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on chemical mechanisms. Before we examine the
complexities of chemical synaptic transmission
in the brain, however, it will be helpful to examine
the basic features of chemical synaptic transmission
at the site where they were first studied and remain
best understood—the nerve-muscle synapse, the junc-

S YNAPTIC COMMUNICATION in the brain relies mainly

tion between a motor neuron and a skeletal muscle
fiber.

The nerve-muscle synapse is an ideal site for study-
ing chemical signaling because it is relatively simple and
also very accessible to experimentation. The muscle cell is
large enough to accommodate the two or more microelec-
trodes needed to make electrical measurements. Also, the
postsynaptic muscle cell is normally innervated by just
one presynaptic axon, in contrast to the convergent con-
nections on central nerve cells. Most importantly, chemi-
cal signaling at the nerve-muscle synapse involves a rela-
tively simple mechanism. Release of neurotransmitter
from the presynaptic nerve directly opens a single type of
ion channel in the post-synaptic membrane.

The Neuromuscular Junction Is a Well-Studied
Example of Directly Gated Synaptic
Transmission

The axon of the motor neuron innervates the muscle
at a specialized region of the muscle membrane called
the end-plate (see Figure 11-1). At the region where the
motor axon approaches the muscle fiber, the axon loses
its myelin sheath and splits into several fine branches.
The ends of the fine branches form multiple expansions
or varicosities, called synaptic boutons, from which the
motor neuron releases its transmitter (Figure 11-1). Each
bouton is positioned over a junctional fold, a deep de-
pression in the surface of the postsynaptic muscle fiber
that contains the transmitter receptors (Figure 11-2).
The transmitter released by the axon terminal is acetyl-
choline (ACh), and the receptor on the muscle mem-
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Figure 11-1 The neuromuscular junction is
readily visible with the light microscope. At
the muscle the motor axon ramifies into sev-
oral fine branches approximately 2 pm thick.
Each branch forms multiple swellings called
presynaptic boutons, which are covered by a
thin layer of Schwann cells. The boutons lie
over a specialized region of the muscle fiber
membrane, the end-plate, and are separated
from the muscle membrane by a 100 nm
synaptic cleft. Each presynaptic bouton con-
tains mitochondria and synaptic vesicles clus-
tered around active zones, where the acetyl-
choline (ACh} transmitter is released.
immediately under each bouton in the end-
plate are several junctional folds, which con-
tain a high density of ACh receptors at their
crests. The muscle fiber is covered by a layer
of connective tissue, the basernent mem-
brane (or basal lamina), consisting of collagen
and glycoproteins. Both the presynaptic ter-
minal and the muscle fiber secrete proteins
into the basement membrane, including the
enzyme acetylcholinesterase, which inacti-
vates the ACh released from the presynaptic
terminal by breaking it down into acetate and
choline. The basement membrane also orga-
nizes the synapse by aligning the presynaptic
boutons with the postsynaptic junctional
folds. (Adapted in part from McMahan and
Kuffler 1971.)
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Figure 11-2 Electron microscope autora-
diograph of the vertebrate neuromuscu-
lar junction, showing localization of ACh
receptors {black developed grains) at the
top one-third of the postsynaptic junc-
tional folds. This receptor-rich region is
characterized by an increased density of
the postjunctional membrane (arrow). The
membrane was incubated with radiolabeled
a-bungarotoxin, which binds to the ACh re-
ceptor. Radioactive decay results in the
emittance of a radioactive particle, causing
silver grains to become fixed (dark grains).
Magnification x 18,000.

brane1 is the nicotinic type of ACh receptor (Figure
11-3).

The presynaptic and postsynaptic membranes are
separated by a synaptic cleft around 100 nm wide.
Within the cleft is a basement membrane composed of
collagen and other extracellular matrix proteins. The
enzyme acetylcholinesterase, which rapidly hydrolyzes
ACh, is anchored to the collagen fibrils of the base-
ment membranes. In the muscle cell, in the region be-
low the crest of the junctional fold and extending into
the fold, the membrane is rich in voltage-gated Na™
channels.

Each presynaptic bouton contains all the machinery
required to release neurotransmitter. This includes the
synaptic vesicles, which contain the transmitter ACh, and
the active zone, a part of the membrane specialized for
vesicular release of transmitter (see Figure 11-1). Every
active zone in the presynaptic membrane is positioned
opposite a junctional fold in the postsynaptic cell. At the
crest of each fold the receptors for ACh are clustered in a
lattice, with a density of about 10,000 receptors per
square micrometer (Figures 11-2 and 11-3). In addition,
each active zone contains voltage-gated Ca>* channels

! There are two basic types of receptors for ACh: nicotinic and mus-
carinic. The nicotinic receptor is an ionotropic receptor while the
muscarinic receptor is a metabotropic receptor (see Chapter 10). The
two receptors can be distinguished further because certain drugs
that simulate the actions of ACh—that is, nicotine and muscarine—
bind exclusively to one or the other type of ACh receptor. We shall
learn about muscarinic ACh receptors in Chapter 13.

that permit Ca®* to enter the terminal with each action
potential (see Figure 11-1). This influx of Ca®* triggers
fusion of the synaptic vesicles in the active zones with
the plasma membrane, and fusion leads to release of the
vesicle’s content into the synaptic cleft.
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Figure 11-3 Reconstructed electron microscope image of
the ACh receptor-channel complex in the fish Torpedo cali-
fornica. The image was obtained by computer processing of
negatively stained images of ACh receptors. The resolution is
1.7 nm, fine enough to see overall structures but too coarse to
resolve individual atoms. The overall diameter of the receptor
and its channel is about 8.5 nm. The pore is wide at the exter-
nal and internal surfaces of the membrane but narrows consid-
erably within the lipid bilayer. The channel extends some dis-
tance into the extracellular space. (Adapted from Toyoshima
and Unwin 1988.)
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Figure 11-4 The end-plate potential can be isolated phar-
macologically for study.

A. Under normal circumstances stimulation of the motor axon
produces an action potential in a skeletal muscle celi. The
dashed line shows the inferred time course of the end-plate
potential that triggers the action potential.

B. The end-plate potential can be isolated in the presence of
curare, which blocks the binding of ACh to its receptor and so
prevents the end-plate potential from reaching the threshold for
an action potential (dashed line). In this way the currents and
channels that contribute to the end-plate potential, which are
different from those producing an action potential, can be stud-
ied. The values for the resting potential (—90 mV), end-plate
potential, and action potential shown in these intracellular
recordings are typical of a vertebrate skeletal muscle.

