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Multiple techniques are available to study failure of neuromuscular transmission. Electrophysiological
techniques used in patients are well suited to detect failure of neuromuscular transmission; however, these
methods offer little insight into the mechanisms underlying failure of transmission. More detailed techniques
that are better suited for studying the underlying mechanisms can be performed in animal models of neu-
romuscular disease. However, it is often difficult to compare studies using different techniques to measure
neuromuscular transmission. In this review, | discuss different techniques that are available to study failure
of neuromuscular transmission. The strengths and weaknesses of various techniques are compared using
several diseases as examples. The review concludes with a discussion of mechanisms that may contribute
to failure of neuromuscular transmission during repetitive stimulation. NEUROSCIENTIST 12(2):134-142,
2006. DOI: 10.1177/1073858405281898
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Neuromuscular transmission is the process that translates
a motor neuron action potential to action potentials in all
the muscle fibers contacted by that motor neuron. The
steps in neuromuscular transmission are as follows: 1)
an action potential invades the presynaptic motor nerve
terminal. 2) Depolarization of the nerve terminal opens
calcium channels and causes influx of calcium into the
nerve terminal. 3) Influx of calcium triggers fusion of
synaptic vesicles to the membrane of the motor nerve
terminal and release of acetylcholine. 4) Acetylcholine
diffuses across the synaptic cleft, binds acetylcholine
receptors, opens them, and causes depolarization of the
postsynaptic muscle fiber. 5) Depolarization of the mus-
cle fiber triggers the opening of voltage-gated sodium
channels, which trigger an action potential in the muscle
fiber, and completes transmission of the action potential
from the motor neuron to muscle fibers.

Failure of neuromuscular transmission occurs when
depolarization of muscle fibers triggered by a nerve
action potential is insufficient to trigger muscle fiber
action potentials. Transmission failure during repetitive
stimulation is a hallmark of diseases of neuromuscu-
lar transmission such as myasthenia gravis (MG) and
Lambert-Eaton myasthenic syndrome (LEMS). In this
review, I discuss differences in the information acquired
using the current techniques available to study neuro-
muscular transmission. [ also discuss some theories
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about mechanisms underlying failure of neuromuscular
transmission during repetitive stimulation.

Techniques Used to Measure Failure of
Neuromuscular Transmission in Patients

In patients, the electromyography (EMG) technique most
commonly used to detect failure of neuromuscular trans-
mission is repetitive stimulation of the motor nerve. In
this technique, the amplitude of the sum of all the muscle
fiber action potentials following nerve stimulation is
measured. This is known as the compound muscle action
potential (CMAP) and is an indicator of the number of
muscle fibers firing action potentials. CMAPs range
in amplitude in normal muscles from approximately
2 to 8 mV (Preston and Shapiro 1998; Kimura 2001).
A decrease in the CMAP amplitude during repetitive
stimulation is the gold standard for measuring failure
of neuromuscular transmission, in that it indicates that
some muscle fibers are no longer firing action potentials
in response to nerve stimulation. The percentage decre-
ment in the CMAP corresponds directly to the percent-
age of neuromuscular junctions (NMJs) at which there is
failure of neuromuscular transmission.

Relatively severe disruption of neuromuscular trans-
mission must occur before there is a decrement of the
CMAP during repetitive stimulation. The reason for
this is that the safety factor for synaptic transmission is
high at the NMJ. One definition of safety factor is the
difference between the potential at which a muscle fiber
action potential is triggered and the potential reached
due to opening of acetylcholine receptors (the endplate
potential, EPP) in the absence of a muscle fiber action
potential (Fig. 1). Another definition of safety factor is
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Fig. 1. Safety factor at the neuromuscular junction. Shown is a cartoon of two superimposed traces from a neuromuscular junction. In
one trace, the muscle sodium channels are blocked and there is no action potential (thick line). In the second trace, the sodium chan-
nels are active and an action potential is triggered by the endplate potential (EPP) (thin line). The lower horizontal dotted line represents
the potential at which an action potential is initiated by the EPP. The higher dotted line represents the potential that is achieved by the
EPP in the absence of muscle fiber sodium current. The difference in potential between the two lines is the safety factor. The stimulus
artifact is a signal that is caused by nerve stimulation with an electrode that in turn triggers the EPP.

