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Acetycholinesterase (AChE) is a key enzyme in cholinergic

transmission, and altered activity levels of this protein

are associated with a high probability of disrupted

homeostasis in the synaptic cleft. Indeed, cholinergic

imbalances in neuromuscular junctions (NMJs) are

involved in several pathological situations, for example in

congenital myasthenias (reviewed in Engel et al. 1999; and

Ohno et al. 2001), spinal muscular dystrophy (Crawford et
al. 1996) and amyotrophic lateral sclerosis (Brown et al.
1995). More common is exposure to agricultural AChE

inhibitors such as the organophosphate paraoxon. Rare but

devastating are the effects of chemical warfare agents such

as sarin, tabun or soman, which result, among other things,

in muscle fibre necrosis and muscle paralysis (reviewed in

Ray, 1998; Schwarz et al. 1995). The recent increase in the

use of anti-cholinesterases such as Alzheimer’s disease

drugs (Darreh-Shori et al. 2002) further expands such

exposure, albeit to lower, chronic doses. Previous reports

demonstrated that exposure to AChE inhibitors results in

the accumulation of AChE in the brain (Kaufer et al. 1998)

and muscle (Lev-Lehman et al. 2000). However, the

physiological consequences of chronic AChE irregularities

are as yet unknown. We have therefore employed

transgenic mice that chronically overexpress the synaptic

variant of AChE (AChE-S) in both the central nervous

system and motor neurons (Andres et al. 1997 and Fig. 1 in

Supplementary Material for an exampled TG NMJ). The

elevated AChE activities in these mice induced multi-site

dysfunctions, including cognitive deficiencies (Beeri et al.
1997; Cohen et al. 2002), intensified neuropathology

markers for neurodeterioration in the brain (Sternfeld

et al. 2000), and neuromotor impairments expressed as

progressively exaggerated motor fatigue and altered

electromyography patterns (Andres et al. 1997). A detailed

dissection of this motor dysfunction may contribute to

the understanding of the related clinical pathologies

mentioned above.

Muscle fatigue may result from impaired excitation–

contraction mechanisms, neurotransmission failure or a

combination of both. Neurotransmission depression was

reported to make an important contribution to muscle

fatigue (Aldrich et al. 1986; Kuei et al. 1990; Van Lunteren

& Moyer, 1996), and may result from vesicle depletion or

malfunctioning of the upstream release machinery,

leading to depression of release. Postsynaptically, cumulative

receptor desensitization may reduce postsynaptic potentials

(PSPs). Blocking AChE activity was found to enlarge the

relative fraction of neurotransmission in muscle fatigue

(Panenic et al. 1999).
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In transgenic mice overexpressing AChE-S, muscle

morphology is irregular, including enlarged NMJ and

abnormal ultrastructure of the synaptic clefts with either

much deeper or very shallow folds (Andres et al. 1997).

Presynaptic features were atypical as well, most prominently

in higher numbers of vesicles at the transgenic presynaptic

site (Andres et al. 1998). These changes were accompanied

by altered transcription patterns in spinal cord motor

neurons, for example premature overexpression of choline

acetyltransferase mRNA, or suppression of neurexin Ib
mRNA (Andres et al. 1997). Additionally, tongue muscles

from AChE-S transgenic mice display exaggerated neurite

branching and disorganized fibres (Lev-Lehman et al.
2000). 

The overall objective of the present study has been to

elucidate which levels, from neuronal activation to muscle

contraction, are involved in the induction of motor fatigue

under an excess of AChE. First, we examined whether

muscle properties and/or neuronal transmission are

involved in the phenotype of muscle fatigue. Second, we

questioned whether pre- and/or postsynaptic properties

are affected by an excess of synaptic AChE.

