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The efficiency of synaptic transmission between nerve
and muscle depends on the number and density of ace-
tylcholinesterase molecules (AChE) at the neuromuscu-
lar junction. However, little is known about the way this
density is maintained and regulated in vivo. By using
time lapse and quantitative fluorescence imaging assays
in living mice, we demonstrated that insertion of new
AChEs occurs within hours of saturating pre-existing
AChEs with fasciculin2, a snake toxin that selectively
labels AChE. In the absence of muscle postsynaptic ac-
tivity or evoked nerve presynaptic neurotransmitter re-
lease, AChE insertion was decreased significantly,
whereas direct stimulation of the muscle completely re-
stored AChE insertion to control levels. This activity-de-
pendent AChE insertion is mediated by intracellular
calcium. In muscle stimulated in the presence of a
Ca2� channel blocker or calcium-permeable Ca2� che-
lator, AChE insertion into synapses was significantly
decreased, whereas ryanodine or ionophore A12387
treatment of blocked and unstimulated synapses signif-
icantly increased AChE insertion. These results demon-
strated that synaptic activity is critical for AChE inser-
tion and indicated that a rise in intracellular calcium
either through voltage-gated calcium channels or from
intracellular stores is critical for proper AChE insertion
into the adult synapse.

The maintenance of a high density of postsynaptic neuro-
transmitter receptors and transmitter inactivation molecules
at the site of synaptic contact is critical for the functioning
nervous system. In cholinergic synapses, acetylcholinesterase
(AChE)1 plays a critical role in the control of acetylcholine
hydrolysis during synaptic transmission (1, 2). The efficacy by
which AChE controls neurotransmitter lifetime in the synaptic
cleft depends not only on its enzymatic activity but also on its

density and location relative to acetylcholine receptors
(AChRs). Although progress has been made in elucidating the
cellular and molecular events regulating AChR dynamics at
the postsynaptic membrane (3, 4), our knowledge concerning
the cellular basis of AChE dynamics is relatively limited. In
particular it is unclear how this molecule is inserted and main-
tained at the synapse in vivo. At the neuromuscular junction,
AChE is organized in a tetramer by collagen Q (ColQ) and is
tethered in the extracellular matrix via ColQ and a complex of
associated proteins, including perlecan, dystroglycan, and a
muscle-specific tyrosine kinase (5–7). Mutation or absence of
ColQ or perlecan severely reduces the clustering of AChEs at
neuromuscular junctions (NMJs) (8–10).

The availability of fasciculin2, a snake toxin purified from
the green mamba (Dendroaspis angusticeps), and the presence
of the large number of AChEs at the neuromuscular junction
have enabled us to study directly the dynamics of AChE. Fas-
ciculin2 belongs to the three-finger toxin family along with the
well known acetylcholine receptor blocker, �-bungarotoxin
(11), and has a high affinity for AChE (12–14). When fascicu-
lin2 binds AChE, 94% of enzyme activity is inhibited, allowing
only residual detectable AChE activity (15, 16). Previously,
fasciculin2 has been used to characterize AChEs biochemically
(11) as a probe to quantify AChE density in the mouse sterno-
mastoid muscle (17), and fluorescently labeled fasciculin2 has
been used to label AChEs on cultured cells, muscle cross-
sections, and whole mounted muscle (18). In the present work,
by saturating all pre-existing AChEs with unlabeled fascicu-
lin2, we were able to monitor the subsequent insertion of new
AChEs with fluorescently labeled fasciculin2. We found that
AChEs were rapidly inserted into NMJs and that postsynaptic
activity is necessary to enable normal AChE insertion through
a mechanism mediated by intracellular calcium.

MATERIALS AND METHODS

Unless stated otherwise, compounds used in this study were ob-
tained from Sigma. Unlabeled fasciculin2 (Latoxan, Valence France)
and Alexa 594 fasciculin2 (conjugated by Molecular Probes Eugene, OR)
were used to label AChE. Unlabeled and Alexa 488-conjugated bunga-
rotoxin were obtained from Molecular Probes (Eugene, OR). To chelate
cytosolic calcium, we used BAPTA-AM (Molecular Probes, Eugene, OR),
a membrane-permeant substance that generates the high affinity cal-
cium chelator BAPTA by the hydrolysis of ester bonds. As a control for
any nonspecific effects of the hydrolysis products, we used Mag-
Fura2-AM (Molecular Probes, Eugene, OR), which has a much lower
affinity for calcium but generates the same by-products.

In Vivo Imaging of Neuromuscular Junctions—Non-Swiss Albino
adult female mice (6–10 weeks old, 25–30 g) were obtained from Harlan
Sprague-Dawley. The mice were anesthetized with an intraperitoneal
injection of a mixture of ketamine and xylazine (17.38 mg/ml). Sterno-
mastoid muscle exposure and neuromuscular junction imaging were
done as described in detail previously (19–21). Briefly, the anesthetized
mouse was placed on its back on the stage of a customized epifluores-
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cence microscope, and neuromuscular junctions were viewed under a
coverslip with a water immersion objective (�20 UAPO 0.7 NA Olym-
pus BW51, Optical Analysis Corp., Nashua, NH) and digital CCD
camera (Retiga EXi, Burnaby, British Columbia, Canada).

