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Maintenance of Acetylcholine Receptor
Number by Neuregulins at the
Neuromuscular Junction in Vivo

Alfred W. Sandrock Jr.,” Stuart E. Dryer,”t Kenneth M. Rosen,
Shai N. Gozani, Rainer Kramer, Lars E. Theill,
Gerald D. Fischbachi

ARIA (for acetylcholine receptor-inducing activity), a protein purified on the basis of its
ability to stimulate acetylcholine receptor (AChR) synthesis in cultured myotubes, is a
member of the neuregulin family and is present at motor endplates. This suggests an
important role for neuregulins in mediating the nerve-dependent accumulation of AChRs
in the postsynaptic membrane. Nerve-muscle synapses have now been analyzed in
_ neuregulin-deficient animals. Mice that are heterozygous for the deletion of neuregulin
isoforms containing an immunoglobulin-like domain are myasthenic. Postsynaptic AChR
density is significantly reduced, as judged by the decrease in the mean amplitude of
spontaneous miniature endplate potentials and bungarotoxin binding. On the other hand,
the mean amplitude of evoked endplate potentials was not decreased, due to an increase
in the number of quanta released per impulse, a compensation that has been observed
in other myasthenic states. Thus, the density of AChRs in the postsynaptic membrane
depends on immunoglobulin-containing neuregulin isoforms throughout the life of the

animal.

The fidelity of neuromuscular transmission
depends on the extraordinarily high density
of AChRs in the postsynaptic muscle mem-
brane. Developmental studies have pointed
to the important trophic influence of the
motor nerve in the regulation of endplate
AChHR density (1), an effect strong enough
to override the suppression of AChR syn-
thesis by muscle activity. Part of the nerve’s
local influence on AChR density is to pro-
mote the immobilization of AChRs, an ef-
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fect mediated by the glycoprotein agrin (2).
Another important local influence of the
motor nerve is to increase the synthesis and
insertion of AChRs into the postsynaptic
membrane (3). In fact, endplate nuclei in
developing and mature muscle are known
to transcribe AChR subunit genes at a high
rate as compared with that in nonsynaptic
nuclei (4, 5). The effect of synthesis on
local receptor density remains evident in
mice that lack the principal cytoplasmic
AChHR anchoring protein rapsyn (6).

The most likely candidate for mediation
of the motor neuron’s influence on endplate
ACHR synthesis is ARIA (for acetylcholine
receptor-inducing activity), a protein puri-
fied from brain extracts on the basis of its
ability to stimulate the synthesis of AChRs
in cultured myotubes (7, 8). ARIA is a
member of the neuregulin family of ligands
for the 185-kD transmembrane receptor ty-

rosine kinases ErbB2, ErbB3, and ErbB4

(also called Her2, Her3, and Her4), which
are closely related to the epidermal growth
factor (EGF) receptor (9, 10). Neuregulins
are potent activators of muscle AChR syn-
thesis, with a median effective dose (EDs,)
of 25 to 50 pM (11); neuregulin mRNA can
be detected in embryonic motor neurons
when motor axons first invade peripheral
muscle masses (12, 13) and is also abundant
in adult motor neurons (13); neuregulin
receptors are present in skeletal muscle cells
and may be concentrated at the neuromus-
cular junction (14-16); neuregulin protein
is concentrated in motor nerve terminals
(15-18) and accumulates in the extracellu-
lar matrix of the synaptic cleft (12, 15, 18);
and in mammalian muscle, neuregulin in-
creases mRNA encoding € (17, 19), an
AChR subunit that replaces the v subunit
during development. Neuregulins may
therefore mediate the nerve-dependent
maturation of junctional AChRs (20) as
well as enhance overall AChR gene expres-
sion at developing and mature nerve-mus-
cle synapses.

More direct evidence of the role of neu-
regulins at neuromuscular junctions would
require the selective inhibition or elimina-
tion of neuregulin activity, or both. When
mice are genetically altered so that exons
encoding the EGF-like domain (21) or the
immunoglobulin (Ig)-like domain (22) of
neuregulin or the neuregulin receptors
ErbB2 (23) and EtbB4 (24) have been de-
leted, homozygous animals die on or about
embryonic day 10 (E10) with defects of the
heart, cranial ganglia, and hindbrain. This is
well before the formation of neuromuscular
synapses begins on about E15 (25). Het-
erozygous animals appear normal and are
fertile. This, of course, does not exclude a
subtle defecr at the neuromuscular junctions.