METHODS 
Experiments were approved by The Hebrew University’s
committee for animal studies and all efforts were made to
minimize both the number of animals used and their suffering.
Locally grown AChE-S transgenic mice and age- and sex-matched
FVB/N control mice were used throughout this study. Diaphragm
muscles were obtained from 3- to 5-month-old mice (28–32 g).
Animals were placed in a desiccator with an ether-saturated
atmosphere and were decapitated when they stopped responding
to a noxious stimulus. Hemi-diaphragms were isolated with the
phrenic nerve and were placed in an experimental bath containing
physiological salt solution with the following composition (mM):
124 NaCl, 5 KCl, 1.3 MgSO4, 1.2 NaH2PO4, 26 NaHCO3, 10
D-glucose and 2.4 CaCl2. Muscles were perfused continuously
with a salt solution, aerated with 95 % O2–5 % CO2 at room
temperature (22– 24 °C) and at a rate of 2 ml min_1.

Muscle fatigability measurements
The intact hemi-diaphragm was fixed at the rib side onto a
Sylgard-coated bath. The central tendon was connected to an
isometric transducer and was aligned at 45 deg with the
experimental bath. The muscle was progressively stretched until a
basal tension of 0.015 g was obtained, and from this length
subsequent protocols were undertaken. The output of the force
transducer was digitized, stored and analysed offline. Fifteen
stimulation trains separated by 10 s intertrain intervals induced
nerve-evoked contractions. Each train consisted of 200 stimuli at
66 Hz, 0.1 ms duration. For direct stimulation, a group of muscle
fibres was stimulated with a suction electrode placed at the far end
of the rib side in order to prevent electrode movements during
muscle contraction.

Cut muscle preparations
Cut muscles were prepared by cutting fibres on both sides of the
main intramuscular nerve branch. Recording of PSPs commenced
after contractions were halted. Intracellular recordings were

performed with microelectrodes of 20–30 MV resistance, filled
with potassium acetate (3 M) and KCl (100 mM). The nerve was
stimulated with six trains of 15 stimuli at 50 Hz, 0.1 ms duration,
separated by 10 s intertrain intervals. This short stimulation
protocol did not create accumulating decay during subsequent
trains (data not shown), and therefore averaged results are
presented.

Characterization of synaptic quantal responses
Quantal size and content were measured by recordings of PSPs in
low calcium, high magnesium solution (0.2 and 2.3 mM,
respectively). Frequency of spontaneous release was measured
within a 400 ms period before the evoked releases. Quantal
content was determined by the failure method (del Castillo &
Katz, 1954) in evoked responses to over 600 stimuli per cell given
at 0.5 Hz. With this sample size, and considering quantal content
in the range of 0.07, the standard error was calculated to be no
more than 15 %. Since at this probability of release the chance for
multiple quanta is ~0.002, indicating only ~3 % of the evoked
responses are multiple, quantal sizes of spontaneous and evoked
release of each cell were merged. Rise time was measured from
onset to peak amplitude, whereas decay time was measured by the
time to 50 % reduction of PSP amplitude. Control parameters
were determined from a sample of at least five NMJs per
diaphragm. Fresh physostigmine (10 mM, Sigma, St Louis, MI,
USA) was continuously perfused and a sample of at least seven
NMJs was taken.

Statistics
All analysed data were compared by Student’s two-tailed paired
t test and significant differences were determined when P < 0.05.
Significant linear regression analysis was determined with an
F test.

RESULTS
Both nerve and muscle contribute to the phenotype
of pronounced fatigue
The first step we employed in order to examine the

contribution of nerve and muscle to the fatigue pheno-

type was to measure muscle contraction induced by

administering tetanizing stimulation either to the nerve or

directly to the muscle. This approach enabled us to

distinguish between the possible fatigue developed at the

level of muscle excitation–contraction mechanisms and

fading of neuromuscular transmission. We used nerve

stimulation sessions of 15 trains which induced a

development of muscle fatigue within one session, as

demonstrated in Fig. 1A and B for wild-type (WT) and

transgenic (TG) muscles, respectively. In the first few

contractions of the series, there was a slow build-up of

force in the course of the stimulation train, a phenomenon

that was more pronounced in WT muscles. Gradually,

fatigue appeared during the train itself, followed by a

reduction in the initial force achieved at the subsequent

contraction. With repetition, the contractions slowly

attained a lower steady-state level. Although the general

behaviour appeared similar, several differences between

WT and TG muscles were observed in this pattern. First,

the initial force (at 500 ms from onset of stimulation)

achieved by WT muscles was 0.41 ± 0.06 g (mean ±

N. Farchi, H. Soreq and B. Hochner166 J. Physiol. 546.1
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S.E.M.), significantly higher than the 0.2 ± 0.02 g in TG

(n = 6, in each of 4 WT and 5 TG muscles, P < 0.05, Fig. 1C).