All animal usage followed methods approved by the University of
Michigan Committee on the Use and Care of Animals. Mice were
intubated and ventilated for the duration of the imaging sessions. For
experiments in which the junction was to be re-imaged within 8 h, the
animal was continuously ventilated and maintained under anesthesia
by intraperitoneal doses of ketamine and xylazine every 2 h. To mini-
mize evaporation, the muscle was bathed with lactated Ringer’s con-
taining whatever drugs were appropriate to the experiment, and a
coverslip was placed over the exposed muscle. A fresh dose of drug
solution was added every 2 h. For multiple time points beyond 8 h, the
mouse was sutured and allowed to fully recover before the next imaging
session. In some experiments, the sternomastoid muscle was stimu-
lated by a Grass SD5 stimulator connected to two platinum wires at
either side of the muscle. The stimulus pulses (3-ms bipolar pulses of
6–9 V at 10 Hz for a 1-s duration every 2 s) elicited maximal twitching
and therefore action potentials in all muscle fibers.

Quantitative Fluorescence Imaging—The fluorescence intensity of
labeled AChE at neuromuscular junctions was assayed by using a
quantitative fluorescence imaging technique, as described by Turney
and colleagues (22) with minor modification. This technique incorpo-
rates compensation for image variation that may be caused by spatial
and temporal changes in the light source and camera between imaging
sessions by calibrating the images with a nonfading reference standard.
Image analysis was performed by using either a procedure written for
IPLAB (Scanalytic, VI) or Matlab (The Mathworks, Natick, MA). Back-
ground fluorescence was approximated by selecting a boundary region
around the junction and subtracting it from the original image, and the
mean of the total fluorescence intensity (which corresponds to density)
was measured. After saturating all pre-existing AChEs with unlabeled
fasciculin2 and re-saturating newly inserted AChEs with fluorescent
fasciculin2 at a later time, the mean of the total fluorescence of newly
labeled AChE was expressed as the percentage of the mean of fluores-
cence of AChEs saturated with only Alexa 594 fasciculin2 at time 0.
When average intensity is presented, it is � S.D.

RESULTS

The Rate of Fasciculin2 Unbinding from Synapses Is Ex-
tremely Slow—The interpretation of the experiments described
in this study depends on the rate of unbinding of unlabeled
fasciculin2 from AChE. Based on two lines of evidence, we
conclude that the rate of unbinding of unlabeled fasciculin2 is
slow enough to be considered negligible over the 7-day time
span we made the measurements reported in the rest of
this study.

The first group of experiments was conducted on muscles
dissected free of the animal, fixed, and then washed and main-
tained in 0.5 M glycine PBS (Fig. 1). The advantage of studying
fixed tissue is that new synthesis and insertion of AChE are
eliminated, so determining the rate of unbinding of fasciculin2
under these conditions is simple. We first demonstrated that
neither the ability of Alexa 594-labeled fasciculin2 to interact
with AChE nor the ability of Alexa 488-labeled �-bungarotoxin
(�-BTX) to interact with AChR was inhibited by four different
fixation conditions. In Fig. 1, muscles fixed with 2% paraform-
aldehyde (PFA) in PBS are shown, but similar results were
obtained with 4% PFA, 8% PFA, or 2% PFA and 2% glutaral-
dehyde in PBS (although in the latter case autofluorescence
was extremely high). Muscles fixed, washed, and labeled im-
mediately with Alexa 594-conjugated fasciculin2 (Fig. 1, A and
B) and muscles fixed, washed, and then maintained in PBS for
as long as 2 months before being exposed to Alexa 594-conju-
gated fasciculin2 (Fig. 1, C and D) labeled with approximately
equal intensity, indicating that fixation does not affect the
toxin-binding sites of AChE or AChR. The AChE staining was
specific, because it could be prevented by adding saturating
levels of unlabeled fasciculin2 or BW284C51 (an inhibitor of
AChE that competes with fasciculin2) just prior to adding
Alexa 594-conjugated fasciculin2. Binding of Alexa 488 �-BTX

was not affected by fasciculin2 (Fig. 1, E–H). The key experi-
ment was to add unlabeled fasciculin2 shortly after washing off
the fixative and then probing with Alexa 594-labeled fascicu-
lin2 at a later time. All sites from which the unlabeled fasci-
culin2 had unbound and washed away should be stained with
Alexa 594 fasciculin2. However, even when 2 weeks were al-
lowed for unbinding, there was little or no detectable labeling
(Fig. 1J).