Although brain-purified ARIA con-
tained Ig-domain amino acid sequences, Ig-
containing isoforms may represent a small
fraction (about 10 to 20%) of the total that
are present in motor neurons (13, 26). Oth-
er forms, in which a cysteine-rich region
replaces the Ig-like domain (Fig. 1A), pre-
dominate. We studied mice deficient in
Ig-containing neuregulins because these
isoforms may be particularly important at
the neuromuscular junction. The Ig-like do-
main binds heparin (8, 27), an affinity that
may be responsible for the observed associ-
ation of neuregulin with the extracellular
matrix of the synaptic cleft (12, 15, 18).
Thus, by accumulating at the endplate, Ig-
containing neuregulins may exert a major
effect on endplate AChR synthesis. In fact,
molecules associated with the synaptic basal
lamina have been shown to promote the
synthesis of AChRs in denervated adult
muscle (28), and they appear to have a
selective effect on the e-containing (adult)
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type of AChR (5, 29).

All neuregulin-deficient mice used in
this study were derived from founder ani-
mals described in the original publication
on the disruption of the Ig-like domain of
the neuregulin gene by homologous recom-
bination (22). Heterozygous (+/-) mice as
well as wild-type (+/+) littermates were
genotyped by polymerase chain reaction
(PCR) analysis of genomic DNA (22). The
abundance of Ig-containing neuregulin
transcripts in the spinal cord was quantified
by Sl-nuclease protection assay (30). Pro-
tected fragments that represent Ig-contain-
ing neuregulin mRNA were reduced in
each of seven heterozygotic animals as com-
pared to five wild-type animals (Fig. 1B).
The mean reduction was 45%. The concen-
tration of glyceraldehyde phosphate dehy-
drogenase (GAPDH) mRNA, which was
measured simultaneously as a control, was
identical in the two groups (Fig. 1B). Al-
though RNA from the entire spinal cord
was analyzed in this experiment, in situ
hybridization studies of spinal cord sections
have shown that neuregulin mRNA resides
largely in motor neurons (8, 10, 12, 13,

A
— e —
— e _}—" St probe
S1 probe
a a =]
B 2  Heterozygote 2 g%

24223:3&?;%*5 &?g*z? g Jig-ike

]GAPDH
C g Heterozygote g’ WT §§
IEGF -like

LAt

Fig. 1. Heterozygote mice are deficient in Ig-con-
taining neuregulin isoforms. (A) The two major
splice variants of neuregulin that are NH,-terminal
to the EGF-like domain. One isoform contains an
Ig-like domain, and in the other the Ig-like domain
is replaced by a region that contains eight cysteine
residues. (B) Nuclease protection of spinal cord
RNA from seven heterozygote and five wild-type
(WT) animals with a probe corresponding to the
Ig-like domain (30). A GAPDH probe was used to
measure equivalent loading. Msp, an Msp | digest
of pBR322 DNA; MW, a 100—-base pair molecular
weight ladder (the numbers at left and right indi-
cate length in nucleotides); neg., protection of
probes when hybridized to an equivalent weight of
yeast RNA. (C) Nuclease protection with a probe
derived from the EGF-like domain. A simultaneous
assay for GAPDH was used to establish equiva-
lence of RNA loading (not shown).
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31). Therefore, expression of Ig-containing
neuregulins is reduced in the motor neurons
of the heterozygote animals. In contrast,
total neuregulin expression in the spinal
cord, as measured by nuclease protection
with a probe from the EGF-like domain,
was not significantly reduced (Fig. 1C). The
expected small reduction (on the order of 5
to 10%) would not have been detected in
this assay.