The Motor Neuron Excites the Muscle by
Opening Ion Channels at the End-Plate

Upon release of ACh from the motor nerve terminal, the
membrane at the end-plate depolarizes rapidly. The ex-
citatory postsynaptic potential in the muscle cell is
called the end-plate potential. The amplitude of the end-
plate potential is very large; stimulation of a single mo-
tor cell produces a synaptic potential of about 70 mV.
This change in potential usually is large enough to
rapidly activate the voltage-gated Na™ channels in the
junctional folds. This converts the end-plate potential
into an action potential, which propagates along the
muscle fiber. (In contrast, in the central nervous system
most presynaptic neurons produce postsynaptic poten-
tials less than 1 mV in amplitude, so that input from

many presynaptic neurons is needed to generate an ac-
tion potential there.)

The Synaptic Potential at the End-Plate Is Produced
by Ienic Current Flowing Through Acetylcholine-
Gated Channels

The end-plate potential was first studied in detail in
the 1950s by Paul Fatt and Bernard Katz using intra-
cellular voltage recordings. Fatt and Katz were able to
isolate the end-plate potential using the drug curare’ to
reduce the amplitude of the end-plate potential below
the threshold for the action potential (Figure 11-4). They
found that the synaptic potential in muscle cells was
largest at the end-plate, decreasing progressively with
distance from the end-plate region (Figure 11-5). They
concluded that the synaptic potential is generated by an
inward ionic current confined to the end-plate region,
which then spreads passively away from the end-plate.
(Remember, an inward current corresponds to an influx
of positive charge, which will depolarize the inside of
the membrane.) Current flow is confined to the end-
plate because the ACh-activated ion channels are local-
ized there, opposite the presynaptic terminal from
which transmitter is released.

The synaptic potential at the end-plate rises rapidly
but decays more slowly. The rapid rise is due to the sud-
den release of ACh into the synaptic cleft by an action
potential in the presynaptic nerve terminal. Once re-
leased, ACh diffuses rapidly to the receptors at the end-
plate. Not all the ACh reaches postsynaptic receptors,
however, because it is quickly removed from the synap-
tic cleft by two processes: hydrolysis and diffusion out
of the synaptic cleft.

The current that generates the end-plate potential
was first studied in voltage-clamp experiments (see Box
9-1). These studies revealed that the end-plate current
rises and decays more rapidly than the resultant end-
plate potential (Figure 11-6). The time course of the end-
plate current is directly determined by the rapid open-
ing and closing of the ACh-gated ion channels. Because
it takes time for an ionic current to charge or discharge
the muscle membrane capacitance, and thus alter the
membrane voltage, the end-plate potential lags behind
the synaptic current (see Figure 8-3 and the Postscript at
the end of this chapter).

2 Curare is a mixture of plant toxins used by South American Indi-
ans, who apply it to arrowheads to paralyze their quarry. Tubo-
curarine, the purified active agent, blocks neuromuscular transmis-
sion by binding to the nicotinic ACh receptor, preventing its activa-
tion by ACh.
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Figure 11-5 The synaptic potential in muscle
is largest at the end-plate region and pas-
sively propagates away from it. (Adapted from
Miles 1969.)

A. The amplitude of the synaptic potential de-
cays and the time course of the potential slows

with distance from the site of initiation in the . pT\
end-plate. E\ﬁ_@%

B. The decay results from leakiness of the mus-

Muscle
fiber

cle fiber membrane. Since current flow must

complete a circuit, the inward synaptic current 0

at the end-plate gives rise to a return flow of
outward current through resting channels and
across the membrane (the capacitor). It is this
return flow of outward current that produces the
depolarization. Since current leaks out all along
the membrane, the current flow decreases with
distance from the end-plate. Thus, unlike the re-
generative action potential, the local depolariza-
tion produced by the synaptic potential of the
membrane decreases with distance.

The Ion Channel at the End-Plate Is Permeable
to Both Sodium and Potassium

Why does the opening of the ACh-gated ion channels
lead to an inward current flow that produces the depo-
larizing end-plate potential? And which ions move
through the ACh-gated ion channels to produce this in-
ward current? One important clue to the identity of the
ion (or ions) responsible for the synaptic current can be
obtained from experiments that measure the value of
the chemical driving force propelling ions through the
channel. Remember, from Chapter 7, the current flow
through a membrane conductance is given by the prod-
uct of the membrane conductance and the electrochemi-
cal driving force on the ions conducted through the
channels. The end-plate current that underlies the exci-
tatory postsynaptic potential (EPSP)is defined as

Iepsp = gepsp X (Vin — Egpsp), {(11-1)

where Igpsp is the end-plate current, ggpop is the conduc-
tance of the ACh-gated channels, V, is the membrane
potential, and Egpsp is the chemical driving force, or bat-
tery, that results from the concentration gradients of the
ions conducted through the ACh-gated channels. The
fact that current flowing through the end-plate is in-
ward at the normal resting potential of a muscle cell
(=90 mV) indicates that there is an inward (negative)
electrochemical driving force on the ions that carry cur-
rent through the ACh-gated channels at this potential.
Thus, Egpsp must be positive to —90 mV.

Interior of muscle fiber

From Equation 11-1 we see that the value of Egpgp
can be determined by altering the membrane potential
in a voltage-clamp experiment and determining its ef-
fect on the synaptic current. Depolarizing the mem-
brane reduces the net inward electrochemical driving
force, causing a decrease in the magnitude of the inward
end-plate current. If the membrane potential is set equal
to the value of the battery representing the chemical dri-
ving force (Egpgp), no net synaptic current will flow
through the end-plate because the electrical driving
force (due to V,,) will exactly balance the chemical dri-
ving force (due to Egpsp). The potential at which the net
ionic current is zero is the reversal potential for current
flow through the synaptic channels. By determining the
reversal potential we can experimentally measure the
value of Egpsp, the chemical force driving ions through
the ACh-gated channels at the end-plate. If the mem-
brane potential is made more positive than Egpgp, there
will be a net outward driving force. In this case stimula-
tion of the motor nerve leads to an outward ionic cur-
rent, by opening the ACh-gated channels, and this out-
ward ionic current hyperpolarizes the membrane.

If an influx of Na™ were solely responsible for the
end-plate potential, the reversal potential for the excita-
tory postsynaptic potential would be the same as the
equilibrium potential for Na™, or +55 mV. Thus, if the
membrane potential is experimentally altered from
—100 to +55 mV, the end-plate current should diminish
progressively because the electrochemical driving force
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Stimulate

Figure 11-6 The end-plate current rises and decays more
rapidly than the end-plate potential.