The dissociation rate we observed for fasciculin2 from AChE
at synapses in fixed tissue is far slower than the published

FIG. 1. Labeling of AChE with Alexa 594 fasciculin2 after fix-
ation of the muscle with 2% PFA in PBS demonstrates a very
slow rate of fasciculin2 unbinding. A and B, example of a superficial
neuromuscular junction on a sternomastoid muscle labeled with Alexa
488 bungarotoxin and Alexa 594 fasciculin2 immediately after fixation
and washed with PBS. C and D, sternomastoid muscle labeled with
Alexa 488 bungarotoxin and Alexa 594 fasciculin2 2 months after fix-
ation. E and F, sternomastoid muscle saturated with unlabeled fasci-
culin2 and then labeled with Alexa 488 bungarotoxin and Alexa 594
fasciculin2. G and H, sternomastoid muscle saturated with BW284C51
(an inhibitor of AChE which competes with fasciculin2) and then im-
mediately labeled with Alexa 488 bungarotoxin and Alexa 594 fascicu-
lin2. I and J, sternomastoid muscle saturated with unlabeled fascicu-
lin2, washed, and labeled 2 weeks later with Alexa 488 bungarotoxin
and Alexa 594 fasciculin2. K and L, sternomastoid muscle saturated
with unlabeled fasciculin2 and Alexa 488 bungarotoxin and then im-
mediately incubated with a high concentration of Alexa 594 fasciculin2
continuously for 4 days. Images were then taken at day 4. Note that
there is no evidence of staining of AChEs with fluorescent fasciculin2 in
F, H and J, or L even with high camera gain. Scale bar � 20 �m.
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unbinding rate of fasciculin2 from solubilized AChE in a test
tube, which yields half-lives in the range of a few hours (12–14,
23–26). A potential explanation for the slow apparent rate of
unbinding from intact synapses would be that the actual rate of
unbinding is much more rapid, but that most of the time the
fasciculin2 is rebound rather than diffusing away. To test this
possibility, muscles were fixed with 2% PFA, washed, satu-
rated with unlabeled fasciculin2, washed again, and then in-
cubated continuously with a high concentration of Alexa 594
fasciculin2. Under these conditions, it is expected that any
fasciculin2 that unbinds will be replaced by Alexa 594 fascicu-
lin2, so the rate of appearance of fluorescence will provide an
estimate of the rate of dissociation of unlabeled toxin uncon-
taminated by rebinding. When we imaged synapses that were
continuously incubated in Alexa 594 fasciculin2 for 4 days, we
saw little or no evidence for AChEs staining with fluorescent
fasciculin2 (Fig. 1L).

The second group of experiments tested whether the ex-
tremely slow rate of loss of fasciculin2 was a peculiarity of fixed
muscle. We placed living mouse diaphragm muscles into organ
culture. Synapses were saturated with unlabeled fasciculin2,
washed, and then continuously exposed for 24 h to Alexa 488-
labeled fasciculin2 in the presence or absence of the protein
synthesis inhibitor cycloheximide (Fig. 2). The rationale for
these experiments is that in the absence of cycloheximide, the
gain of fluorescence over 24 h might result from three processes
as follows: 1) the loss of unlabeled fasciculin2 from pre-existing
AChEs followed by rebinding of labeled fasciculin2; 2) the
transfer of already synthesized AChEs that were in an intra-
cellular compartment to the cell surface; and 3) the accumula-
tion of newly synthesized AChEs on the surface. Cycloheximide
will eliminate or dramatically affect this third possible path-
way. In the absence of cycloheximide (Fig. 2, A–C), there was
intensive synaptic labeling with Alexa 488-labeled fasciculin2.
On average, the intensity was 18% that of control labeled with
only Alexa 488-fasciculin2 (that had not been exposed to unla-
beled fasciculin2). After 24 h in the presence of cycloheximide,
the Alexa 488 fluorescence was barely detectable (Fig. 2, D–I).
The average intensity of the Alexa 488 fasciculin2-labeled syn-
apses from cycloheximide-treated muscles was 1–3% of noncy-
cloheximide-treated muscle. If this entire signal was because of
fasciculin2 dissociation that followed an exponential time
course, this would correspond to a half-life of about 35 days.
Because the transfer of pre-existing AChEs to the surface also
contributes to this signal, the actual half-life for dissociation is
even longer than this. Thus, these experiments were sufficient
to conclude that the loss of unlabeled fasciculin2 from AChE in

living muscle must be very slow, just as was the case for
fixed muscle.