Neuromuscular transmission, assayed by
recording compound muscle action poten-
tials (CMAPs) during repetitive nerve stim-
ulation (32), was more sensitive to curare in
heterozygous animals than in their wild-
type littermates. Incremental doses of d-
tubocurarine, an AChR antagonist, were
intraperitoneally administered at 10-min
intervals while trains of stimuli were deliv-
ered at 1-min intervals. In the experiment
shown in Fig. 2, CMAPs recorded from the
heterozygous mouse began to decrease in
amplitude 6 min after the 280 nmol per
kilogram of body weight (nmol/kg) pulse of
curare, whereas those recorded from the
wild-type littermate did not decrease until 6
min after the 1120 nmol/kg dose. A decre-
ment in CMAP amplitude reflects the pro-
gressive dropout of individual muscle fibers
as the evoked endplate potential drops be-
low the threshold of action potential gen-
eration. We observed CMAP decreases at
significantly lower curare concentrations in
the heterozygote mouse in four of the five
littermate pairs studied. In one pair, the
difference was minimal (only 4 min earlier

Fig. 2. The safety factor A
of neuromuscular trans-
mission is reduced in het-
erozygote mice as com-
pared with that in wild-
type mice. CMAPs re-
corded from forelimb
flexor muscles of a het-
erozygote mouse (A) and
of a wild-type littermate
(B) in response to 30-Hz

in the heterozygote animal) and probably
insignificant. In the absence of curare, there
was no significant decrease in the CMAP
amplitude during 3- to 30-Hz trains of 10
stimuli delivered to mice of either genotype.

In a separate set of experiments, single
doses of d-tubocurarine were administered
to heterozygote and wild-type mice, and
trains of CMAP amplitudes were recorded
at 1-min intervals for a period of 30 min. In
six of seven heterozygote mice (86%), a
single intraperitoneal dose of 300 nmol/kg
produced at least a 10% decrement between
the second and sixth CMAP, whereas only
two of seven wild-type animals (29%) ex-
hibited the same CMAP decrease at that
dose. Thus, the safety factor of synaptic
transmission at heterozygote endplates was
reduced, which is consistent with a deficit
in the postsynaptic density of AChRs in
these animals.

We tested the postsynaptic sensitivity to
ACh by measuring the amplitude of spon-
taneous miniature endplate potentials
(MEPPs) with intracellular microelectrodes
in isolated diaphragm-phrenic nerve prepa-
rations (33). As illustrated in Fig. 3, A and
B, the mean MEPP was reduced at hetero-
zygote endplates as compared with wild-
type controls. Table 1 summarizes the re-
sults from four wild-type and four heterozy-
gous mice. On average, there was an ap-
proximately 30% reduction in MEPP size
(v}). This difference could not be attributed
to a disparity of resting membrane potential
(V_), nor could it be due to differences in

stimulation of the ipsilat- C 16
eral brachial plexus (8, 141
10, 12, 13, 37). Both 12
records were obtained 4
min after the 560 nmol/kg
dose of intraperitoneal
curare. (C) Complete,
timed, incremental dose-
response curves. Incre-
mental doses of curare
(bold numbers) were ad-
ministered at 10-min in-

* +-
o +/+
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tervals, whereas CMAP -4
responses were record-

ed at 2-min intervals. The 35 70
percent decrement is
based on the amplitudes
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of the second and sixth CMAPSs during the 30-Hz trains. CMAPs do decrease in wild-type animals, but do
so after a delay and an additional, higher dose of curare.
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Table 1. Summary of synaptic potentials recorded from wild-type and heterozygous mice.

Vepp (MV) v, (MV) tio-co (MS) V., (mv) m, m,
Wild-type (n = 4 mice)
233 = 0.28(n=19) 1.05 =0.04 (n =19) 0.97 £0.04 (h = 19) —64 = 4(n=19) 2.23 =0.21 (h =19) 348 *035(n =19
Heterozygote (n = 4 mice)
3.06* = 0.22 {(n = 30) 0.76* = 0.02 (n = 32) 0.95 = 0.04 (n = 30) —-63*x2(n=232 4.03" = 0.28 (n = 30) 6.48* = 0.48 (n = 30)

*P < 0.05; different from wild-type value.

placement of the recording electrode rela-
tive to the endplate, because the mean rise
times of the synaptic potentials (t;o gp)
were virtually identical (Table 1).