A. The membrane at the end-plate is voltage-clamped by insert-
ing two microelectrodes into the muscle at the end-plate. One
electrode measures membrane voltage (V.} and the second
passes current (/). Both electrodes are connected to a feed-
back amplifier, which ensures that the proper amount of cur-
rent (/,) is delivered so that V,,, will be clamped at the com-
mand potential V.. The synaptic current evoked by stimulating

on Na™ (V,,, — Ena) is reduced. At +55 mV the inward
current flow should be abolished, and at potentials
more positive than +55 mV the end-plate current
should reverse in direction and flow outward.

Instead experiments at the end-plate showed that as
the membrane potential is reduced, the inward current
rapidly becomes smaller and is abolished at 0 mV! At
values more positive than 0 mV the end-plate current
reverses direction and begins to flow outward (Figure
11-7). This particular value of membrane potential is not
equal to the equilibrium potential for Na*, or for that
matter any of the major cations or anions. In fact, this
potential is produced not by a single ion species but by
a combination of ions. The synaptic channels at the end-
plate are almost equally permeable to both major
cations, Na™ and K*. Thus, during the end-plate poten-
tial Na™ flows into the cell and K* flows'out. The rever-
sal potential is at 0 mV because this is a weighted aver-
age of the equilibrium potentials for Na* and K* (Box
11-1). At the reversal potential the influx of Na™ is bal-
anced by an equal efflux of K™.

Why are the ACh-gated channels at the end-plate
not selective for a single ion species like the voltage-
gated channels selective for either Na™ or K*? The pore
diameter of the ACh-gated channel is thought to be sub-
stantially larger than that of the voltage-gated channels.
Electrophysiological measurements suggest that the
pore may be up to 0.8 nm in diameter in mammals. This
estimate is based on the size of the largest organic cation
that can permeate the channel. For example, the perme-

matar axon

the motor nerve can then be measured at a constant mem-
brane potential, for example —90 mV (see Box 9-1).

B. The end-plate potential, measured when the voltage clamp
is not active, changes relatively slowly, following in time the in-
ward synaptic current measured under voltage-clamp condi-
tions. This is because synaptic current must first alter the
charge on the membrane capacitance of the muscle before the
muscle membrane is depolarized (see Chapter 8 and Postscript
in this chapter).

ant cation tetramethylammonium (TMA) is around
0.6 nm in diameter. In contrast, the voltage-gated Na*
channel is only permeant to organic cations that are
smaller than 0.5 X 0.3 nm in cross section, and voltage-
gated K™ channels will only conduct ions less than
0.3 nm in diameter. The relatively large diameter of the
ACh pore is thought to provide a water-filled environ-
ment that allows cations to diffuse through the channel,
much as they would in free solution. This explains why
the pore does not discriminate between Na* and K*. It
also explains why even divalent cations, such as Ca®*,
can permeate the channel. Anions are excluded, how-
ever, by the presence of fixed negative charges in the
channel, as described later in this chapter.

The Current Flow Through Single Ion
Channels Can Be Measured by the Patch Clamp

The current for an end-plate potential flows through
several hundred thousand channels. Recordings of the
current flow through single ACh-gated ion channels, us-
ing the patch clamp technique (see Box 6-1), have pro-
vided us with insight into the molecular events under-
lying the end-plate potential. Before the introduction of
the patch clamp physiologists held two opposing views
as to what the time course of the single-channel current
should look like. Some thought that the single-channel
currents were a microscopic version of the end-plate
current recorded with the voltage clamp, having a rapid
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Figure 11-7 The end-plate potential is
produced by the simultaneous flow of
Na* and K* through the same ACh-
gated channels.

A Hypothetical synaptic
current due to
movement of Na* only

Membrane
potential
+75my ™ —

B Synaptic current
reflecting movement
of Na* and K*

A. The ionic currents responsible for the
end-plate potential can be determined by
measuring the reversal potential of the Eva  +55
end-plate current. The voltage of the mus-
cle membrane is clamped at different po-

tentials, and the synaptic current is mea-

sured when the nerve is stimulated. If Na*

+40 —_—

flux alone were responsible for the end- A=

plate current, the reversal potential would
occur at +55 mV, the equilibrium potential
for Na* (Ena). The arrow next to each cur-
rent record reflects the magnitude of the
net Na* flux at that membrane potential.

B. The end-plate current actually reverses
at 0 mV because the ion channel is perme- 0 -

+ R T —|
able to both Na* and K*, which are able to V/

move into and out of the cell simultane-

ously (see Box 11-1). The net current is the Resting a0 -
sum of the Na* and K" fluxes through the  porential

end-plate channels. At the reversal poten- ‘
tial (Ecpsp) the inward Na* flux is balanced /
by an outward K* flux so that no net cur-
rent flows.

rising phase and a more slowly decaying falling phase.
Others thought that the channels opened in an all-or-
none manner, producing step-like currents similar to
that seen with gramicidin (see Chapter 6).

Individual Acetylcholine-Gated Channels Conduct
a Unitary Current

’

The first successful recordings of single ACh-gated
channels from skeletal muscle cells, by Erwin Neher
and Bert Sakmann in 1976, showed that the channels
open and close in a step-like manner, generating very
small rectangular steps of ionic current (Figure 11-8). At
a constant membrane potential a channel generates a
similar-size current pulse each time it opens. At a rest-
ing potential of —90 mV the current steps are around
—2.7 pAin amplitude. Although this is a very small cur-
rent, it corresponds to a flow through an open channel
of around 17 million ions per second!

The unitary current steps change in size with mem-
brane potential. This is because the single-channel

current depends on the electrochemical driving force
(Vi — Egpsp). Recall that Ohm’s law applied to synaptic
current is

Igpsp = gepsp X (Vi — Egpsp)-

For single ion channels the equivalent expression is

igpsp = Yepsp X (Vim — Egpsp),

where igpgp is the amplitude of current flow through
one channel and vygpsp is the conductance of a single
channel. The relationship between igpsp and membrane
voltage is linear, indicating that the single-channel con-
ductance is constant and does not depend on mem-
brane voltage; that is, the channel behaves as a simple
resistor. From the slope of this relation the channel is
found to have a conductance of 30 pS. The reversal po-
tential of 0 mV, obtained from the intercept of the volt-
age axis, is identical to that for the end-plate current
(Figure 11-9).

Although the amplitude of the current flowing
through a single ACh channel is constant from opening
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Box 11-1 Reversal Potential of the End-Plate Potential

The reversal potential of a membrane current carried by more
than one ion species, such as the end-plate current through the
ACh-gated channel, is determined by two factors: (1) the rela-
tive conductance for the permeant ions (gn;, and gy in the case
of the end-plate current) and (2) the equilibrium potentials of
the ions (Ep, and Eg).