Second, the time course of fatigue development was clearly

different in the TG and WT diaphragms, in both

parameters of intra- and intercontraction fatigue. These

were determined by measuring the percentage reduction

of the initial and final force from the maximal force

obtained at the first stimulation of the session (measured,

respectively, at 0.5 and 3 s from contraction onset). WT

muscles decay significantly less than TG ones at the level of

initial activation, reaching 49 ± 3 % decrement at the last

contraction, whereas TG muscles declined by 68 ± 3 %

(P < 0.01, Fig. 1D). In contrast to wild-type muscles,

transgenic muscles not only fatigued to a greater extent,

but also failed to recover during the intertrain intervals.

This phenomenon is demonstrated by the smaller

difference attained between the initial and the final force in

the TG contractions during the train (Fig. 1D). A single

exponential fit to the initial force represents a clear 1.6-

fold faster fatigue time constant of TG as compared with

WT muscle (52.6 vs. 85.9 s, Fig. 1E vs. F, P < 0.05, F test).

Interestingly, the time constant of final fatigue seems to be

similar in both phenotypes (45.3 vs. 48.1 s, respectively).

These results may indicate that the main difference

between the TG contraction mechanism and that of the

WT phenotype is a slower intertrain recovery in TG

muscles.

The observed differences could originate either in the nerve

or in the muscle. To distinguish between these possibilities,

we measured the isotonic force generated by direct muscle

fibre stimulation (see Methods). This approach yielded

essentially similar patterns of contraction to those induced

indirectly via the nerve (Fig. 2A and B). However, the levels

of fatigue in both inter- and intratrain stimuli were lower

than those measured in indirect stimuli. In contrast to the

evident recovery process in TG muscle activity induced by

muscle stimulation, the recovery process in the WT muscle

was very slow. Fatigue that originated from muscle

excitation–contraction properties reached 25 ± 2.9 % in

Neuromuscular physiology in AChE transgenic miceJ. Physiol. 546.1 167

Figure 1. Transgenic
diaphragm muscle displays
exaggerated contraction
fatigue in tetanic nerve
stimulation
A, nerve induced contractions in
WT diaphragm muscle.
Contraction sessions were
composed of 15 consecutive
stimulation trains of 200 stimuli
at 66 Hz, with 10 s intertrain
intervals. B, similar to A in TG
diaphragm muscle. C, averaged
initial force of 6 measurements in
each of 4 WT and 5 TG
diaphragms (measured at the time
marked by a filled arrowhead in A,
means ± S.E.M.). * P < 0.05,
compared with WT group, two-
tailed t test. D, time course of
initial and final forces normalized
to the first contraction (final force
was measured at the time marked
by an open arrowhead in A).
* P < 0.05, initial forces compared
with WT values; ~P < 0.05, final
forces compared with WT values.
E, semi-logarithmic plot for WT
initial and final forces (steady
state values subtracted). Time
constants derived from the slope
of the line fitted by regression to
the linear part were found to be
significantly different (F test,
P < 0.05). F, same as E for TG
muscles.
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WT and up to 40 ± 3.0 % in TG muscle at the 10th

contraction (n = 6, in each of 3 WT and 3 TG muscles, P <

0.02, Fig. 2C). Interestingly, despite this difference in

magnitude, the relative contribution of muscle mechanisms

to the total fatigue was similar in TG and WT (68.9 % and

70.1 %, respectively, Fig. 2D). To conclude, transgenic

diaphragm muscle under chronic excess of AChE suffers

from augmented fatigue of both neuronal and muscle

origins.