More direct evidence for a reduction in
overall endplate AChR density was ob-
tained in a-bungarotoxin binding experi-
ments (34). Freshly dissected diaphragms
were exposed to saturating concentrations
of 1°I-bungarotoxin. In one set of experi-
ments, the diaphragms were cut into end-
plate-rich strips, and the radioactivity was
determined in a gamma counter. There
were approximately 30% fewer specific
counts per minute (total counts per minute
minus counts per minute bound in the pres-
ence of excess unlabeled a-bungarotoxin)
in the endplate-rich hemidiaphragm strips
of heterozygote animals as compared with
those of wild-type animals [8756 * 765
cpm, mean = SEM, n = 6; versus 12,462 =
949 cpm, n = 6 (P = 0.012)]. In another set
of experiments, the diaphragms were teased
into fascicles of fewer than five muscle fi-
bers and processed for autoradiography.
Clusters of grains were less dense in dia-
phragms from heterozygote animals than in
those from wild-type animals (Fig. 3C).
Morphometric analysis of 49 endplates from
three wild-type animals and 69 endplates
from three heterozygote animals showed
some overlap between the two samples.
However, the ratio of the mean grain den-
sities was 51%, and this reduction was high-
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shows the number of pixels bel

http://www.sciencemag.org ¢ SCIENCE ¢ VOL.

O' |
06 08 1.0

the

ly significant (P < 0.001). Each measure-
ment and the means of each group are
shown in Fig. 3D. Our results show that
AChRs are reduced in number at the neu-
romuscular junctions of mice that are defi-
cient in Ig-containing neuregulins as com-
pared with those of wild-type mice.
Nerve-evoked  endplate  potentials
(EPPs) were studied under conditions of
elevated (12 mM) extracellular Mg?* (33),
which reduces the probability (p) of ACh
release. Surprisingly, the mean evoked EPP
response was not reduced at heterozygote
endplates (Table 1). Because quantal size is
reduced, this implies that more quanta are
released per impulse from heterozygote than
from wild-type motor nerve terminals. In
fact, the mean quantal content calculated
from the ratio of mean EPP/mean MEPP
was twice as large in heterozygote as com-
pared with wild-type endplates (m, in Table
1). The difference in mean quantal content
is also reflected in the paucity of failures at
heterozygote endplates as compared with
wild-type endplates (Fig. 4A). In fact, many
heterozygote endplates showed no failures
at all during 300 pulses, precluding the cal-
culation of mean quantal content (m) by
the method of failures (m = In N/n,) based
on Poisson statistics. We used another esti-
mate of m that does not rely on the use of
failure number. If Poisson statistics apply,
then the mean quantal content (m,) is
equal to 1/CV?, where CV is the coefficient

12 14
MEPP amplitude

compare

(C) Autoradio
tained at indiv

276 * 25 APRIL 1997

of variation. Estimates of m, showed an
approximately twofold increase at heterozy-
gote endplates as compared with wild-type
endplates (Table 1). Figure 4B illustrates
the disparity between wild-type and hetero-
zygote endplates. The close correlation be-
tween the values for m; and m, suggests that
Poisson statistics did apply under our con-
ditions. On the basis of independent esti-
mates of m, we conclude that presynaptic
nerve terminals appear to compensate for
reduced postsynaptic ACh sensitivity by in-
creasing the number of quanta released per
pulse.

The increase in mean quantal content
might be due to the compensatory sprouting
of motor nerve terminals. However, we
found no evidence of an increase in end-
plate size, as estimated by cholinesterase
staining of teased muscle fibers (35) (Fig.
4C).

Despite the increase in" mean quantal
content and the relatively normal EPP
amplitudes at heterozygote endplates, the
population response (CMAP) declined
during repetitive stimulation at lower dos-
es of curare in the heterozygote animals.
This is not unexpected, given the direct
relation between the rate of decline of
transmitter release at neuromuscular junc-
tions and the initial mean quantal content
(36). When stimulated at a rate of 25 Hz,
neuromuscular junctions in the heterozy-
gote mice fatigued more rapidly than in

D
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wild-type mice (37) (Fig. 5). In these ex-
periments, extracellular Mg** was re-
duced from 12 mM to physiologic levels (1
mM), so that neurotransmitter release was
not suppressed. The size of EPPs was re-
duced with concentrations of d-tubocura-
rine just sufficient to block action poten-
tial generation.

We have shown that neuregulin-defi-
cient mice have a reduced safety factor of
neuromuscular transmission. Intracellular
microelectrode recordings of MEPP ampli-
tudes, as well as measurements of !°I—a-
bungarotoxin binding, indicate that the
myasthenia is due to the loss of AChRs
from the postsynaptic muscle membrane.
QOur data provide the most direct evidence
to date that neuregulins play a crucial role
in maintaining AChR number at motor
endplates in vivo.