At the reversal potential for the ACh-gated current, in-
ward current carried by Na™ is balanced by outward current
carried by K*:

I, + I = 0. (11-2)

The individual Na™ and K" currents can be obtained from

Ina = Sna X (Vi — Enaa) {11-3a)

and

Ix = gx X (Vi — Eg). (11-3b)

Remember that these currents do not result from Na™ and K™
flowing through separate channels (as occurs during the ac-
tion potential) but represent Na” and K" movement through
the same ACh-gated channel. Since at the reversal potential
Vi = Egpsp, we can substitute Equations 11-3a and 11-3b for
Iy and Ig in Equation 11-2:

8Na X (Egpsp — Ena) + gk X (Egpsp — Ex) = 0. (11-4)

Solving this equation for Egpsp vields

(gna X Ena) + (@i X Exd
na T 8K '

E EPSF = ‘1 1 '5:'
If we divide the top and bottom of the right side of this equa-
tion by gx, we obtain

Ena (gna/8K) + Ex
(gl\lafgk.) +1

Thus, if ¢n. = gk, then Egpsp = (En, + Ex) /2.

These equations can also be used to solve for the ratio
@na/ g if one knows Egpsp, Ex, and En,. Thus, rearranging
Equation 11-4 yields

(11-6)

Egpsp =

ENa _ Egpsp — Ex ’ (11-7)
8« Ena = Egpep
At the neuromuscular junction Egpsp = 0 mV, Ex =
—100 mV, and En, = +55 mV. Thus, from Equation 4, gna/gx
has a value of approximately 1.8, indicating that the conduc-
tance of the ACh-gated channel for Na " is slightly higher than
for K”. A comparable approach can be used to analyze the re-
versal potential and the movement of ions during excitatory
and inhibitory synaptic potentials in central neurons (Chapter
12}

to opening, the duration of openings and the time be-
tween openings of an individual channel vary consider-
ably. These variations occur because channel openings
and closings are stochastic. They obey the same statisti-
cal law that describes radioactive decay. Because of the
random thermal motions and fluctuations that a chan-
nel experiences, it is impossible to predict exactly how
long it will take any one channel to encounter ACh or
how long that channel will stay open before the ACh
dissociates and the channel closes. However, the aver-
age length of time a particular type of channel stays
open is a well-defined property of that channel, just as
the half-life of radioactive decay is an invariant prop-
erty of a particular isotope. The mean open time for
ACh-gated channels is around 1 ms. Thus each channel
opening is associated with the movement of about
17,000 ions.

Unlike the voltage-gated channels, the ACh-gated
channels are not opened by membrane depolarization.
Instead a ligand (ACh) causes the channels to open. Each
channel is thought to have two binding sites for ACh; to
open, a channel must bind two molecules of ACh. Once a
channel closes, the ACh molecules dissociate and the
channel remains closed until it binds ACh again.

Four Factors Determine the End-Plate Current

Stimulation of a motor nerve releases a large quantity of
ACh into the synaptic cleft. The ACh rapidly diffuses
across the cleft and binds to the ACh receptors, causing
more than 200,000 ACh receptor-channels to open al-
most simultaneously. (This number is obtained by com-
paring the total end-plate current, around —500 nA,
with the current through a single ACh-gated channel,
around —2.7 pA). How do small step-like changes in
current flowing through 200,000 individual ACh-gated
channels produce the smooth waveform of the end-
plate current?

The rapid and large rise in ACh concentration upon
stimulation of the motor nerve causes a large increase in
the total conductance of the end-plate membrane, ggpsp,
and produces the rapid rise in end-plate current (Figure
11-10). The ACh in the cleft falls to zero rapidly (in less
than 1 ms) because of enzymatic hydrolysis and diffu-
sion. After the fall in ACh concentration, the channels be-
gin to close in the random manner described above. Each
closure produces a small step-like decrease in end-plate
current because of the all-or-none nature of single-chan-
nel currents. However, since each unitary current step is
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Figure 11-8 Individual ACh-gated
channels open in an all-or-none fash-
ion.

A. The patch-clamp technique is used to
record currents from single ACh-gated

5 channels. The patch electrode is filled
with salt solution that contains a low con-
centration of ACh and is then brought
into close contact with the surface of the
muscle membrane (see Box 6-1).

B. Single-channel currents from a patch
of membrane on a frog muscle fiber

i were recorded in the presence of 100
nM ACh at a resting membrane potential
of —90 mV. 1. The opening of a channel

-
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Closed 200

U
,,,,,,,,,,,,,,,,,, Open

__________________ .

! results in the flow of inward current
i (recorded asa downward step). The AL B
! patch contained a large number of ACh-

gated channels so that successive open-

ings in the record probably arise from dis-
tinct channels. 2. A histogram of the N g
amplitudes of these rectangular pulses Lol ity R bl L 8
has a single peak. This distribution indi- . G
cates that the patch of membrane con- sk SR : 2
tains only a single type of active channel "".;
and that the size of the elementary cur- W‘““"‘W -
rent through this channel varies randomly L

around a mean of —2.7 pA {1 pA = e | :

1072 A). This mean, the elementary
current, is equivalent to an elementary AP A At m Jasbi gl
conductance of about 30 pS. (Courtesy J U

of B. Sakmann.)

C. When the membrane potential is in- 20 ms

creased to —130 mV, the individual chan-

nel currents give rise to all-or-none incre-  C Total ionic current in a patch of membrane

ments of —3.9 pA, equivalent to 30 pS. . - e

Sometimes more than one channel AT l.' | O ""
opens simultaneously. In this case, the [ ‘ [ ‘ .

,i individual current pulses add linearly. The e | ' (1 1 [ |

record shows one, two, or three chan- =) NS o ) ) W) I ).J

nels open at different times in response

to transmitter. (Courtesy of B. Sakmann.)

SR

2 pA

S

ent

Y CU

ntan

(o8]

3.9 pA

Step of eleme

# 100 ms



196  Part IIl / Elementary Interactions Between Neurons: Synaptic Transmission

+70 my *“ Lo

syt ot | e

SN 10 Y

Reversal

potential  0MV

100 ms

Figure 11-9 Single open ACh-gated channels behave as
simple resistors.

A. The voltage across a patch of membrane was systematically
varied during exposure to 2 pM ACh. The current recorded at
the patch is inward at voltages negative to 0 mV and outward
at voltages positive to 0 mV, defining the reversal potential for
the channels.

tiny relative to the large current carried by many thou-
sands of channels, the random closing of a large number
of small unitary currents causes the total end-plate cur-
rent to appear to decay smoothly (Figure 11-10).