Neurotransmission failure is demonstrated directly
at the synaptic level
To characterize the physiological behaviour of neuro-

muscular transmission we used cut muscle preparations.

As action potentials are inactivated in the cut muscle fibres

(Hubbard & Wilson, 1973), it is possible to measure

synaptic transmission at physiologically high levels of

release. Figure 3A presents typical trains induced in WT

and TG fibres, demonstrating larger and faster decay of the

PSPs in the TG fibres. No significant difference was

observed in the amplitude of the first PSP in the train,

suggesting no apparent effect or involvement of the

elevated AChE concentrations (amplitudes were scaled in

relation to the resting potentials, Fig. 3B). Figure 3C shows

the subsequent PSPs in the train after normalization to the

first PSP, which presented an initially small facilitation

followed by a gradual decrease in the amplitude within the

train, which in the case of transgenic synapses declined to a

lower plateau. While no significant differences in facilitation

were observed, WT fibres showed a 20 ± 2.4 % decrement,

a significantly smaller magnitude than in transgenic

synapses, demonstrating synaptic fade of 28 ± 2.5 %

(n = 44 and 45 cells from 9 WT and 9 TG muscles,

P < 0.03). Synaptic fading was also faster in the transgenic

NMJ than in WT, noted by a smaller time constant of the

exponential part of the amplitude decay in the trains

(62.7 s in WT vs. 38.4 s in TG, Fig. 3D). Therefore, the

synaptic depression during the initial stimuli of the train,

as demonstrated here, could contribute only a relatively

small part to the lower initial force achieved by transgenic

muscle contractions (Fig. 1C).

N. Farchi, H. Soreq and B. Hochner168 J. Physiol. 546.1

Figure 2. Transgenic diaphragm muscle displays exaggerated contraction fatigue in tetanic
direct muscle stimulation
A, contractions in WT diaphragm muscles induced by delivering the stimulation directly into the muscle.
The contraction session was composed of 10 consecutive stimulation trains of 200 stimuli at 66 Hz, with 10 s
intertrain intervals. B, same as A for TG muscle. C, time course of initial and final forces normalized to the
first contraction. Values are means ± S.E.M. of 6 measurements in each of 3 WT and 3 TG diaphragms. Forces
were measured at the time marked by the filled and open arrowheads in A. * P < 0.05, initial forces compared
with WT values; ~P < 0.05, final forces compared with WT values. D, summary of the muscle- and nerve-
induced fatigue, measured at the 10th contraction in direct and indirect stimulation. Note similar ratio of
muscle- and nerve-induced fatigue in the TG and WT muscles. Data are given as means ± S.E.M. * P < 0.05,
compared with WT group, two-tailed t test.
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Characterization of neuromuscular transmission
changes at the cellular level
Whether AChE over-producing NMJs demonstrate