AChE Insertion at the Neuromuscular Junction in Living
Mice following a Single Saturating Dose of Fasciculin2—To
determine the number of new AChEs inserted into the neuro-
muscular junctions of living animals over time, the sternomas-
toid muscle of six mice at each data point was bathed with
unlabeled fasciculin2 (7 �g/ml, 2.5 h) to saturate all pre-exist-
ing AChEs. We confirmed that all AChEs were saturated by
adding a fluorescently conjugated Alexa 594 fasciculin2 (7 �g/
ml, 10 min) and demonstrating an absence of red fluorescence.
Because the rate of unbinding of unlabeled fasciculin2 is un-
detectably slow (see above), any red fluorescence detected after
re-labeling the muscle with Alexa 594 fasciculin2 at a later
time must come from the binding of fasciculin2 to newly in-
serted AChE. The new AChE will include both newly synthe-
sized molecules and AChE that was already present but not on
the surface. The number of AChEs inserted after initial satu-
ration of the NMJ with unlabeled fasciculin2 was expressed as
a percentage of the fluorescence present when control neuro-
muscular junctions were saturated with Alexa 594 fasciculin2
and immediately imaged (Fig. 3, A and B). After saturating all
pre-existing AChEs with unlabeled fasciculin2 and re-saturat-
ing newly inserted AChEs with Alexa 594 fasciculin2 4 h later,
we found that the recovery of fluorescence was �6 � 3% (n �
50) of the total fluorescence of AChEs saturated with only
Alexa 594 fasciculin2 (Fig. 3, A and B). At 8 and 24 h and 3 and
7 days after saturating all pre-existing AChEs with unlabeled
fasciculin2, the recovery of fluorescence intensity was, respec-
tively, 11 � 3% (n � 40), 20 � 3% (n � 15), 35 � 5% (n � 30),
and 65 � 9% (n � 25) of total fluorescence at synapses satu-
rated only with Alexa 594 fasciculin2 (Fig. 3, A and B). This
AChE recovery corresponds to an initial rate of about 2% per h
(t1⁄2 �46 h), which slowed by 7 days to 0.7% per h (t1⁄2 �7 days).
Our results showing that AChE insertion is initially rapid
differ dramatically from previous reports claiming that the
insertion of AChE does not occur until 3–7 days after initial
blockade with DFP, an organophosphate esterase inhibitor,
and that the rate of insertion is very slow at all times (27)
(see “Discussion”).

AChE Insertion into the Neuromuscular Junction Depends
on Muscle Postsynaptic Activity—Because many processes in
skeletal muscle are regulated by synaptic activity, we carried
out three types of experiments to test the role of activity in
regulating the rate of appearance of new AChE. All three
approaches used toxins that decrease muscle activity by differ-
ent mechanisms. �-BTX (10 �g/ml) blocks nAChRs, and so a

FIG. 2. Labeling of AChE with Alexa
488 fasciculin2 in living muscle dem-
onstrates a very slow rate of fascicu-
lin2 unbinding. Whole mouse dia-
phragm muscles were dissected from the
animal and cultured for 24 h in the pres-
ence or absence of the protein synthesis
inhibitor cycloheximide. Muscles were
saturated with unlabeled fasciculin2 im-
mediately after removal from the animal,
washed, and then relabeled at the end of
the experiment with Alexa 488 fascicu-
lin2 and Alexa 594 �-bungarotoxin to la-
bel AChEs and AChRs, respectively. A
and B, example of a neuromuscular junc-
tion of a control muscle not treated with
cycloheximide, showing the presence of
newly inserted AChEs. C, composite im-
age of A and B. D–I, examples of two neu-
romuscular junctions of muscle incubated
continuously with cycloheximide for the
duration of the experiment, showing little
or no staining.
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saturating dose directly eliminates evoked and miniature end
plate postsynaptic potentials (EPSPs) and indirectly eliminates
action potentials in the muscle. TTX (1 �g/ml) blocks voltage-
gated sodium channels on both axons and on muscle fibers, and
so also indirectly blocks evoked EPSPs, while leaving minia-
ture EPSPs intact. �-Conotoxin GIIIB (2 �M) selectively blocks
voltage-gated sodium channels on muscle fibers, while sparing
those on axons, leaving neuronal action potentials and both
evoked and miniature EPSPs unchanged while blocking muscle
action potentials (28).

The experimental paradigm used to test the effect of exoge-
nous agents on AChE insertion was to apply a saturating dose
of unlabeled fasciculin2 (7 �g/ml, 2.5 h) to the sternomastoid
muscle followed by a second dose of Alexa 594 fasciculin2 (7
�g/ml, 10–20 min), to be sure that all synapses were saturated
with unlabeled fasciculin2, and then to continuously bathe the
muscle with a toxin for 8 h (with reapplication every 2 h to
make sure that the agent was present continuously). At the end
of this period, Alexa 594 fasciculin2 was applied at a saturating
dose to label all AChEs that had been inserted over that time.
These treatments required that animals be continuously ven-
tilated and could not be carried beyond 8 h because of mortal-
ity. The fluorescence of synapses in toxin-treated animals was
approximately half the fluorescence of synapses in control an-
imals labeled similarly but not treated with any toxin (�-BTX
46 � 7% (n � 40); TTX 50 � 8% (n � 25); and �-conotoxin GIIIB
46 � 8% (n � 35); Fig. 4, A–F). Thus new AChE can appear in
the absence of spike activity in the muscle at a basal rate, but
the rate of AChE appearance was doubled when muscle action
potentials were not blocked. Neither presynaptic spikes nor
synaptic potentials were able to increase the appearance of new
AChE above the basal level if muscle action potentials
were absent.