The summed conductance of all open channels in a
large population of ACh channels is the total synaptic
conductance, ggpsp = 1 X vy, where n is the average
number of channels opened by the ACh transmitter and
v is the conductance of a single channel. For a large
number of ACh channels, n = N X p,, where N is the
total number of ACh channels in the end-plate mem-
brane and p, is the probability that any given ACh chan-
nel is open. The probability that a chahnel is open de-
pends largely on the concentration of the transmitter at
the receptor, not on the value of the membrane poten-
tial, because the channels are opened by the binding of
ACh, not by voltage. The total end-plate current is
therefore given by

Igpsp = N X pg X v X (Vi, — Egpsp)
or
Igpsp = 1 Xy X (Vi, — Egpsp)-

This equation shows that the current for the end-plate
potential depends on four factors: (1) the total number
of end-plate channels (N); (2) the probability that a

B

B. The current flow through a single ACh-activated channel! de-
pends on membrane voltage. The linear relation shows that the
channel behaves as a simple resistor with a conductance of
about 30 pS.

channel is open (p,); (3) the conductance of each open
channel (y); and (4) the driving force that acts on the
ions (Vm e EEpsp).

The relationships between single-channel current,
total end-plate current, and end-plate potential are
shown in Figure 11-11 for a wide range of membrane
potentials.

The Molecular Properties of the Acetylcholine-
Gated Channel at the Nerve-Muscle Synapse
Are Known

Ligand-Gated Channels for Acetylcholine Differ
From Voltage-Gated Channels

Ligand-gated channels such as the ACh-gated channels
that produce the end-plate potential differ in two im-
portant ways from the voltage-gated channels that gen-
erate the action potential at the neuromuscular junction.
First, two distinct claSses of voltage-gated channels are
activated sequentially to generate the action potential,
one selective for Na* and the other for K*. In contrast,
the ACh-gated channel alone generates end-plate po-
tentials, and it allows both Na™ and K to pass with
nearly equal permeability.

i
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A second difference between ACh-gated and volt-
age-gated channels is that Na™ flux through voltage-
gated channels is regenerative: the increased depolar-
jzation of the cell caused by the Na™ influx opens more
voltage-gated Na™ channels. This regenerative feature
is responsible for the all-or-none property of the action
potential. In contrast, the number of ACh-activated
channels opened during the synaptic potential varies
according to the amount of ACh available. The depolar-
jzation produced by Na* influx through these channels
does not lead to the opening of more transmitter-gated
channels; it is therefore limited and by itself cannot pro-
duce an action potential. To trigger an action potential, a
synaptic potential must recruit neighboring voltage-
gated channels (Figure 11-12).

As might be expected from these two differences in
physiological properties, the ACh-gated and voltage-
gated channels are formed by distinct macromolecules
that exhibit different sensitivities to drugs and toxins.
Tetrodotoxin, which blocks the voltage-gated Na™ chan-
nel, does not block the influx of Na* through the nico-
tinic ACh-gated channels. Similarly, «-bungarotoxin, a
snake venom protein that binds tightly to the nicotinic
receptors and blocks the action of ACh, does not
interfere with voltage-gated Na® or K* channels
(a-bungarotoxin has proved useful in the biochemical
characterization of the ACh receptor).

In Chapter 12 we shall learn about still another type
of ligand-gated channel, the N-methyl-D-aspartate or
NMDA-type glutamate receptor, which is found in most
neurons of the brain. This channel is doubly gated, re-
sponding both to voltage and to a chemical transmitter.

A Single Macromolecule Forms the Nicotinic
Acetylcholine Receptor and Channel

The nicotinic ACh-gated channel at the nerve-muscle
synapse is a directly gated or ionotropic channel: the
pore in the membrane through which ions flow and the
binding site for the chemical transmitter (ACh) that reg-
ulates the opening of the pore are all formed by a single
macromolecule. Where in the molecule is the binding
site located? How is the pore formed? What are its prop-
erties? Insights into these questions have been obtained
from molecular studies of the ACh-gated receptor-chan-
nel proteins and their genes.

Biochemical studies Arthur Karlin and Jean-
Pierre Changeux indicate fhat the mature nicotinic ACh
receptor is a membrane glycoprotein formed from five
subunits: two a-subunits and one B-, one y-, and one 3-
subunit (Figure 11-13). The amino terminus of each of
the subunits is exposed on the extracellular surface of
the membrane. The amino terminus of the a-subunit

A |dealized time course of opening of six ion channels

B Total current of the six channels

2ms

Figure 11-10 The time course of the total current at the
end-plate results from the summed contributions of many
individual ACh-gated channels. {Adapted from D. Colquhoun
1981.)

A. Individual ACh-gated channels open in response to a brief
pulse of ACh. All channels (1-6) open rapidly and nearly simulta-
neously. The channels then remain open for varying durations
and close at different times.

B. The stepped trace shows the sum of the six records in A, It
reflects the sequential closing of each channel (the number in-
dicates which channetl has closed) at a hypothetical end-plate
containing only six channels. In the final period of net current
flow only channel 1 is open. In a current record from a whole
muscle fiber, with thousands of channels, the individual chan-
nel closings are not visible because the total end-plate current
(hundreds of nanoamperes) is so much larger than the single-
channel current amplitude (—2.7 pA). As a result, the total end-
plate current appears to decay smoothly.

contains a site that binds ACh with high affinity. Karlin
and his colleagues have demonstrated the presence of
two extracellular binding sites for ACh on each channel.
Those sites are formed in a cleft between each a-subunit
and its neighboring y- or 8-subunits. One molecule of
ACh must bind to each of the two a-subunits for the
channel to open efficiently (Figure 11-13). The inhibitory
snake venom a-bungarotoxin also binds to the a-
subunit.
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Figure 11-11 Membrane potential affects the end-plate po-
tential, total end-plate current, and ACh-gated single-chan-
nel current in a similar way.

A. At the normal muscle resting potential of —90 mV the sin-
gle-channe! currents and total end-plate current {(made up of
currents from more than 200,0000 channels) are large and in-
ward because of the large inward driving force on current flow
through the ACh-gated channels. This large inward current pro-
duces a large depolarizing end-plate potential. At more positive
levels of membrane potential {(increased depolarization), the in-
ward driving force on Na* is less and the outward driving force
on K* is greater. This results in a decrease in the size of the
single-channel currents and in the magnitude of the end-plate
currents, thus reducing the size of the end-plate potential. At
the reversal potential (0 mV) the inward Na"* flux is balanced by
the outward K flux, so there is no net current flow at the end-

Insight into the structure of the channel pore has
come from analysis of the primary amino acid se-
quences of the receptor-channel subunits as well as
from biophysical studies. The work0f Shosaku Numa
and his colleagues demonstrated that the four subunit

o B B
R

1~ UL

Outward

plate and no change in V,,. Further depolarization to +30 mV
inverts the direction of the end-plate current, as there is now a
large outward driving force on K* and a small inward driving
force on Na™*. As a result, the outward flow of K* hyperpolar-
izes the membrane. On either side of the reversal potential the
end-plate current drives the membrane potential toward the re-
versal potential.