different release characteristics, and if so, whether these

take place at pre- and/or post-synaptic sites, was tested by

measuring quantal size and quantal content under

conditions of low probability of release (0.2 mM Ca2+,

2.3 mM Mg2+). Postsynaptic quantal responses of evoked

and spontaneous activity were similar in WT and TG

synapses. Amplitudes were 0.98 ± 0.1 mV in WT and

1.05 ± 0.14 mV in TG (n = 75, in each of 4 WT and 5 TG

muscles, P < 0.62, Fig. 4A); rise times were 0.89 ± 0.1 ms in

WT and 0.97 ± 0.1 ms in TG (P < 0.79, Fig. 4B) and half-

decay times were 1.68 ± 0.22 ms in WT and 1.74 ± 0.1 ms

in TG (P < 0.88, Fig. 4C). The apparent morphological

atrophy of TG muscle fibres could potentially lead to a

biased sampling of the less injured fibres. However, at

this stage of muscle deterioration, electron microscopy

analysis demonstrated that the damage was limited to

several myofibrils (Andres et al. 1997 and Fig. 2 in

Supplementary Material) and was thus not likely to affect

the electrophysiological measurement. To explore the

effects of AChE’s catalytic activity on these different PSP

parameters, we blocked AChE with the carbamate AChE

blocker, physostigmine (10 mM). At this concentration,

physostigmine is minimally active as an ACh receptor

blocker (Shaw et al. 1985; Dudel et al. 1999). Synaptic

responses were recorded during 1.5 h of physostigmine

perfusion and  demonstrated quantal size increases in both

amplitude and time course. Significantly larger increases

in amplitude appeared in the TG animals than in WT (98

and 57 %, respectively, P < 0.05, Fig. 4A), as well as in decay

time (65 and 35 %, respectively, P < 0.05, Fig. 4C). The rise

time of both WT and TG mice increased significantly, yet

to similar extents (41 and 32 %, respectively, Fig. 4B). The

effective concentration of physostigmine at the junctional

fold was probably not high enough for a complete blockade

of AChE, since the decay time was not dramatically elevated,

as expected by treatment with anti-cholinesterase (see, for

example, Ferry & Kelly, 1988). Yet, the larger effect of

physostigmine on TG miniature PSP amplitudes was

consistent with the higher levels of the catalytic activity of

AChE in the TG NMJs.

Transgenic NMJs exhibit higher quantal content
Presynaptic properties of the TG NMJ are particularly

relevant since the genetic interference was limited in this

TG line to the neuronal part (Beeri et al. 1995), and

therefore excess AChE produced by the nerve terminal

(Anglister, 1991) could potentially affect the levels and/or

interactions in the release machinery. Quantal content was

determined by the failure method of del Castillo & Katz

(1954) at lower Ca2+ concentration (0.2 mM Ca2+, 2.3 mM

Mg2+). Transgenic NMJs displayed higher quantal content

(0.095 ± 0.01 in TG, 0.068 ± 0.006 in WT, n = 75, in each of

4 WT and 5 TG muscles, P < 0.05, Fig. 5A) and frequency of

spontaneous release than WT ones (0.28 ± 0.015 Hz in TG

and 0.15 ± 0.005 Hz in WT, P < 0.05, Fig. 5B). Both results

are in accord with possible presynaptic changes in the TG

terminal that involve either increase in the average

probability of release (p) and/or increase in n (del Castillo

& Katz, 1954). Treatment with physostigmine caused a

pronounced decrease in both quantal content and

spontaneous release in TG synapses (21 and 27 %

reduction, P < 0.05), while changes in WT were not

Neuromuscular physiology in AChE transgenic miceJ. Physiol. 546.1 169

Figure 3. TG synapses demonstrate
pronounced neurotransmission
depression in cut muscle
preparations.
A, examples of trains of PSPs evoked in
cut muscle preparations. Trains consisted
of 15 stimuli at 50 Hz with 10 s intertrain
intervals. For clarity, stimulation artifacts
were omitted. B, average amplitude
(± S.E.M.) of the first PSP in the train. In
order to reduce PSP variability resulting
from differences in membrane potentials,
amplitudes were scaled to a driving force
at a membrane potential of – 50 mV,
assuming zero as the synaptic reversal
potential (Linder & Quastel, 1978).
n = 44 and 45 cells from 9 WT and 9 TG
muscles. C, time course of PSP decay
during the train. PSPs are normalized to
the first PSP in the train. * P < 0.05,
compared with WT group, two-tailed
t test. D, semi-logarithmic plot of PSP
values (extrapolated steady state levels
were subtracted). Time constants derived
from the slope of the regression. P < 0.05
(F test).
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significant (Fig. 5A and B, P < 0.41). The larger effect of

physostigmine on the release probabilities of TG NMJs

may reasonably reflect the hypocholinergic synaptic

situation. Furthermore, the sharp effect of physostigmine

better supports an increase in the probability of release in

the TG synapse than a change in the number of releasing

sites.

DISCUSSION
Using transgenic mice with chronic neuronal over-

expression of synaptic AChE, we found that the

consequences of higher levels of AChE are widespread

across multiple locations in the neuromuscular system.