the number of vesicles of acetylcholine released com-
pared to the number required to fire an action poten-
tial. For a more detailed discussion of the factors that
contribute to safety factor, please see Wood and Slater
(2001). In cases where neuromuscular transmission is
only mildly affected, there is no decrement of the CMAP
during repetitive stimulation because the synaptic cur-
rent remains sufficient to trigger muscle fiber action
potentials in all the fibers. Thus, decrement of the
CMAP during repetitive stimulation is an insensitive test
for disruption of neuromuscular transmission. The safety
factor varies a great deal between species and muscles
(Wood and Slater 2001). In man, the safety factor may
be as low as a two (Elmqvist and others 1964). Having
a relatively large safety factor at the NMJ may serve to
allow for significant reduction of synaptic current during
high rates of stimulation without failure of neuromuscu-
lar transmission (see Fig. 2, normal transmission).

In practice, it is difficult to use CMAP amplitude
to study failure of neuromuscular transmission at rates
of motor neuron firing that occur during voluntary
movement (5 to 40 Hz) (Person and Kudina 1972).
Stimulation of nerves at high rates is extremely painful
and causes movement of the electrode, which introduces
errors in measurement of the CMAP. One way that high-
frequency stimulation can be avoided is to measure the
CMAP amplitude before and immediately after a brief
period of vigorous exercise in patients (Preston and
Shapiro 1998; Kimura 2001). In this way, the patient
provides the repetitive stimulation without the pain of
electrical stimulation. However, this method only allows
comparison of one CMAP before and one after exercise.
Another difficulty with this method is that there is a delay
between the end of the period of exercise and measure-
ment of the second CMAP amplitude. During this brief

(several-second) period of time, NMJs can recover from
the synaptic activity. The delay in time allows a process
known as posttetanic potentiation to occur. Posttetanic
potentiation increases neurotransmitter release and thus
obscures depression of synaptic transmission (Zucker
and Regehr 2002).

Given that high rates of stimulation are painful and
that measurement of the CMAP before and after exercise
is complicated by posttetanic potentiation, the most com-
monly used clinical test of neuromuscular transmission
is measurement of the CMAP during low rates of repeti-
tive stimulation (2-3 Hz). An important consideration,
however, is that low rates of repetitive firing of motor
neurons does not occur in vivo, and it is thus difficult
to use reduction in CMAP amplitude at 2 Hz to predict
the degree of weakness that will be experienced by the
patient.

Another concern with use of the CMAP to detect
defects of neuromuscular transmission is that once the
reduction in neuromuscular function is sufficiently
severe, reduction of the CMAP can exaggerate the defi-
cit. For example, in the NMJ with reduced transmission
in Figure 2, depression of neuromuscular transmission
would be 100% as measured by the CMAP. However,
depression of the underlying endplate current is only
30%. The only difference between the NMJ with reduced
transmission (with complete loss of the CMAP during
repetitive stimulation) and the NMJ with normal trans-
mission (with no reduction in CMAP) shown in Figure 2
is that in the normal NMJ, the initial synaptic current is
30% larger. Thus, because the safety factor plays such an
important role in depression of the CMAP during repeti-
tive stimulation, the initial amplitude of the endplate
current can greatly affect the percentage decrement seen
in the CMAP during repetitive stimulation.