The heterozygote knockout animals
studied here appear to express diminished
levels only of neuregulin isoforms with an
Ig-like domain. These isoforms represent a
small minority of the total, and the re-
mainder (that is, forms that substitute the
Ig-like domain with the Cys-rich motif)
are presumably biologically active. Our re-
sults suggest that Ig-containing isoforms of
neuregulin are present in limiting amounts
at neuromuscular junctions and are crucial
in maintaining postsynaptic AChR densi-
ty at neuromuscular junctions. This may
be the result of the immobilization of this
isoform to extracellular matrix compo-
nents of the synaptic cleft. Thus, although
the EGF-like domain appears to be suffi-
cient for activating neuregulin receptors,

Fig. 4. The number of A

quanta released per im- 60 i
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= 501i
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sponse after nerve stimu-
lation). (B) Mean quantum B
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-

Th
012345678
EPP amplitude (mV)

the free ligand may be less effective in
influencing synapse formation in vivo,
perhaps because it cannot be concentrated
near its site of action.

We observed an increase in the release
of ACh at the neuromuscular junctions of
heterozygous animals, an apparent com-
pensatory response to the loss of postsyn-
aptic ACh sensitivity, which is mediated
by an unknown retrograde signal. A simi-
lar phenomenon has been observed in an
experimental model of myasthenia gravis
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Fig. 5. Evoked EPPs decay more rapidly at het-
erozygote endplates (open triangles) than at wild-
type endplates (solid circles). These experiments
were recorded in normal Mg?* (1 mM) with syn-
aptic transmission blocked by curare. EPP ampli-
tudes were normalized to the highest amplitude
obtained during the tetanus, which was delivered
at 25 Hz. Each point on the wild-type curve rep-
resents the mean of 29 endplates in nine mice,
and each point on the heterozygote curve repre-
sents the mean of 35 endplates in nine mice. As-
terisks mark significant differences (P < 0.05).
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(38) and in biopsies of human muscle from
patients with myasthenia gravis (39). The
augmented transmitter release, although
adequately compensating for the loss of
AChRs during low rates of motor nerve
stimulation, increases the likelihood of
synaptic failure during prolonged, high
rates of stimulation. The compensation
was not caused by an enlargement of the
endplate. Thus, the increased quantal
content of nerve-evoked ACh release in
the heterozygote animals probably reflects
an increase in the amount of ACh released
per unit length of nerve terminal. It re-
mains to be determined whether this is the
result of an increase in the number of
release sites or of an increase in the prob-
ability of release at each site.