Interestingly, each level presented moderate but

significant differences between TG and WT muscle that

are likely to contribute to the fatigue phenotype

collaboratively. Characterizing the transgenic muscle ex
vivo, we observed an exaggerated mechanical fatigue

following repetitious activation of the muscle, either

directly or via the phrenic nerve. These results may

explain, at least in part, the reported motor behavioural

difficulties of these mice (Andres et al. 1997). Our results

further demonstrate that the accentuated mechanical

fatigue is due to a combination of alterations in both

neuromuscular transmission and intrinsic muscle

properties, such as excitation–contraction coupling

processes. Synaptic fade was explicitly demonstrated in the

cut muscle preparation, with more pronounced synaptic

depression in the transgenic NMJs, while enhanced

mechanical fatigue was demonstrated by repetitive direct

stimulation of the diaphragm muscle. The emerging

picture from our analysis is that synaptic homeostasis is

altered with excess AChE. This subsequently affects release

properties, yielding higher probability of release, larger

quantal size and hypersensitivity to cholinergic, stress-like

insults. The latter are consistent with neuronal hyper-

sensitivity of hippocampal functioning under AChE excess

(Kaufer et al. 1998; Meshorer et al. 2002). The multiple

effects on muscle function are likely to include both direct

and indirect responses to the hypo-cholinergic state.

Lower tetanic force production was evident in the

transgenic muscle. Total muscle force is a build-up of

recruited single fibres. In the cut muscle experiments, the

PSP in the transgenic fibres decays following repetitive

stimulation to a lower level than in WT. Therefore, the TG

muscle probably undergoes a faster reduction in the

number of recruited fibres during the train, which

explains, at least in part, the lower force production of the

transgenic diaphragm. Apparently, the small difference in

the steady state of PSP amplitude can underlie only a

relatively small part in the differences observed in the

initial force, unless the steady state values are close to the

threshold for action potential in the muscle fibres.

TG and WT muscles showed similar stereotypical changes

in the contractions induced by repeated nerve stimulation

(Hill, 1970). In the nerve stimulation protocol, which

combines both neurotransmission and muscle mechanics,

the main difference between TG and WT muscles could be

attributed to a reduction in intertrain recovery, which is

reflected in a significantly smaller difference between the

initial and final forces and the lower final steady state level

attained by the TG muscle. The direct stimulation revealed

similar time course and fatigue processes as in nerve

stimulation, demonstrating an accentuated mechanical

fatigue in the TG muscle. It is important to note that

N. Farchi, H. Soreq and B. Hochner170 J. Physiol. 546.1

Figure 4. TG quantal size is similar to WT responses in control conditions, but larger
following physostigmine treatment
Quantal size recorded in WT and TG muscles under conditions of low probability of release (0.2 mM Ca2+,
2.3 mM Mg2+). Evoked and spontaneous responses were combined (see Methods). A sample of PSPs from
several cells was taken in the presence of physostigmine (10 mM). A, PSP amplitude. B, PSP rise time (from
onset to peak). C, PSPs half-decay time (from peak to half-decay). Numbers of cells analysed are indicated
above the bars, number of animals in brackets (similar numbers for A and B). Data were analysed with an
unpaired two-tailed t test: * P < 0.05, compared with WT results; ~P < 0.05, compared with no drug
conditions within the same group.
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intratrain fatigue is low in the nerve stimulation of TG

muscle, but conspicuous under the direct stimulation.

Therefore, the contribution of neurotransmission fade

to the fatigue processes during the train is probably

underestimated in the nerve stimulation experiment. We

attribute the transgenic diaphragm aberration to an

impaired recovery process, and conclude that the motor

fatigue phenotype involves several sites, including both

neuronal and muscle elements.

The augmented fatigue of the TG muscle mechanics may

be related to the altered muscle morphology, and

potentially to biochemical processes as well as to reduced

muscle excitability. Cholinergic transmission-dependent

modifications in excitability have been demonstrated in

myasthenia gravis patients and in a rat model involving

reduction in voltage-gated sodium channels (Ruff &

Lennon, 1998). Since these properties are not directly

associated with excess AChE catalytic activity we suggest

two underlying alternatives. (1) AChE has been

demonstrated to have non-catalytic, morphogenic

activities, which may affect muscle function (Darboux et
al. 1996; Sternfeld et al. 1998; Grifman et al. 1998; Soreq &

Seidman, 2001). (2) A developmental disruption of muscle

function due to chronic hypocholinergic level. A

disturbance of muscle development that depends on

cholinegic-altered excitation has been demonstrated in

transgenic zebrafish embryo (Behra et al. 2002).