Volume 12, Number 2, 2006

THE NEUROSCIENTIST 135



Normal Transmission Reduced Transmission

CMAP (mV) mJ

Endplate (JI |(J (Jr'ld (Jr—

current (nA) |

Fig. 2. Decrements in compound muscle action potential (CMAP) versus endplate potential (EPP). The top row shows a cartoon of
a theoretical decrement of CMAPs in response to repetitive stimulation at 50 Hz of a neuromuscular junction (NMJ) where synaptic
transmission is normal and an NMJ where synaptic transmission is reduced. In the lower row are traces of an endplate current (EPC)
of a normal mouse NMJ in response to 50 Hz stimulation. The trace shown for the normal is repeated for the reduced transmission
panel, except the amplitude of the trace was reduced by 30%. The horizontal dotted line in the lower row represents amplitude of
current necessary to trigger an action potential. In the normal NMJ, the EPC remains greater than the current necessary to trigger an
action potential. Thus, there is no decrement in the CMAP despite a significant decrement in the EPC. In the NMJ with reduced neu-
rotransmission, the 30% reduction in the EPC causes the endplate current to drop below threshold after the third stimulus. Inasmuch
as muscle fiber action potentials are all or nothing, they decrease to 0 on the fourth stimulus. In this theoretical example, there is a
much greater decrement in the CMAP than in the EPC that underlies neuromuscular transmission. It should be noted that in this figure
EPC is plotted, rather than EPP as in Figure 1. The EPC goes down (to indicate inward current, which depolarizes fibers), whereas
the EPP goes up (indicating depolarization of the fiber). In the CMAP trace, it is assumed for simplicity’s sake that all neuromuscular

junctions are responding in exactly the same way to repetitive stimulation.

A more sensitive clinical measure of deficits of neuro-
muscular transmission is mean conduction delay (jitter)
on single-fiber EMG (Preston and Shapiro 1998; Kimura
2001). In this test, two muscle fibers from an individual
motor unit (a motor neuron and all the muscle fibers it
innervates) are studied in isolation by using an EMG
electrode that measures muscle fiber action potentials
from only a small region of muscle. When the motor unit
fires, both muscle fibers fire action potentials that occur
with a set delay between them (due to differences in the
length of the axons). The motor unit is activated repeti-
tively either voluntarily by the patient or by stimulation
with an electrode. In each trial, the difference in the tim-
ing of the two action potentials is measured. Variation in
the timing between trials is then measured. If neuromus-
cular transmission is normal, the delay between the firing
of the two muscle fibers will always be similar (Fig. 34,
normal NMJ). In diseases that decrease the safety factor
for neuromuscular transmission, however, differences
in timing between trials are increased (Fig. 3B). Jitter is
more sensitive than reduction of the CMAP because it
does not require failure of neuromuscular transmission
for the diagnosis of neuromuscular dysfunction.

The increased variability in timing of muscle fiber
action potentials shown in Figure 3B is caused by reduc-
tion of the safety factor for neuromuscular transmis-
sion. To understand why reduction of the safety factor
leads to more variable delays between the firing of two
muscle fibers from the same motor unit, it is necessary to
understand the shape of the endplate potential that leads
to firing of the muscle fiber action potential. The EPP is

caused by opening of acetylcholine receptors (AChRs)
and has a rapidly rising phase followed by a plateau and
then a slower decay phase (Fig. 3C). Endplate poten-
tials at both normal and diseased NMlJs are variable in
amplitude owing to random variations in the number of
synaptic vesicles that are released following a presynap-
tic action potential. As can be seen in Figure 3C, when
the safety factor for neuromuscular transmission is high,
variation in the amplitude of the endplate current has
little effect on the timing of firing of the muscle fiber
action potential because the action potential is triggered
by the rapidly rising phase of the EPP. However, when
the safety factor is low, muscle fiber action potentials are
triggered near the plateau of the EPP (Fig. 3D) so that
variations in the amplitude of the EPP lead to variable
delays in the firing of the muscle fiber action potential
(Elmgqvist and others 1964).

Techniques Used to Measure Failure of
Neuromuscular Transmission in Animal Models

In animal models (and, rarely, in muscle biopsies from
patients), microelectrodes are used to impale individual
muscle fibers. The main difficulty in this type of study
is that contraction of muscle fibers causes the microelec-
trodes to come out when the muscle fiber fires an action
potential. This makes it necessary to block muscle fiber
contraction. Muscle fiber contraction can be blocked by
partially blocking AChRs with a toxin such as curare
(Boyd and Martin 1956). Use of curare has the disad-
vantage that the response of the muscle fiber to release
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of an individual vesicle (quantal size) cannot be accu-
rately measured. Another toxin that is sometimes used
is p-conotoxin GIIIB, which specifically blocks muscle
sodium channels and thus muscle contraction (Robitaille
and Charlton 1992). This toxin works well but has the
disadvantage that it is very expensive. A third method
to eliminate muscle contraction is to lower extracellular
calcium or raise extracellular magnesium to reduce quan-
tal content below the value necessary to trigger muscle
action potentials (Boyd and Martin 1956). This method
is not useful for studying failure of synaptic transmis-
sion at the NMJ in normal extracellular calcium. The
concentration of extracellular calcium profoundly affects
behavior of the NMJ to repetitive stimulation such that
results obtained in low extracellular calcium cannot be
extrapolated to understand weakness in patients. Finally,
muscle contraction can be removed by cutting the fibers
(Barstad and Lilleheil 1968). This depolarizes muscle
fibers and causes inactivation of sodium channels, which
blocks action potential initiation. This technique has the
disadvantage that depolarization of muscle reduces the
driving force for current flow through AChRs to the
point that measurement of quantal size is difficult.