Muscle Postsynaptic Activity Restores AChE Insertion—As a
final test of the role of muscle spike activity on AChE insertion,
the sternomastoid muscle was first bathed with unlabeled fas-
ciculin2 to saturate all pre-existing AChEs, and postsynaptic

muscle activity was eliminated by blocking synaptic transmis-
sion with a high dose of �-bungarotoxin (10 �g/ml), and then
action potentials were directly elicited by placing stimulating
electrodes at either end of the muscle (3-ms bipolar pulses of
6–9 V at 10 Hz for 1-s duration every 2 s for the entire 8-h
period). During the duration of this experiment, the mouse was
intubated and ventilated to prevent asphyxia. We found that
the level of expression of AChE in these muscles (112 � 16%,
n � 40) was approximately double the level found in muscles
treated with �-BTX alone and was not significantly different
from untreated control muscles (Fig. 5, A and B). This result
indicates that muscle action potentials are necessary and suf-
ficient to maintain normal levels of AChE insertion.

Intracellular Calcium Levels Are Critical for AChE Inser-
tion—Muscle contraction is the consequence of an elevation of
intracellular calcium. It therefore seemed possible that the
molecular mechanism by which muscle activity modulates
AChE insertion also requires an elevation of intracellular cal-
cium. To test this hypothesis, four different types of experi-
ments were carried out.

One way for calcium to become elevated is by entering the cell
through voltage-activated channels in the plasma membrane. In
innervated adult mouse skeletal muscle, only one type of voltage-
gated calcium channel (the L-type channel that is slowly acti-
vated and inactivated by depolarization and can be blocked by
dihydropyridines and verapamil) has been described (29–32). To
determine the potential role of Ca2� flux through this channel on
AChE insertion rates, the sternomastoid muscle was incubated
with unlabeled fasciculin2 to saturate all pre-existing AChEs and
then electrically stimulated in the presence of a high dose of
unlabeled bungarotoxin (to block calcium entry through AChRs)
and verapamil (50 �M) (to block calcium entry through voltage-
gated L-type Ca2� channels) for the duration of the experiment.
Eight hours later, newly inserted AChEs were labeled with Alexa
594 fasciculin2, and their fluorescence intensity was measured.
We found that the fluorescence of newly inserted AChE was only
45 � 8% (n � 23) of the total fluorescence of control muscle

FIG. 3. Insertion of new AChE over
time. From 4 h to 7 days after initial
saturation of pre-existing AChEs with un-
labeled fasciculin2, groups of mice were
re-anesthetized, and newly inserted
AChEs were labeled with Alexa 594 fas-
ciculin2. Superficial synapses were im-
aged, and their fluorescence intensity was
assayed. A, examples of superficial neuro-
muscular junctions saturated with unla-
beled fasciculin2 at time 0 and then
treated with a saturating concentration of
Alexa 594 fasciculin2 and imaged at 4, 8,
72, and 168 h later. These pseudocolor
images provide a linear representation of
the density of AChEs (white-yellow, high
density; red-black, low density). The dim
appearance of AChE labeling at earlier
time points (4 and 8 h) permitted all pan-
els to be shown on the same intensity
scale. The numbers indicate the average
fluorescence intensity of these junctions.
B, quantification of neuromuscular AChE
insertion from 4 to 168 h. Each data point
represents the mean and S.D. of the total
fluorescence of individual superficial
junctions labeled with Alexa 594 fascicu-
lin2, converted to percent of fluorescence
intensity of synapses immediately labeled
with Alexa 594 fasciculin2.
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synapses labeled after 8 h with Alexa 594 fasciculin2 (Fig. 6, A
and C). However, in unstimulated muscle this drug had little
effect on AChE insertion. These results suggest that calcium
entry through voltage-dependent calcium channels is involved in
AChE insertion.

A second mechanism for elevating intracellular free calcium
is Ca2� release from the sarcoplasmic reticulum. To investigate

whether the release of intracellular calcium from the sarcoplas-
mic reticulum in the absence of muscle activity can modulate
AChE insertion, muscle postsynaptic activity was chronically
blocked with unlabeled �-BTX in the presence of ryanodine, a
plant alkaloid known to release calcium from the sarcoplasmic
reticulum (33–35). Treatment with 0.3 �M ryanodine, a concen-
tration known to tonically elevate intracellular free calcium
(36), resulted in AChE insertion levels comparable with those
of control muscles (115 � 18%, n � 38) and double those in
muscles treated with �-BTX alone, indicating that directly
releasing calcium from intracellular stores can bypass the need
for spike activity to elevate AChE insertion (Fig. 6, B and C).
Verapamil was unable to inhibit the effect of 0.3 �M ryanodine,
arguing that the calcium flux through L-type channels is not
required to replenish the intracellular calcium stores in the
sarcoplasmic reticulum. In contrast, treatment with 100 �M

ryanodine, which transiently elevates intracellular free cal-
cium but then leaves the stores depleted for many hours (36),
resulted in only basal levels of AChE insertion or Ca2� concen-
tration (data not shown).