B. The direction of Na* and K* fluxes in individual channels is
altered by changing V... The algebraic sum of the Na* and K*
currents, Iya and k, gives the net current that flows through
the ACh-gated channels. This net synaptic current is equal in
size, and opposite in direction, to that of the net extrasynaptic
current flowing in the return pathway of the resting channels
and membrane capacitance. (The length of each arrow repre-
sents the relative magnitude of a current.)

types are encoded by distinct but related genes. Se-
quence comparison of the subunits shows a high degree
of similarity among them: half of the amino acid
residues are identical or conservatively substituted.
This similarity suggests that all subunits have a similar
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structure. Furthermore, all four of the genes for the sub-
units are homologous; that is, they are derived from a
common ancestral gene.

The distribution of the polar and nonpolar amino
acids of the subunits provides important clues as to how
the subunits are threaded through the membrane bi-
layer. Each subunit contains four hydrophobic regions
of about 20 amino acids called M1-M4, each of which is
thought to form an a-helix traversing the membrane.
The amino acid sequences of the subunits suggest that
the subunits are symmetrically arranged to create the
pore through the membrane (Figure 11-14).

The walls of the channel pore are thought to be
formed by the M2 region and by the segment connect-
ing M2 to M3 (Figure 11-14B). Certain drugs that bind to
one ring of serine residues and two rings of hydropho-
bic residues on the M2 region within the channel pore
are able to inhibit current flow through the pore. More-
over, three rings of negative charge that flank the M2 re-
gion (Figure 11-15B) contribute to the channel’s selectiv-
ity for cations. Each ring is made up of three or four
aligned negatively charged residues contributed by dif-
ferent subunits.

A three-dimensional model of the ACh receptor has
been proposed by Arthur Karlin and Nigel Unwin
based on neutron scattering and electron diffraction im-
ages respectively (see Figure 11-3). The receptor-channel
complex is divided into three regions: a large vestibule
at the external membrane surface, a narrow transmem-
brane pore that determines cation selectivity, and a
larger exit region at the internal membrane surface (Fig-
ure 11-15A). The region that extends into the extracellu-
lar space is surprisingly large, about 6 nm in length. At
the external surface of the membrane the channel has a
wide mouth about 2.5 nm in diameter. Within the bi-
layer of the membrane the channel gradually narrows.

This narrow region is quite short, only about 3 nm in
length, corresponding to the length of both the M2 seg-
ment and the hydrophobic core of the bilayer (Figure 11-
15B). In the open channel, the M2 segment appears to
slope inward toward the central axis of the channel, so that
the pore narrows continuously from the outside of the
membrane to the inside (Figure 11-15C). Near the inner
surface of the membrane the pore reaches its narrowest di-
ameter, around 0.8 nm, in reasonable agreement with esti-
mates from electrophysiological measurements. This site
may correspond to the selectivity filter of the channel. At
the selectivity filter, polar threonine residues extend their
side chains into the lumen of the pore. The electronegative
oxygen atom of the hydroxyl group may interact with the
permeant cation to compensate for loss of waters of hy-
dration. At the inner surface of the membrane, the pore
suddenly widens again. /

Opening of
‘ voltage-gated

Na* channels

}

Na* inflow

¢

Depolarization

Action potential

Figure 11-12 The binding of ACh in a postsynaptic muscle
cell opens channels permeable to both Na* and K*. The
flow of these ions into and out of the cell depolarizes the cell
membrane, producing the end-plate potential. This depolariza-
tion opens neighboring voltage-gated Na* channels in the mus-
cle cell. To trigger an action potential, the depolarization pro-
duced by the end-plate potential must open a sufficient number
of Na* channels to exceed the celi’s threshold. (After Alberts et
al. 1989.)
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Figure 11-13 Three-dimensional model of the nicotinic
ACh-gated ion channel. The receptor-channel complex con-
sists of five subunits, all of which contribute to forming the
pore. When two molecules of ACh bind to portions of the a-
subunits exposed to the membrane surface, the receptor-

On the basis of images of ACh receptors in the pres-
ence and absence of transmitter, Unwin has proposed
that the M2 helix may be important for channel gating,
as well as for ion permeation. His studies indicate that
the M2 helix is not straight but rather has a bend or kink
in its middle (Figure 11-15C). When the channel is
closed, this kink projects inward toward the central axis
of the pore, thereby occluding it. When the channel
opens, the M2 helix rotates so that the kink lies along the
wall of the channel.

A somewhat different view of the pore and gate has
been provided by Karlin, who studied the reactions of
small, charged reagents with amino acid side chains in
the M2 segment. By comparing the ability of these com-
pounds to react in the open and closed states of the

Figure 11-14 A molecular model of the transmembrane
subunits of the nicotinic ACh receptor-channel.

A. Each subunit is composed of four membrane-spanning
a-helices (labeled M1 through M4).

B. The five subunits are arranged such that they form an aque-
ous channel, with the M2 segment of each subunit facing in-
side and forming the lining of the pore (see turquoise cylinders,
Figure 11-15A). Note that the y-subunit lies between the two a-
subunits.

—

No ACh bound:
Channel closed

Two ACh molecules bound:
Channel open

@ Na*

!
O«

channel changes conformation. This opens a pore in the portion
of the channel embedded in the lipid bilayer, and both K* and
Na™* flow through the open channel down their electrochemical
gradients.

A A single subunit in the ACh receptor-channel

B Hypothetical arrangement of subunits in
one channel

Extracellular /

side | M4 M3
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A Functional model of ACh
receptor-channel

,Funnel shaped

/ entrance region

Exitregion  lon selective pore

C Structural model for channe! gating

Figure 11-15 A functional model of the nicotinic ACh
receptor-channel.

A. According to this mode! negatively charged amino acids on
each subunit form three rings of charge around the pore (see
part B). As an ion traverses the channel it encounters this se-
ries of negatively charged rings. The rings at the external (1)
and internal (3) surfaces of the cell membrane may serve as
prefilters and divalent blocking sites. The central ring (2) within
the bilayer may contribute to the seiectivity filter for cations,
along with a ring of threonine and serine residues that con-
tribute an electronegative oxygen. {Dimensions are not to
scale.)