With any of the techniques of removing muscle con-
traction, two methods of recording can be used. The first
method uses a single electrode that is inserted into the
muscle fiber and the potential of the fiber is measured
following nerve stimulation to record the EPP in mV.
The EPP is distinct from the CMAP, in that the EPP is

delay from the first and there are thus three
vertical lines. When neuromuscular function
is normal, there is little variability in the delay
of the second muscle fiber AP, whereas when
neuromuscular junctions (NMJs) are diseased,
there is much greater variability. In the lower
row are cartoons of three superimposed end-
plate potentials (EPPs) in a single control (C)
and single diseased NMJ (D). In each sweep,
the EPP is different in amplitude due to the
random variability in the number of vesicles
released. The horizontal dotted line repre-
sents the threshold for AP initiation, which is
unchanged in the diseased NMJ. The vertical
arrows in C and D represent the point in time
when the EPP reaches threshold and triggers
an AP. In the normal NMJ, the variability of the
EPP causes little variability in the timing of AP
initiation, whereas in the diseased NMJ, the
variability in the amplitude of the EPP trans-
lates into significant variability in the timing of
the AP. It is this variability that underlies the
jitter seen on single-fiber EMG.

from an individual fiber and can only be measured after
blocking muscle action potentials. The second method
involves inserting two electrodes into the muscle fiber
to voltage clamp the muscle fiber to record the endplate
current (EPC) in nA. Voltage clamp has the advantage
that changes in passive muscle fiber properties such as
input resistance and capacitance do not affect the EPC,
whereas they alter the EPP. Changes in muscle passive
properties occur when the level of muscle activity is
altered (Lomo and Rosenthal 1972). Because muscle
activity is likely altered in most diseases of neuro-
muscular transmission, changes in passive properties
complicate measures of the EPP. By combining voltage
clamp of muscle fibers with cutting of muscle fibers, it
is possible to increase the driving force for current flow
through AChRs to the point where quantal size can be
recorded and quantal content can be calculated in normal
extracellular calcium (Glavinovic 1979b).

Using voltage clamp and the cut fiber preparation, it
is possible to record depression of the EPC in normal
extracellular calcium during repetitive stimulation of
individual NMJs (Fig. 2). In voltage clamp recordings,
muscle fiber action potentials are not present, and other
muscle fiber properties such as specific membrane
resistance have no effect. This allows the experimenter
to study performance of the NMJ without complications
introduced by changes in muscle excitability. One diffi-
culty introduced in voltage clamp studies is that because
muscle fiber action potentials are prevented, the studies
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do not allow the experimenter to directly study failure of
neuromuscular transmission. To best understand diseases
of neuromuscular transmission, nerve conduction/EMG
techniques should be combined with microelectrode
studies. Comparisons of nerve conduction/EMG tech-
niques to microelectrode studies are presented below
for several diseases in which there is dysfunction of the
NMlJ.

Mechanisms Underlying
Neuromuscular Dysfunction

Anything that reduces the safety factor for neuromus-
cular transmission can weaken neuromuscular transmis-
sion. Possibilities include 1) reduction in release of ace-
tylcholine, 2) reduction in sensitivity of the postsynaptic
membrane to acetylcholine, or 3) an elevation in the
threshold for muscle fiber action potential initiation.