A third test of the involvement of intracellular free calcium
in AChE insertion was to bypass all normal cellular pathways
and to elevate intracellular free calcium directly by adding the
Ca2� ionophore A23187 (3 �M). Treatment of �-BTX-blocked
muscles with A23187 elicited an increase in the expression of
AChE to about double the base-line value (100 � 7%, n � 25)
(Fig. 6, D and F), as would be expected if a rise in intracellular
free calcium plays a role in AChE insertion.

Finally, we examined the effect of adding an exogenous cal-
cium buffer into the muscle cells, with the expectation that this
might attenuate the spike-induced increase in intracellular
free calcium. Chronic exposure to BAPTA-AM (500 �M) for 8 h
decreased the level of AChE insertion to 17 � 5% (n � 20) (Fig.
6, E and F) of control fluorescence, significantly below the basal
level of about 50% seen in all other treatments that blocked
activity. This effect was specific, as the treatment with Mag-
Fura2-AM, which would produce the same waste product as
BAPTA-AM but has a much lower affinity for calcium than
BAPTA and thus should be incapable of chelating physiological
levels of calcium, had no effect on AChE insertion. An implica-
tion of the BAPTA result is that the basal level of intracellular
free calcium normally found in resting cells may be sufficient to
account for much of the basal level of AChE insertion.

FIG. 4. Postsynaptic activity block-
ade decreased AChE insertion into
synapses in vivo. A, example of a neuro-
muscular junction that was saturated at
time 0 with unlabeled fasciculin2 and sat-
urated again 8 h later with Alexa 594
fasciculin2 (1st panel), and a junction la-
beled in the same way but chronically
blocked with unlabeled bungarotoxin
(2nd panel). Con, control. B, histogram
summarizing the amount of synaptic
AChE insertion during chronic muscle ac-
tivity blockade with �-BTX and or at un-
blocked synapses at 8 h. C, example of a
control neuromuscular junction (1st
panel) and an NMJ in the continuous
presence of TTX for 8 h (2nd panel). D,
histogram summarizing the amount of
new AChE insertion in control and TTX-
treated muscles at 8 h. E, example of a
control NMJ (1st panel) and an NMJ in
which muscle sodium channels were
chronically blocked with �-conotoxin IIIB
(2nd panel). F, histogram summarizing
insertion of new AChE from many syn-
apses of blocked and unblocked control
muscle at 8 h.

FIG. 5. Direct stimulation of blocked muscle restored AChE
insertion to control levels. A, neuromuscular junctions were incu-
bated with unlabeled fasciculin2 to saturate all pre-existing AChEs,
and then postsynaptic activity was chronically blocked with unlabeled
bungarotoxin while the muscle was stimulated for 8 h. To determine the
amount of AChE insertion, Alexa 594 fasciculin2 was added at 8 h.
AChE insertion was greatly diminished at chronically blocked junctions
(2nd panel). However, in muscles that were directly stimulated during
bungarotoxin blockade, the insertion rate was comparable with control
(3rd panel). B, histogram shows the insertion of new AChEs at control,
BTX-blocked, and BTX-stimulated muscle at 8 h.
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DISCUSSION

We have examined AChE insertion in living synapses with a
new experimental approach, and we have demonstrated that
the rate of insertion of junctional AChE is dependent upon
activity. Within the first few hours after a single saturating
dose of unlabeled fasciculin2 (to make all pre-existing AChE
invisible), the appearance of new AChE was readily detected
with Alexa-labeled fasciculin2. When postsynaptic spike activ-
ity was blocked in a variety of ways, the rate of AChE insertion
was dramatically slowed. Direct stimulation of the muscle
while synaptic transmission was blocked restored the insertion
rate to its normal level. Elevation of intracellular free calcium
in the muscle cells was shown to be an essential step in achiev-
ing the maximum rate of AChE delivery. Under our standard
experimental paradigm, a significant proportion of the new
AChE (about 50% of control) still appeared when muscle spik-
ing was inhibited. Thus, there is activity-dependent and activ-
ity-independent delivery of AChE. One potential explanation is
that there are two separate molecular mechanisms for regulat-
ing AChE delivery to the synaptic cleft. However, these results
could also be explained by a single molecular mechanism that
is calcium-dependent, if the basal level of intracellular free
calcium is sufficient to allow the delivery of AChE to the syn-
aptic cleft at about half of its maximal rate. The ability of the
calcium chelator BAPTA to decrease the AChE delivery rate
much more than inhibition of muscle spike activity alone is
consistent with the latter possibility.

