion
channel in the postsynaptic membrane. In contrast to iono-
tropic receptors, metabotropic receptors mediate postsynap-
tic phenomena that have a slow onset and that may persist
from hundreds of milliseconds to minutes. Because of the
various biochemical cascades they initiate, they have great
potential to cause changes in the neuron beyond just gen-
erating a PSP.

Acetylcholine Receptors

Acetylcholine receptors were originally classified on a phar-
macological basis (being sensitive to nicotine or musca-
rine) into two major groups. This grouping corresponds
to groupings based on structural and molecular biological
studies. Nicotinic receptors are members of the ionotropic
cys-loop family, and muscarinic receptors are part of the
metabotropic family of receptor proteins.

The nicotinic receptors mediate synaptic transmission at
the neuromuscular junction as described eatlier; however,
nicotinic receptors are also present within the CNS. The
nicotinic receptor contains a relatively nonselective cationic
channel, so binding of acetylcholine produces an EPSP. Being
members of the cys-loop family, acetylcholine receptors are
pentamers constructed from a series of subunit types called
a, B, v, 8, €, some of which contain multiple members. At
the neuromuscular junction the channel is constructed from
2a, B, 8, €, whereas in the CNS the composition is typi-
cally 3o, 2p. Furthermore, the junctional receptors all use
the o, subunit, whereas centrally located receptors use one
of the o subunits between a, and a,,. As noted, the differing
subunits result in receptors with differing pharmacological
sensitivities and channel kinetics and selectivity.

There are five known muscarinic subtypes of acetylcho-
line receptors (M,—M;). All are metabotropic receptors;
however, they are coupled to different G proteins and can
thus have distinct effects on the cell. M,, M;, and M, are
coupled to G, proteins and insensitive to pertussis toxin
(which causes whooping cough), whereas M, and M, are
coupled to G,, proteins and sensitive to pertussis toxin.
Each set of G proteins is coupled to different enzymes and
second messenger pathways (see Chapter 3 for details of
these pathways).
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Inhibitory Amino Acid Receptors:
GABA and Glycine

As noted, the most common inhibitory synapses in the
CNS use either glycine or GABA as their transmitter. Gly-
cine-mediated inhibitory synapses are common in the spinal
cord, whereas GABAergic synapses make up the majority of
inhibitory synapses in the brain.

Both glycine and GABA have ionotropic receptors that
are members of the cys-loop family, thus sharing a number
of characteristics as already described. In addition, each of
these receptors has a Cl- channel, which opens while the
receptor portion is bound. Therefore, the probability of
these channels opening and the average time a channel stays
open are controlled by the concentration of the neurotrans-
mitter for which the receptor is specific.

Glycine receptors are pentamers and may be heteromers
of a and P subunits (3:2 ratio) or homomers. Interestingly,
the molecular composition appears to be related to its cel-
lular location, with heteromers located postsynaptically and
homomers located extrasynaptically. The f subunit seems to
bind to an intracellular scaffold protein called gephyrin that
appears to help localize receptors to the postsynaptic site. The
o subunit contains the glycine binding site, and there are four
genes coding for distinct o subunits (and splice variants of
each). Each variant results in a receptor having distinct con-
ductance, kinetics, agonist and antagonist affinity, and mod-
ulatory sites. Intriguingly, subunit variants are differentially
expressed during development and in different brain regions.

GABA has two separate ionotropic receptors (GABA,
and GABA,) coded for by distinct sets of genes. Like glycine
receptors, both control a Cl- channel. GABA, receptors are
heteromers generated from seven classes of subunits, three of
which have multiple members. The most common configura-
tion is a,, P,, ¥, in a 2:2:1 stoichiometry, which may account
for 80% of the receptors; however, many other heteromers are
found in the brain. As with glycine, different subunits con-
fer distinct properties on the receptor. For example, GABA,
receptors are the targets of two major classes of drugs: benzo-
diazepines and barbiturates. Benzodiazepines (e.g., diazepam)
are widely used antianxiety and relaxant drugs. Barbiturates
are used as sedatives and anticonvulsants. Both classes of
drugs bind to distinct sites on the o subunits of GABA, recep-
tors and enhance opening of the receptors’ Cl- channels in
response to GABA. The sedative and anticonvulsant actions
of benzodiazepines appear to be mediated by receptors with
the a, subunit, whereas the anxiolytic effects reflect binding to
receptors with the a, subunit. GABA_. receptors are structur-
ally similar to GABA, receptors but have a distinct pharmaco-
logical profile (e.g., they are not affected by benzodiazepines)
and are coded for by a separate set of genes (p,, p,, and p,).

The GABA, receptor is a metabotropic receptor. Binding
of GABA to this receptor activates a heterotrimeric GTP-
binding protein (G protein; see Chapter 3), which leads to
activation of K* channels and hence hyperpolarization of
the postsynaptic cell, as well as inhibition of Ca** channels




L[ Z ST XGRRNIOINIE Neurophysiology

(when located presynaptically) and thus a reduction in
release of transmitter.