Reduced Release of Acetylcholine—LEMS

In Lambert Eaton myasthenic syndrome (LEMS), the
defect in neuromuscular transmission is due to antibod-
ies to presynaptic Ca channels (Sanders 2003). The anti-
bodies cause a reduction in presynaptic calcium entry,
which in turn reduces quantal content. In LEMS, there
is often a dramatic increase in CMAP amplitude during
high rates of repetitive stimulation. This is known as
facilitation and is a hallmark of LEMS and botulism. The
facilitation of the CMAP in LEMS can be several hun-
dred percent (Preston and Shapiro 1998; Kimura 2001).
To understand facilitation of neuromuscular transmis-
sion in LEMS, it is necessary to understand the behavior
of normal NMJs to repetitive stimulation in solution
containing reduced extracellular calcium. It has been
shown that reducing extracellular calcium at the NMJ
causes a change from the normal depression of the EPP
that occurs during high rates of repetitive stimulation
to facilitation (Lundberg and Quilisch 1953). If the
defect in LEMS is due to reduction of calcium entry,
one might expect facilitation to occur in solution con-
taining normal extracellular calcium. This is what has
been found (Elmqvist and Lambert 1968). However, it
has been shown in chromaffin cells exposed to LEMS
sera that facilitation in LEMS may be increased beyond
what would be expected for the reduction in calcium
entry (Engisch and others 1999). Thus, the facilitation
in LEMS may be due to several processes. In LEMS,
there is no evidence of postsynaptic compensation for
the presynaptic defect in neurotransmitter release, so
electrophysiological findings are easier to interpret.

Reduced Release of Acetylcholine—Motor
Neuron Disease

The traditional idea is that weakness in motor neuron
disease is primarily due to death of motor neurons.
However, increased jitter has been reported in patients
with amyotrophic lateral sclerosis (ALS) (Stalberg and
others 1975). This finding raises the possibility that neu-
romuscular dysfunction contributes to weakness in ALS.

It has been widely assumed that evidence of neuromus-
cular dysfunction (jitter) in ALS is due to the presence of
newly reinnervated NMJs (Kimura 2001). The idea has
been that the newly reinnervated NMJs are immature and
have failure of neuromuscular transmission with repeti-
tive stimulation. The alternative, however, is that the
jitter and CMAP decrements are early stages of ALS in
NMIJs that have yet not undergone degeneration.

Understanding the cause of weakness in ALS has ther-
apeutic implications. If weakness in ALS is due to motor
neuron cell death, then the focus should be on preven-
tion of cell death. If, however, failure of neuromuscular
transmission contributes to weakness, then prevention of
motor neuron cell death might not be sufficient to main-
tain strength. One will also need a treatment that keeps
motor neurons healthy enough to maintain neuromuscu-
lar transmission. One can imagine a situation where one
entirely prevents motor neuron cell death but weakness
progresses because the loss of neuromuscular function
continues. This is the case in an animal model of motor
disease known as HCSMA.

Hereditary canine spinal muscular atrophy (HCSMA)
is an autosomal-dominant disease of motor neurons
occurring in dogs (Pinter and others 2001). The gene
defect in the disease has not yet been identified, but
dogs that appear to be homozygous for the defect have
a rapidly progressive form of motor neuron disease.
The first suggestion that weakness in this disease was
due to failure of neuromuscular transmission was that
there was decrement of individual motor unit amplitudes
(equivalent to the CMAP of a single motor unit) during
high-frequency repetitive stimulation of the motor nerve
(Pinter and others 1997). Such a decrement would not
occur if motor neuron loss or neuropathy were the cause
of weakness. High-frequency stimulation was possible
in this disease model because the dogs were anesthetized
for the EMG study. The decrement was often dramatic,
indicating that weakness was due to failure of neuromus-
cular transmission (Fig. 4).

Voltage clamp studies were performed to better under-
stand the mechanism underlying the failure of neuro-
muscular transmission. Quantal size was normal, sug-
gesting that postsynaptic sensitivity to acetylcholine was
unaltered. When quantal content (the number of vesicles
released by a nerve action potential) was measured, there
was a significant reduction, which indicates the defect in
neuromuscular transmission was due to release of fewer
vesicles (Rich and others 2002). At first glance, HCSMA
thus appears similar to LEMS. However, the response
of the repetitive stimulation in the two disorders is very
different. In LEMS, there is an increment in the CMAP
with high-frequency stimulation, whereas in HCSMA,
there is a dramatic decrement.