The rapid appearance of new Alexa fasciculin2-binding sites

could not be explained by the unbinding of fasciculin2 from
pre-existing AChE. In addition to the two lines of evidence that
fasciculin2 unbinding was extremely slow as presented under
“Results,” a third line of experiments also led to the same
conclusion.2 When living synapses or fixed synapses were la-
beled with Alexa 594 fasciculin2 at day 0 and the intensity of
fluorescence was measured at a later time, there was a slow but
readily detectable loss of fluorescence over time, with about
10% loss over 7 days. As the converse experiment we performed
in the work reported here showed no detectable unbinding of
unlabeled fasciculin2 over 7 days, we concluded that the rate of
unbinding for Alexa-conjugated fasciculin2 is more rapid than
the rate of unbinding of unlabeled fasciculin2. It was based on
these experiments that we developed the protocol used here to
study the insertion of new AChE. A final reason for concluding
that the gain of fluorescence over time represents insertion of
new AChE and not unbinding form existing sites is that the
rate of increase in fluorescence intensity was regulated by the
blockade of postsynaptic activity, direct muscle stimulation,
and calcium manipulations. An unexpectedly rapid rate of dis-
sociation of fasciculin2 from AChE would not explain any of
these results.

The half-life of fasciculin2 unbinding from AChE that we
estimate at synapses in fixed and living mouse muscle is in
excess of 35 days. This is far slower that the half-life of 1–6 h

2 E. Krejci and M. Akaaboune, unpublished observations.

FIG. 6. The AChE insertion rate is mediated by calcium influxes through voltage-gated calcium channels as well as from the
sarcoplasmic reticulum. Sternomastoid muscles were bathed with unlabeled fasciculin2 to saturate all pre-existing AChEs and re-labeled at 8 h
with Alexa 594 fasciculin2 under different calcium manipulation conditions. A, example of control NMJ and neuromuscular junction stimulated
for 8 h in the presence of unlabeled bungarotoxin and verapamil. B, example of control, BTX-blocked, and BTX-blocked neuromuscular junctions
incubated with ryanodine. C, histogram represents the insertion of AChE in control, BTX-blocked, BTX-stimulated, and BTX-stimulated verapamil
and ryanodine. D, example of a control NMJ (1st panel), an NMJ chronically blocked with BTX (2nd panel), and an NMJ chronically blocked with
BTX in the presence of ionophore A12387 (3rd panel). E, example of a control NMJ (1st panel) and an NMJ treated with the membrane-permeable
calcium chelator BAPTA-AM. F, histogram represents AChE insertion detected with Alexa 594 fasciculin2 in control, chronic BTX-blocked, and
BTX-blocked synapses in presence of ionophore A12387.
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(14, 15, 37) that has been reported by others for fasciculin2
unbinding from solubilized AChE in a test tube. It is worth
noting that the unbinding of fasciculin2 from AChE is not the
only synaptic interaction that shows great differences between
the in vitro and in vivo cases. Binding of �-bungarotoxin to
solubilized AChR in test tubes also has a much shorter half-life
(30–60 h) (38, 39) compared with the half-life found in live
tissue (10–14 days) or fixed tissue (� months) (21, 40).

What might account for the vast differences in dissociation
rate between the in vivo and in vitro situations? It is unlikely
to be a species difference, because the measurements of the koff

value of fasciculin2 in vitro were performed on AChE from
several sources, including recombinant mouse AChE (24–26,
37), and we studied AChE at mouse synapses. The assays used
in the two types of studies were very different measurements of
recovery of AChE activity in the in vitro studies and fluores-
cence intensity in our studies, but there is no reason to suspect
that one assay reports more accurately than the other. Another
possibility was that because of the very high concentration of
AChE at synapses (AChE concentration in the synaptic cleft is
in the range of 0.2 mM), a single fasciculin2 molecule might
bind and rebind many times before escaping the synapse, thus
producing an apparent unbinding rate much slower than the
actual rate of dissociation of the molecular complex. However,
the experiments presented in Fig. 2 suggest that this is not the
case. A potential explanation for the difference in results is that
AChE was in very different states in the two types of experi-
ments. For example, the in vitro studies were of soluble AChE
produced in cell lines or erythrocytes (15), and it is possible
that the pattern of glycosylation or another post-translational
modification differs between these tissues and skeletal muscle.
Perhaps a more likely explanation is that the in vitro measure-
ments were made on soluble, monomeric AChE, whereas at the
synapse AChE is organized into tetramers by ColQ. Thus it
seems possible that when AChEs are extracted from their
native milieu, they are altered in a way that greatly decreases
their affinity for fasciculin2. It is clear that ColQ changes some
molecular properties of esterase, as human AChE produced in
stably transfected cell lines is degraded faster when it lacks a
ColQ-derived proline-rich attachment domain (41, 42). These
results suggest that ColQ may be a key control point for mod-
ulating the conformation of AChE in the synaptic cleft, and it
would be interesting to explore whether the catalytic activity of
this enzyme differs depending on whether or not it is bound
to ColQ.