Excitatory Amino Acid Receptors: Glutamate

Glutamate has both ionotropic and metabotropic receptors.
Based on pharmacological properties and subunit composi-
tion, several distinct ionotropic receptor subtypes are recog-
nized: AMPA, kainate, and NMDA. Overall, there are 18
known genes that code for glutamate subunits for the iono-
tropic glutamate receptors. The genes are divided into several
families (AMPA, kainate, NMDA, and ) that essentially cor-
respond to the pharmacological subtypes of receptors. Each
glutamate receptor is a tetramer. Thus, there is a certain cor-
respondence between the genes and the receptor types that
are formed. For example, AMPA receptors are formed from
GluR1 to GluR4 subunits, kainate receptors require either
KA1 or KA2 and GluR5 to GluR7 subunits, and NMDA
receptors all have NR1 subunits plus some combination of
NR2 and NR3 subunits. As was mentioned for the other
receptors, the receptor properties vary with subunit composi-
tion. Ionotropic glutamate receptors are excitatory and con-
tain a cationic-selective channel. Thus, all the channels are
permeable to Na* and K*, but only a subset allow Ca** to pass.

AMPA and kainate receptors behave as classic ligand-
gated channels as already discussed; on binding of gluta-
mate to the receptor, the channel opens and allows current
to flow, thereby generating an EPSP. NMDA channels are
different. First, they require binding of both glutamate and
glycine to open. Second, they display voltage sensitivity as a
result of Mg blockade of the channel. That is, at resting (or
more negative) membrane potentials, a Mg** ion blocks the
entrance to the channel so that even when glutamate and
glycine are bound, no current flows through the channel.
However, if the cell is depolarized (cither experimentally by
injection of current through an electrode or by other EPSPs),
the Mg** block is relieved and current can flow through the
channel. A further interesting feature of NMDA channels is
that they are generally permeable to Ca**, which can act as
a second messenger. The combination of voltage sensitivity
and Ca™ permeability of the NMDA channels has led to
hypotheses concerning their role in learning and memory-
related functions (see Chapter 10).

Eight genes coding for metabotropic glutamate receptors
have been identified and classified into three groups. Group
I receptors are found postsynaptically, whereas groups 1I
and III are found presynaptically. These receptors generate
slow EPSPs, but probably at least as importantly, they trig-
ger second messenger cascades (see Chapter 3).

Purine (ATP) Receptors

Purines have two receptor families: an ionotropic (P2X) and
a metabotropic (P2Y) family. There are seven identified P2X
subunit types that form channels, and they represent their
own superfamily of ligand-gated channels. Each subunit has
only two transmembrane domains, with the loop between

these two domains located extracellularly and containing
the ATP binding site. The receptors are heterotrimers or
homotrimers or hexamers. In general, these receptors form
a cationic channel that is permeable to Na*, K, and Ca*.
The distribution of subunits in the brain varies significantly,
with some subunits having a widespread distribution (P2X,)
and others being quite limited (P2X; is present mostly on
cells involved in pain-related pathways).

Metabotropic purine receptors are coded for by 10 genes,
but only 6 are expressed in the human CNS. They have the
typical features of G protein—coupled receptors and are known
to activate K* currents and modulate both NMDA and volt-
age-gated Ca** currents. An interesting localization distinc-
tion between P2X and P2Y receprors is that although both
are present on neurons, the latter dominates on astrocytes.

Finally, in addition to the P2X and P2Y receptors, which
respond to ATD, there are adenosine receptors that respond to
the adenosine that is released after the enzymatic breakdown
of ATP. These receptors are located presynaptically and act
to inhibit synaptic transmission by inhibiting influx of Ca*.

Biogenic Amine Receptors: Serotonin,
Dopamine, Noradrenaline, Adrenaline,
Histamine

With the exception of one class of serotonin receptors (5-HT)
that are part of the cys-loop ionotropic family, receptors for
the various biogenic amines are all metabotropic-type recep-
tors. Thus, these neurotransmitters tend to act on relatively
long time scales by generating slow synaptic potentials and
by initiating second messenger cascades. Agonists and block-
ers of many of these receptors are important clinical tools for
treating various neurological and psychiatric disorders. The
role of different dopamine receptors in basal ganglia disor-
ders will be covered in the motor systems (see Chapter 9).

Neuropeptide Receptors

As is the case with the biogenic amines, receptors for the
various peptides are essentially all of the metabotropic type
and are coupled to G proteins that mediate effects via sec-
ond messenger cascades. It is worth mentioning again that
studies consistently show a mismatch between the loca-
tions of terminals containing a particular peptide and the
receptors for it. Thus, these receptors are often activated by
neurotransmitter diffusing through the extracellular space
rather than at synapses. This implies that these receprors
will experience much lower concentrations of agonist, and
indeed, they are very sensitive to their agonists.