Given the dramatic decrement of the EMG (often
greater than 80%) in HCSMA, one might expect that
there is an increase in the depression of the EPP (or EPC
in voltage clamp). However, the percentage decrement
of the EPC during repetitive stimulation is unaltered in
HCSMA (Rich and others 2002) (Fig. 4). The expla-
nation for this difference between the behavior of the
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CMAP and the EPC in HCSMA highlights the differ-
ence in the two measures. In HCSMA, quantal content
is decreased in diseased NMJs. Thus, the normal decre-
ment of the EPC during repetitive stimulation causes
a majority of EPPs to fall below threshold for action
potential initiation and causes decrement of the CMAP
(see Fig. 2). Thus, failure of neuromuscular transmission
appears to account for much, if not all, of the weakness
in HCSMA.

Evidence of neuromuscular dysfunction prior to cell
death has also been obtained in the superoxide dismutase
(SOD) mouse model of ALS. This mouse was generated
by overexpressing a mutation of the SOD gene cloned
from patients with familial ALS (Gurney and others
1994). There is evidence that degeneration of motor
axons precedes motor neuron cell death by a prolonged
period in the SOD mouse (Kennel and others 1996; Frey
and others 2000; Fischer and others 2004). Although
physiological studies have not been done to determine
whether there is widespread failure of neuromuscular
transmission in the SOD mouse, it seems likely that
neuromuscular pathology is an important contributor to
weakness in this model as well. The finding of neuro-
muscular degeneration/dysfunction prior to cell death
in at least two animal models of motor neuron disease
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Fig. 4. Failure of motor units to maintain

force in hereditary canine spinal mus-

cular atrophy (HCSMA). In the top row

are shown the EMG traces from a single

control and a single HCSMA motor unit

during 100 Hz repetitive stimulation. In the
control, the amplitude of the EMG signal is
maintained until the stimulation is turned
off (arrow). In the HCSMA motor unit, how-
ever, there is reduction in the amplitude
of the EMG signal (short arrow) prior to
cessation of stimulation (long arrow). This
reduction (depression) is due to failure of
neuromuscular transmission at individual
neuromuscular junctions (NMJs). The sec-
ond row shows the force generated by
the motor units shown in the top row. The
control motor unit maintains force until the
stimulation is stopped (with a brief delay
for relaxation). The HCSMA motor unit,
however, has reduction of force due to
failure of neuromuscular transmission. In
the bottom row are shown voltage clamp
recordings from individual muscle fibers
from a control and an HCSMA muscle. The
muscle fibers in the bottom row are not
from the motor units shown above but are
meant to be representative of the underly-
ing process. The amount of depression of
the endplate current (EPC) in the HCSMA
endplate is similar to the control in the
example shown. Note, however, that the
scale bars are different for the control and
HCSMA EPCs. The control EPC is actually
five times the amplitude of the EPC from
the HCSMA muscle; quantal content is
26 in the control endplate and is 6 in the
HCSMA endplate. From Balice-Gordon
and others (2000) and Rich and others
(2002).

raises the possibility that failure of neuromuscular
transmission is a significant contributor to weakness in
patients with ALS.

Reduced Sensitivity to
Acetylcholine — Myasthenia Gravis

In MG, the defect in neuromuscular transmission is usu-
ally due to antibodies directed at the postsynaptic AChR
(Vincent and others 2003). The presence of antibodies
causes both removal of AChRs (Kao and Drachman
1977; Drachman 1994) and destruction of regions of
endplates (Rich and others 1994). The loss of endplate
regions and AChRs reduces the postsynaptic response to
release of ACh. Decreased ACh sensitivity is manifested
as a reduced postsynaptic response to an individual ves-
icle of neurotransmitter (Cull-Candy and others 1978).
Reduction in safety factor due to reduced postsynaptic
sensitivity to ACh causes neuromuscular dysfunction
such that during repetitive stimulation, the normal
decrement of the EPP causes failure of neuromuscular
transmission at some junctions. This failure underlies the
decrement of the CMAP during repetitive stimulation.
Despite the primary nature of the postsynaptic problem
in MG, there is evidence suggesting presynaptic involve-
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ment as well. One consistent finding in patients and
animal models of MG is an increase in quantal content
(Cull-Candy and others 1978; Plomp and others 1992;
Plomp and others 1995). One explanation that has been
advanced is that there is a presynaptic receptor for ACh
that, when blocked, causes an up-regulation of release
of ACh (Glavinovic 1979a; Takamori and others 1984;
Santafe and others 2003). Another explanation is that
the up-regulation of ACh release is due to compensation
by the NMJ. It has been found that following a chronic
block of activity of both nerve and muscle, there is an
increase in quantal content (Snider and Harris 1979;
Tsujimoto and others 1990; Wang and others 2004) that
could serve to offset the reduction in sensitivity to ace-
tylcholine. The presence of both pre- and postsynaptic
changes in synaptic function in MG suggests caution
must be used when interpreting alterations in function of
the NMJ in other diseases. Whereas some changes may
be due to the primary disease process, other changes may
be due to compensatory mechanisms.