The rapid time course of AChE insertion demonstrated by
our work also departs significantly from previous findings that
suggested that the rate of appearance of new AChE is ex-
tremely slow (t1⁄2 of �20 days) (43) and that AChE insertion is
delayed between 3 and 7 days after inhibition of esterase func-
tion alone (44). This delay was attributed to damage to the
muscle from excess ion fluxes when the esterase was nonfunc-
tional (45, 46). In these experiments, inhibition of AChE was
always followed by nerve stimulation to monitor muscle con-
traction and to ensure that all AChEs were inhibited with DFP.
By doing so, a significant amount of acetylcholine must have
accumulated in the synaptic cleft. This would lead to an in-
crease in the amount of time that AChR spent in the open state
and therefore an increased calcium influx that could generate a
local necrosis in the postsynaptic site. In contrast, in the ex-
periments in which we simultaneously added fasciculin2 and
permanently blocked AChRs with �-bungarotoxin, the amount
of “new” AChE insertion was significantly decreased compared
with synapses labeled with fasciculin2 alone or incubated after
a one-time bungarotoxin blockade. The differences in AChE
insertion rate between our results and previous work could be

because of several factors. First, the previous studies used the
nonspecific AChE inhibitor DFP as a probe for AChE. Because
DFP is lipid-soluble and can interact with a variety of esterases
in addition to AChE, its use is problematic. For example, it is
possible that DFP inhibits intracellular pools of AChE and
other esterases that may be involved in the secretion of AChE
into the basal lamina, thus affecting its recovery (27, 47). It is
also possible that inactivation of extra- and intracellular Seiren
hydrolases by DFP may alter their involvement in the remod-
eling of extracellular matrix proteins. DFP labeling also results
in high background, which makes the detection of low synaptic
AChE density impossible to study (48, 49). Finally, the DFP-
labeling procedure per se, which involves a complex sequence of
inhibition and reactivation steps that allow detection of DFP
sites by electron microscopy using a very long exposure time
(months), could be potential sources for a lack of sensitivity
(48, 49).

Our results reporting rapid, activity-dependent AChE inser-
tion are consistent with a large number of other properties of
AChE expression that are know to be regulated by activity.
These include the localization of AChE at the synapse and its
decrease from extra-synaptic sites (50–52). However, one com-
plication of our experimental paradigm is that fasciculin2 com-
pletely inhibits AChE function (16), so our initial application of
unlabeled fasciculin2 could produce an alteration in synaptic
transmission as a consequence of the failure to rapidly degrade
acetylcholine. In the initial period when AChE activity is com-
pletely blocked, the physiological effect will depend critically
upon the frequency and pattern of spike activity in the motor
neurons. If the spike frequency is sufficiently high, it will
chronically elevate acetylcholine in the cleft, and would be
expected to produce an inhibition of muscle spiking as a con-
sequence of either AChR desensitization or tonic depolarization
of the muscle to a level that inactivates voltage-gated sodium
channels. However, if the spike frequency is low, diffusion
alone might be sufficient to clear the cleft of acetylcholine
between spikes, and the effect of inhibiting AChE would be to
produce larger synaptic currents with each spike, with no in-
terruption of spiking in the muscle. Given our evidence that the
level of intracellular free calcium controls the rate of AChE
insertion, we speculate that the net effect of transient inhibi-
tion of AChE is to elevate intracellular free calcium, and that
this is the signal that transiently enhances the rate of
AChE insertion.

The work presented here suggests that the regulation of
AChR and AChE dynamics at synapses might share some of
the same cellular and molecular control mechanisms. For ex-
ample, synaptic activity is critical for increasing the delivery
and insertion of AChR at end plates and decreasing insertion
into the extra-synaptic pools (3, 4). The role we postulate for
intracellular calcium in regulating the delivery of AChE is also
similar to the role this signal is thought to play in regulating
several aspects of AChR dynamics (29, 53). For example it has
been shown that a decrease of AChR synthesis is associated
with decreased levels of intracellular calcium (54) through un-
known mechanisms that can also regulate again-induced re-
ceptor clustering (55, 56). Also intracellular calcium was found
to increase the synthesis of collagen-tailed AChE in cell culture
(57). Although these regulations may both involve intracellular
calcium, it is possible that AChE and AChR are affected in
opposite manners. The interpretation of some experiments in-
volving AChR and calcium is complicated by the fact that the
removal of extracellular calcium has also been shown to desta-
bilize AChR clusters (58–60). The overall pattern of results,
however, suggests that many aspects of AChR and AChE dy-
namics are regulated by the same factors, which would be an
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efficient way to ensure that the appropriate balance of these
two essential synaptic signaling molecules is maintained.
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