Cannabinoid Receptors

The two primary cannabinoid receptors that have been identi-
fied are Cannabinoid receptor type 1 (CB1) and Cannabinoid
receptor type 2 (CB2). They are G protein—coupled receptors
that are located on presynaptic terminals of glutamatergic and
GABAergic synapses. CB1 is expressed widely in the CNS,



including in neocortex, piriform cortex, hippocampus, amyg-
dala, basal ganglia, thalamus, hypothalamus, cerebellum, and
brainstem, and to more limited extent in the peripheral ner-
vous system (PNS). CB1 is on the presynaptic terminals of
both glutamatergic synapses and GABAergic synapses. CB2
is closely related to CB1, but primarily expressed in the PNS.
Until recently, CB2 was thought not to be expressed in the
CNS, but evidence now suggests that it might be present in
some areas of the CNS and possibly on microglia.

Key Points

1. Both electrical and chemical synapses are important
means of cellular communication in the mammalian
nervous system.

2. Electrical synapses directly connect the cytosol of two
neurons and allow rapid bidirectional current flow
between neurons. They act as low-pass filters.

3. Gap junctions are the morphological correlate of elec-
trical synapses. Gap junctions contain channels formed
by hemichannels called connexons. Connexons are
formed by proteins called connexins.

4. Standard chemical synaptic transmission involves the
release of transmitter from a presynaptic terminal, dif-
fusion of transmitter across a synaptic cleft, and bind-
ing of the transmitter to receptors on the apposed
postsynaptic membrane.

5. Entry of calcium into the presynaptic terminal triggers
the release of neurotransmitter. Release of neurotrans-
mitter is quantal, as first demonstrated by the recording
of mEPPs at the frog neuromuscular junction.

6. Transmicter is packaged into synaptic vesicles in the
presynaptic terminal. The vesicles are the quantal ele-
ments. That is, the release of transmitter from one ves-
icle causes a mEPP at the neuromuscular junction or,
equivalently, one mPSP at a central synapse.

7. Many proteins are involved in priming, docking, and
fusion of synaptic vesicles. Synaptotagmin is the Ca*
sensor for triggering vesicle fusion.

8. Excitatory and inhibitory synapses increase or decrease,
respectively, the probability that the postsynaptic neu-
ron will spike.

9. The reversal potential is the membrane potential at
which net current flow through a ligand-gated chan-
nel reverses. Excitatory synapses generate depolarizing
potentials (EPSPs) that have reversal potentials posi-
tive to the spike threshold, most often as a result of the
opening of nonselective cation channels.

10. Inhibitory synapses generate IPSPs that have reversal
potentials more negative than the spike threshold but
not necessarily negative to the resting potential. Inhibi-
tory synapses can decrease spike probability by two
mechanisms: hyperpolarization of the membrane and
a decrease in the input resistance of the neuron, leading
to a shunt of synaptic currents.

CHAPTER 6 Synaptic Transmission

Gas Neurotransmitter Receptors

Unlike the other neurotransmitters that were covered, NO
and CO do not bind to receptors. One way they do affect
cell activity is to activate enzymes involved in second mes-
senger cascades, such as guanylyl cyclase. In addition, NO
has been shown to modify the activity of other proteins,
such as NMDA receptors and the Na*,K*-ATPase pump, by
nitrosylating them.

11. The process by which a neuron decides to fire an
action potential as a result of its inputs is referred to
as synaptic integration. The summation of EPSPs and
IPSPs can be highly nonlinear and depends on many
factors, including the geometry of the dendritic tree,
location of the synaptic inputs relative to the initial
segment, and the passive (RC) and active membrane
properties of the cell.

12. The efficacy of synaptic transmission depends on
the timing and frequency of action potentials in the
presynaptic neuron. Facilitation, post-tetanic poten-
tiation, and long-term potentiation are examples of
increased efficacy of synaptic transmission in response
to previous multiple stimulations of a synapse. Long-
term depression is an example of reduced eflicacy
resulting from previous activation of the synapse.

13. The nervous system uses hundreds of neurotransmit-
ters. Neurotransmitters can be subdivided into a few
broad functional classes: small-molecule transmitters
(acetylcholine, amino acids, biogenic amines, and
purines), peptides, endocannabinoids, and gases (CO,
NO). The action of a neurotransmitter depends on its
postsynaptic receptors, and in some cases, presynaptic
receptors (e.g., retrograde transmission of endocan-
nabinoids). Most nongaseous transmitters have both
ionotropic and metabotropic receptors.

14. Small-molecule transmitters act locally, mainly across
a single synapse, and their duration of action is lim-
ited by reuptake and enzymatic degradation. Peptides
can diffuse from their presynaptic release site and
thus have the potential to affect all cells within a local
region. Gaseous transmitters are free to diffuse from
their release site.

15. Ionotropic receptors contain an jon channel whose
state (open versus closed) is gated by the binding
of neurotransmitter to the receptor. Metabotropic
receptors activate second messengers on binding
neurotransmitter.

16. Many synapses can release multiple types of trans-
mitters, and which ones they release depends on the
activity pattern of the terminal. Co-released transmit-
ters may function independently or act synergistically
or antagonistically.
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