Elevation in Muscle Fiber Action Potential
Threshold—Myasthenia Gravis, Critical
lliness Myopathy

Elevation of the threshold for muscle fiber action
potential initiation is a potential cause of failure of
neuromuscular transmission that is often not consid-
ered. It has been shown that the autoimmune response
directed against the endplate AChR in MG may cause
loss of sodium channels from the postsynaptic region
of the endplate (Ruff and Lennon 1998). The loss of
sodium channels from the endplate region significantly
increased the amount of current injection needed to initi-
ate an action potential (Ruff and Lennon 1998). Thus, an
increase in the depolarization needed to initiate a muscle
fiber action potential contributes to the reduction of the
safety factor in MG.

It has been found that muscle fiber excitability is
reduced in critically ill patients (Rich and others 1996;
Rich and others 1997). It seems likely that during
recovery from muscle fiber inexcitability, there would
be a period where the safety factor for neuromuscular
transmission is reduced owing to an elevated threshold
for action potential initiation. Decrements of the CMAP
during repetitive stimulation have been found in criti-
cally ill patients, but these have always been ascribed to
persistent neuromuscular blockade (Gooch 1995). It may
be that reduced muscle excitability plays a role as well.

Factors That Might Contribute to Failure of
Neuromuscular Transmission during
Repetitive Stimulation

Depletion of Synaptic Vesicles

One of the most prominent ideas is that depression of
neuromuscular transmission during repetitive stimula-
tion is due to depletion of synaptic vesicles (Zucker
and Regehr 2002). The depletion model in its simplest

form proposes that each synapse has a limited number
of vesicles that are capable of being released. When an
action potential invades the nerve terminal, a fraction of
the vesicles are released, leaving behind fewer vesicles
to be released when the next action potential arrives.
For example, if an NMJ has 1000 vesicles, each with a
10% probability of release, quantal content in response
to a nerve action potential will be 100. If a second
action potential invades the nerve terminal soon after
the first, there will only be 900 vesicles available, and
only 90 vesicles will be released leaving 810 vesicles.
A third action potential would release 81 vesicles, and
so on. A prediction of this model is that gradual deple-
tion of vesicles leads to a monoexponential decay of the
synaptic current. However, synaptic depression usually
plateaus after a number of stimuli. This is explained by
refilling of the vesicle pool with time, such that during a
prolonged period of stimulation, an equilibrium between
depletion and refilling is reached (Zucker and Regehr
2002).

In addition to the monoexponential decay, the deple-
tion model makes two predictions:

1. The faster a synapse is stimulated, the greater
the depression because there is less time to refill
the vesicle pool. Although this is generally the
case in normal external calcium, it is not true
in LEMS. In LEMS, there is depression of the
CMAP during slow rates of stimulation (Preston
and Shapiro 1998; Kimura 2001). If the depres-
sion in LEMS is due to depletion, faster rates of
stimulation should cause greater depression, but
instead there is facilitation of the CMAP ampli-
tude. The finding that faster rates of stimulation
do not always lead to greater depression has led
to the idea of a reserve pool of vesicles that are
recruited rapidly during fast rates of repetitive
stimulation (Zucker and Regehr 2002). The idea
is that during rapid rates of stimulation, the rise
in intracellular calcium is greater, and this trig-
gers the recruitment of vesicles to replenish the
readily releasable pool.