B. The amino acid sequences of the M2 and flanking regions of
each of the five subunits. The horizontal series of amino acids

channel, Karlin concluded that the gate was at the cyto-
plasmic end of M2.
An Overall View

The terminals of mptSt neurons form synapses with
muscle fibers at specialized regions in the muscle mem-

B Amino acid sequence of channel
subunits

Subunit o b o ) B

I § | | 1

lle Val ‘lle Leu Val
Arg Llys
Gin

M2

i
Gly Cytoplasmic
Ser Ala Ser Ser Ala %

1 P PO

Thr Ala Thr Ala Pro
1

Open

numbered 1, 2, and 3 identify the three rings of negative
charge (see part A). The position of the aligned serine and thre-
onine residues within M2, which help form the selectivity filter,
is indicated.

C. A model for gating of the ACh receptor-channel. Three of the
five M2 transmembrane segments are shown. Each M2 seg-
ment is split into two cylinders, one on top of the other. Left: In
the closed state each M2 cylinder points inward toward the
central axis of the channel. A ring of five hydrophobic leucine
residues (large spheres, one from each M2 segment) occludes
the pore. Right: In the open state the cylinders tilt, thus enlarg-
ing the ring of leucines. A ring of hydrophilic threonine residues
(small spheres) may form the selectivity filter near the inner
mouth of the channel. (Based on Unwin 1995).

brane called end-plates. When an action potential
reaches the terminals of a presynaptic motor neuron, it
causes release of ACh. The transmitter diffuses across
the synaptic cleft and binds to nicotinic ACh receptors
in the end-plate, thus opening channels that allow Na™,
K*, and Ca®" to flow across the postsynaptic muscle. A
net influx of Na™ ions produces a depolarizing synaptic
potential called the end-plate potential.
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Because the ACh-activated channels are localized to
the end-plate, the opening of these channels produces
only a local depolarization that spreads passively along
the muscle fibers. But by depolarizing the postsynaptic
cell past threshold, the transmitter-gated channels acti-
vate voltage-dependent Na™ channels near the end-
plate region. As the postsynaptic cell becomes progres-
sively depolarized, more and more voltage-gated Na™
channels open. In this way the Na® channels can
quickly generate enough current to produce an actively
propagated action potential.

The protein that forms the nicotinic ACh-activated
channel has been purified, its genes cloned, and its
amino acids sequenced. It is composed of five subunits,
two of which—the a-subunits that recognize and bind
ACh—are identical. Each subunit has four hydrophobic
regions that are thought to form membrane-spanning
a-helices.

The protein that forms the nicotinic ACh-gated
channel also contains a site for recognizing and bind-
ing the ACh. This channel is thus gated directly by a
chemical transmitter. The functional molecular do-
mains of the ACh-gated channel have been identified,
and the steps that link ACh-binding to the opening of
the channel are now being investigated. Thus, we
may soon be able to see in atomic detail the molecu-
lar dynamics of this channel’s various physiological
functions.

The large number of ACh-gated channels at the
end-plate normally ensures that synaptic transmission
will proceed with a high safety factor. In the autoim-
mune disease myasthenia gravis, antibodies to the ACh
receptor decrease the number of ACh-gated channels,
thus seriously compromising transmission at the neuro-
muscular junction (see Chapter 16).

Acetylcholine is only one of many neurotransmit-
ters in the nervous system, and the end-plate potential
is just one example of chemical signaling. Do trans-
mitters in the central nervous system act in the same
fashion, or are other mechanisms involved? In the
past such questions were virtually unanswerable be-
cause of the small size and great variety of nerve cells
in the central nervous system. However, advances in
experimental technique—in particular, patch clamp-
ing—have made synaptic transmission at central
synapses easier to study. Already it is clear that many
neurotransmitters operate in the central nervous sys-
tem much as ACh operates at the end-plate, while
other transmitters produce their effects in quite differ-
ent ways. In the next two chapters we shall explore
some of the many variations of synaptic transmission
that characterize the central and peripheral nervous
systems.

Postscript: The End-Plate Current Can Be
Calculated From an Equivalent Circuit

Although the flow of current through a population of
ACh-activated end-plate channels can be described by
Ohm’s law, to understand fully how the flow of electri-
cal current generates the end-plate potential we also
need to consider all the resting channels in the sur-
rounding membrane. Since channels are proteins that
span the bilayer of the membrane, we must also take
into consideration the capacitive properties of the mem-
brane and the ionic batteries determined by the distrib-
ution of Na* and K™ inside and outside the cell.

The dynamic relationship of these various compo-
nents can be explained using the same rules we used in
Chapter 8 to analyze the flow of current in passive elec-
trical devices that consist only of resistors, capacitors,
and batteries. We can represent the end-plate region
with an equivalent circuit that has three parallel
branches: (1) a branch representing the flow of synaptic
current through the transmitter-gated channels; (2) a
branch representing the return current flow through
resting channels (the nonsynaptic membrane); and (3) a
branch representing current flow across the lipid bi-
layer, which acts as a capacitor (Figure 11-16).

Since the end-plate current is carried by both Na™
and K*, we could represent the synaptic branch of the
equivalent circuit as two parallel branches, each repre-
senting the flow of a different ion species. At the end-
plate, however, Na* and K™ flow through the same ion
channel. It is therefore more convenient (and correct) to
combine the Na* and K* current pathways into a single
conductance, representing the channel gated by ACh.
The conductance of this pathway depends on the num-
ber of channels opened, which in turn depends on the
concentration of transmitter. In the absence of transmit-
ter no channels are open and the conductance is zero.
When a presynaptic action potential causes the release
of transmitter, the conductance of this pathway rises to a
value of around 5 X 107 S (or a resistance of 2 X 10° Q).
This is about five times the conductance of the parallel
branch representing the resting or leakage channels (g)).

The end-plate conductance is in series with a bat-
tery (Egpsp), whose value is given by the reversal poten-
tial for synaptic current flow (0 mV) (Figure 11-16). This
value is the weighted algebraic sum of the Na* and K*
equilibrium potentials (see Box 11-1).

The current flowing during the excitatory post-
synaptic potential (Igpsp) is given by

Iepsp = gepsp X (Vi — Egpsp).

Using this equation and the equivalent circuit of Figure
11-17 we can now analyze the end—plate Potential in
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Figure 11-16 The equivalent circuit of the end-plate with
two parallel current pathways. One pathway representing
the synapse consists of a battery, Fgpgp, in series with a con-
ductance through ACh-gated channels, ggpsp. The other path-
way consists of the battery representing the resting potential
(E) in series with the conductance of the resting channels (g).
In parallel with both of these conductance pathways is the
membrane capacitance (C,,). The voltmeter (V) measures the
potential difference between the inside and the outside of the
cell.