The synaptic analysis in TG muscles revealed normal

quantal responses at the postsynaptic cellular level, yet

with higher quantal content in the TG neuromuscular

junction. AChE’s content in the NMJ is contributed by

both muscle and neuronal systems (Anglister, 1991). In

the TG muscle, Andres et al. (1997) found that human

AChE contributes 6 % of the total muscle enzyme, which

reflects the neuronal-originated AChE. However, this

limited contribution may be functionally more significant

in elevating AChE concentrations at the NMJs. Theoretical

models predict that a higher synaptic AChE concentration

by itself will not significantly affect the quantal size

(Anglister et al. 1994). Moreover, density calculations

(Salpeter et al. 1978) indicate that AChE concentration in

the mouse NMJ is already in excess of a critical lower limit.

Consistent with these assumptions, we find a similar

picture of quantal amplitudes and time courses in TG and

WT NMJs. Nevertheless, blocking AChE activity revealed

higher quantal amplitude in TG synapses than in WT,

supporting excess enzyme in the NMJ and suggesting that

in contrast to the theoretical prediction, this excess in the

TG synapse is effective. The higher quantal amplitude may

be an outcome of larger ACh content, but could also be the

result of high receptor number consistent with the larger

TG NMJs. Therefore, we interpret the ‘real’ amplitude as a

delayed compensation response to excess AChE that

retrieves the effect of single quanta to standard sizes.

Presynaptic properties are supposedly affected by raising

AChE concentration, since the faster hydrolysis of released

transmitter will induce less feedback inhibition on the

release system (Starke et al. 1989). Thus, the higher quantal

content and rate of spontaneous release observed in TG

endplates could result from reduction in presynaptic

autoinhibition (Parnas et al. 2000; Slutzky et al. 2001), and

are likely to be a direct response to the expression of the

transgene. Again, this finding is consistent with morpho-

metric evidence pointing to higher density of presynaptic

vesicles at the transgenic terminal (Andres et al. 1998),

which could by itself be responsible for the higher frequency

of spontaneous release (Del Castillo & Katz, 1954). If the

quantal content is affected by tonic concentration of ACh

in the synaptic cleft, as suggested above, then the reduction

of quantal content to WT level upon physostigmine

treatment indicates that ACh level in the transgenic NMJ is

lower under control conditions, and is comparable to WT

synapses only under conditions of AChE blockade.

Support for the lower basal level of free ACh was found in

the TG brain (Erb et al. 2001). It thus appears that the

Neuromuscular physiology in AChE transgenic miceJ. Physiol. 546.1 171

Figure 5. TG synapse displays higher probability of
release and different susceptibility to AChE inhibition
than WT
A, quantal content of WT and TG synapses, measured at
conditions of low probability of release (0.2 mM Ca2+, 2.3 mM

Mg2+) with and without physostigmine (10 mM). B, frequency of
spontaneous release with and without physostigmine. Numbers of
cells analysed are indicated above the bars, number of animals in
brackets (similar numbers for A and B). Data were analysed with a
two-tailed t-test: * P < 0.05,compared with WT results; ~P < 0.05,
compared with no drug conditions within the same group. 
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parameters of quantal content and frequency of

spontaneous release are a direct consequence of the

elevated catalytic activity of AChE in the transgenic NMJ.

The in vitro synaptic situation in the TG muscle presents

conditions of steady state release with higher quantal

content and actual amplitude, combined with a relatively

high vesicle number. Together, these probably rescue the

hypo-cholinergic synaptic state under higher levels of

AChE.

In conclusion, our experiments have confirmed that

altered activity levels of AChE induce muscle mal-

functioning beyond neuromuscular transmission. These

results suggest broad physiological implications for AChE-

related muscular pathologies.
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