2. If fewer vesicles are released, depression should
be reduced. This prediction has been confirmed
at the NMJ when release of vesicles is decreased
by lowering extracellular calcium (Lundberg
and Quilisch 1953). However, in HCSMA,
reduction of the number of vesicles released has
no effect on the amount of depression of the syn-
aptic current (Rich and others 2002). In LEMS,
fewer vesicles are released than in control, but
there is depression of the CMAP at slow rates
of repetitive stimulation (Preston and Shapiro
1998; Kimura 2001). Both of these situations
suggest that reduction in the number of vesicles
released may not always reduce depression of
neuromuscular transmission as would be pre-
dicted by the depletion model. Thus, although
depletion may play an important role in depres-
sion of neuromuscular transmission with repeti-
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tive stimulation, there are likely other processes
that contribute as well.

Desensitization of Acetylcholine Receptors

Desensitization of postsynaptic receptors is another
potential cause of depression. At some synapses, this
appears to be a prominent mechanism underlying depres-
sion (Otis and others 1996; Zucker and Regehr 2002). At
the NMJ, there is pronounced desensitization of AChRs
during prolonged application of ACh (Pennefather and
Quastel 1982). Thus, desensitization is a theoretically
plausible cause of depression at the NMJ. However, it
has been shown at the NMJ that during trains of action
potentials at rates of stimulation of 33 Hz or less, desen-
sitization is not a significant contributor to depression
(Magleby and Pallotta 1981).

Homosynaptic Modulation

A third potential mechanism underlying depression
is that the contents of synaptic vesicles contain mol-
ecules that feed back on the presynaptic terminal to
reduce release. This mechanism is termed homosynaptic
modulation. Synaptic vesicles at the NMJ contain ATP,
which is hydrolyzed to adenosine. It has been suggested
that during repetitive stimulation, buildup of adenosine
contributes to depression at the NMJ (Hamilton and
Smith 1991; Redman and Silinsky 1993). It appears that
homosynaptic modulation cannot account for depression
during brief trains of stimuli (Malinowski and others
1997).

Reduction in Calcium Entry

A fourth mechanism that may contribute to depression
of neuromuscular transmission with repetitive stimula-
tion is reduction in the presynaptic calcium currents
that trigger fusion of synaptic vesicles. If inactivation
of calcium channels occurred during trains of action
potentials, it could account for much of the depression
seen with repetitive stimulation. Unfortunately, it is dif-
ficult to record presynaptic calcium currents at the NMJ
,s0 it has been difficult to determine whether reductions
in calcium currents during repetitive stimulation con-
tribute to failure of neuromuscular transmission. In cells
where calcium channels can be studied in detail, it has
been found that the channels inactivate during prolonged
depolarization of the cell (Hille 2001). However, it has
traditionally been believed that during trains of action
potentials, changes in calcium entry due to inactivation
of presynaptic calcium channels play only a small role in
depression (Zucker and Regehr 2002).

The calyx of Held is a synapse in the brainstem that
has large presynaptic terminals where voltage clamp and
measurement of presynaptic calcium currents in possi-
ble. It has recently been found in this preparation that an
activity-dependent reduction in calcium entry plays an
important role in depression during repetitive stimulation
(Xu and Wu 2005). The effect of repetitive stimulation
was most pronounced on the P/Q calcium channel type,

which is the calcium channel type that is most important
in triggering vesicle fusion at the NMJ (Katz and others
1996; Giovannini and others 2002). Thus, it seems rea-
sonable to propose that reduction in calcium entry during
trains of stimuli is an important contributor to depression
at the NMJ. Interestingly, the types of calcium channels
present at the NMJ may change in LEMS (Giovannini
and others 2002). If calcium currents through the up-
regulated calcium channel types in LEMS depress less
during repetitive stimulation, this may also contribute to
the facilitation seen in LEMS.

Conclusion

Failure of neuromuscular transmission plays a role in a
number of disease states. In addition to diseases that are
classically thought of as diseases of the NMJ such as MG
or LEMS, it now appears that defects at the NMJ con-
tribute to weakness in motor neuron disease. Failure of
transmission during repetitive stimulation may be due to
a variety of causes. A better understanding of the causes
of depression at the NMJ during repetitive stimulation is
necessary to design better treatments for diseases affect-
ing neuromuscular transmission.
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