When no ACh is present, the gated channels are closed and
no current flows through them. This state is depicted as an
open electrical circuit in which the synaptic conductance is not
connected to the rest of the circuit. The binding of ACh opens
the synaptic channel. This event is electrically equivalent to
throwing the switch that connects the gated conductance path-
way (gepsp) With the resting pathway (g). In the steady state
current flows inward through the gated channels and outward
through the resting channels. With the indicated values of con-
ductances and batteries, the membrane will depolarize from
—80 mV (its resting potential) to — 15 mV (the peak of the end-
plate potential).

terms of the flow of ionic current. At the onset of the ex-
citatory synaptic action (the dynamic phase), an inward
current (Igpsp) flows through the ACh-activated chan-
nels because of the increased coriductance to Na* and
K™ and the large inward driving force on Na* at the ini-
tial resting potential (—90 mV). Since current flows in a
closed loop, the inward synaptic current must leave the
cell as outward current. From the equivalent circuit we
see that there are two parallel pathways for outward
current flow: a conductance pathway (I)) representing
current flow through the resting (or leakage) channels
and a capacitive pathway (I.) representing current flow
across the membrane capacitance. Thus,

IEPSP = _(Il + IC).

During the earliest phase of the end-plate potential
the membrane potent}él, Vo, 1s still close to its resting

value, E;. As a result, the outward driving force on cur-
rent flow through the resting channels (V,, — E) is
small. Therefore, most of the current leaves the cell as
capacitive current and the membrane depolarizes
rapidly (phase 2 in Figure 11-17). As the cell depolarizes,
the outward driving force on current flow through the
resting channels increases, while the inward driving
force on synaptic current flow through the ACh-gated
channels decreases. Concomitantly, as the concentration
of ACh in the synapse falls, the ACh-gated channels be-
gin to close, and eventually the flow of inward current
through the gated channels is exactly balanced by out-
ward current flow through the resting channels (Igpsp =
—1I)). At this point no current flows into or out of the ca-
pacitor, that is, I. = 0. Since the rate of change of mem-
brane potential is directly proportional to I,

I.=Chn X AV/At,

the membrane potential will have reached a peak
steady-state value, AV /At = 0 (phase 3 in Figure 11-17).

As the gated channels close, Igpgp decreases further.
Now Igpsp and I; are no longer in balance and the mem-
brane potential starts to repolarize, because the outward
current flow due to I, becomes larger than the inward
synaptic current. During most of the declining phase of
the synaptic action, current no longer flows through the
ACh-gated channels since all these channels are closed.
Instead, current flows out only through the resting
channels and in across the capacitor (phase 4 in Figure
11-17).

When the end-plate potential is at its peak or
steady-state value, I. = 0 and therefore the value of V,,
can be easily calculated. The inward current flow
through the gated channels (Igpsp) must be exactly bal-
anced by outward current flow through the resting
channels (I)):

Igpsp + ) = 0. {11-8)

The current flowing through the active ACh-gated chan-
nels (Igpsp) and through the resting channels (1)) is given
by Ohm's law:

Igpsp = gepsp X (Vi — Egpsp),
and
I] = gl x (Vm - El)

By substituting these two expressions into Equation
11-8, we obtain

&epsp X (Vi — Egpsp) + §1 X (Vi — Ep) = 0.

To solve for V,, we need only expand the two products
in the equation and rearrange them so that all terms in
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Figure 11-17 Both the ACh-gated synaptic conductance and
the passive membrane properties of the muscle cell deter-
mine the time course of the end-plate potential.

A. Comparison of the time course of the end-plate potential
(top trace) with the time courses of the component currents
through the ACh-gated channels (/gpsp). the resting (or leakage)
channels (}), and the capacitor (/). Capacitive current flows
only when the membrane potential is changing. In the steady

5

Cytoplasmic side

Cytoplasmic side

state, such as at the peak of the end-plate potential, the inward
flow of ionic current through the ACh-gated channels is exactly
balanced by the outward flow of ionic current across the rest-
ing channels, and there is no flow of capacitive current.

B. Equivalent circuits for the current at times 1, 2, 3, and 4
shown in part A. (The relative magnitude of a current is repre-
sented by the length of the arrows )
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voltage (V,,) appear on the left side:

(8epsp X Vi) + (81 X Vi) = (8epsp X Egpsp) + (g1 X E).

By factoring out Vy,, on the left side, we finally obtain
(gepsp X Egpsp) + (g1 X E

Vm = . 11-9)
gepsp T &1 (

This equation is similar to that used to calculate the
resting and action potentials (Chapter 7). According to
Equation 11-9, the peak voltage of the end-plate poten-
tial is a weighted average of the electromotive forces of
the two batteries for gated and resting currents. The
weighting factors are given by the relative magnitude of
the two conductances. If the gated conductance is much
smaller than the resting membrane conductance
(gepsp < §1), gepsp X Egpsp will be negligible compared
with g X E;. Under these conditions, V, will remain
close to E,. This situation occurs when only a few chan-
nels are opened by ACh (because its concentration is
low). On the other hand, if ggpsp is much larger than g,
Equation 11-9 states that V,, approaches Egpgp, the
synaptic reversal potential. This situation occurs when
the concentration of ACh is high and a large number of
ACh-activated channels are open. At intermediate ACh
concentrations, with a moderate number of ACh-
activated channels open, the peak end-plate potential
lies somewhere between E; and Egpsp.

We can now use this equation to calculate the peak
end-plate potential for the spec1f1c case shown in Figure
11-16, where ggpsp = 5 X 107°S, 21=1X107°S, Egpsp =

0 mV, and E, = —90 mV. Substituting these values into
Equation 11-9 yields
Vin =

[5x10°¢ S)x(OmV)]+[(1x10 S)x( 90mV)]
(5X107%S) +(1x10°°S)

or

(1><10 S)x( 90 mV)
m (6 X107°9)

= —-15mV.

The peak amplitude of the end-plate potential is then
AVepsp = Vi, — E
= —-15mV — (-90 mV)
=75mV.

As a check for consistency we can see whether, at
the peak of the end-plate potential, the synaptic current
is equal and opposite to the nonsynaptic current so that
the net membrane current is indeed equal to zero:

Iepsp = (5 X 1076 S) X (-15mV — 0 mV)
=-75x10"°A
and
L =(1X107%S) X [-15mV — (=90 mV)],
=75x 10"% A.

Here we see that Equation 11-9 ensures that
IEI’SI’ + Il =0.

Eric R. Kandel
Steven A. Siegelbaum
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