Qur results imply that the continued
activation of AChR genes in subsynaptic
nuclei by neuregulin is critical for the main-
tenance of postsynaptic AChR density at
adult endplates, despite the decrease in
AChR turnover during development and
despite the ability of agrin to immobilize
AChRs in the synapse. In fact, neuregulin-
like immunoreactivity remains high at adult
neuromuscular junctions (15, 18). The fact
that the decrease in neuregulin gene expres-
sion is roughly proportional to the loss of
AChR number at endplates implies that
postsynaptic ACh responses are closely
linked to the rate of AChR synthesis and
insertion into the postsynaptic membrane
(2). We do not yet know when the deficit
in neuromuscular transmission first be-
comes evident in the neuregulin-deficient
mice during development. Indeed, neuregu-
lin genes are expressed in motor neurons
early enough to affect initial neuromuscular
synapse formation (8, 12, 13). Studies of
neuregulin-deficient mice during develop-
ment will shed light on when neuregulin
action first becomes essential at neuromus-
cular junctions.
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A cDNA clone encoding the majority of the extracel-
lular domain of a mouse neuregulin B was generated
by reverse transcription-polymerase chain reaction
(RT-PCR) of mouse spinal cord RNA with the follow-
ing primers: sense 5'-CAGAT TGAAAGAAATGAA-
GAGCGC-3" and antisense 5-CACCACACACAT-
GATGCCGAC-3'. PCR was performed as described
[K. H. Hecker and K. H. Roux, Biotechniques 20, 478
(1996)]. The PCR product was cloned with the use of
the TA cloning system (Invitrogen, San Diego, CA).
The cDNA fragment was then cloned into bacterio-
phage M13mp19, and a sense strand containing
viral DNA was used for the synthesis of an antisense
DNA probe. Ig-like and EGF-like domain probes
were synthesized in the presence of 20 nCi each of
32P—q-dCTP and -dATP (800 Ci/mmol; NEN, Bos-
ton, MA}. The Ig probe reaction was primed with an
antisense primer derived from near the end of the
Ig-like domain sequence of the cDNA (5'-GACT-
CAACAATGGTGATG-3'). The EGF-like probe reac-
tion was primed with the M13 universal primer. A
control antisense GAPDH probe of 125 nucleotides
was synthesized in essentially the same manner, ex-
cept that only ®2P-a-dATP was included. Five micro-
grams of total RNA from seven heterozygous and
five wild-type animals were evaporated to dryness in
the presence of 150,000 disintegrations per minute
(dpm) of a gel-purified, domain-specific, neuregulin
probe and 50,000 dpm of GAPDH probe. The sam-
ples were dissolved in 10 wl of hybridization buffer
(75% formamide, 0.5 M NaCl, 40 mM PIPES (pH
6.4}, 1 mM EDTA, and 0.05% SDS), heated to 95°C
for 2 min, and hybridized for more than 18 hours at
52°C. For digestion, the samples were diluted into
400 wl of digestion buffer [200 mM NaCl, 30 mM
sodium acetate (pH 4.5), and 5 mM ZnSQ.] contain-
ing S1 nuclease (350 U/ml} (Pharmacia, Piscataway,
NJ), and the reactions were incubated for 1 hour at
37°C. The products were separated by electro-
phoresis on DNA sequencing gels and visualized
with a phosphorimager screen (Molecular Dynamics,
Sunnyvale, CA) exposed for 24 {0 72 hours. The
density of equivalent areas was determined, and val-
ues for relative neuregulin levels were expressed as
the ratio to the signal for GAPDH,
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General anesthesia was induced in mice with isoflurane
and maintained with a 1% (v/v) isoflurane-oxygen mix-
ture flowing at a rate of 200 cm®/min. Two 26G mono-
polar needle electrodes (Nicolet, Madison, Wiy were in-
serted into the anterior axillary region in order to supra-
maximally stimulate the brachial plexus with 5- to 10-
mA constant current pulses of 200 ps duration (WPI
AB60, Sarasota, FL). Trains of 10 stimuli were delivered
at frequencies of 3 or 30 Hz. CMAPs were recorded
with a 24G monopolar needle electrode (Nicolet) insert-
ed into the flexor muscle compartment of the ipsilateral
forelimb and were amplified with a low noise differential
amplifier (WPI Isodam, Sarasota, FL). A small dispos-
able surface electrode (Nicolet) attached to the skin of
the forepaw served as the reference electrode for the
differential measurement. Another disposable surface
electrode was attached to the tal to serve as the
ground. For systemic curare infusions, a 27G butterfly
catheter was inserted into the peritoneal cavity through
a small skin incision. Incremental doses (35, 70, 140,
280, 560, and 1120 nmol/kg) of d-tubocurarine chloride
(Sigma) in 0.5 to 1.0 ml of 0.9% NaCl were injected
through the catheter every 10 min (the catheter was
flushed with 1 ml saline after each injection). During the
timed curare infusions, trains of 10 repetitive nerve stim-
ulations (8 Hz alternating with 30 Hz) were performed at
1-min intervals, and the ratio of amplitudes of the sec-
ond to sixth CMAPs was calculated online.

Mouse hemidiaphragms were pinned out in a chamber
perfused with a balanced salt solution containing 150
mM NaCl, 5.4 mM KCI, 12 mM MgCl,, 2 mM CaCl,, 10
mM Hepes-NaOH, and 13 mM glucose (pH 7.4) at
room temperature (22° to 24°C). The elevated Mg?*
was sufficient to reduce the evoked EPP to below the
action potential threshold. Phrenic nerves were drawn
into a fine capillary-stimulating electrode. Intracellular
recordings were made with microelectrodes that mea-
sured 20 to 70 megohm when filled with 3 M KCI. The
muscle was penetrated under direct visual control near
the main intramuscular nerve or a fine side branch; the
electrode was then repositioned to maximize the ampli-
tude and rate of rise of the evoked EPP. At the optimal
position, a series of 50 to 300 EPPs evoked at a rate of
1 Hz were collected. Spontanecusly occurring MEPPs
(10to 35 per endplate) were recorded before, during,
and after the periods of nerve stimulation. All data
were digitized at 25 kHz and stored on magnetic
disks with the use of Axotape software (Axon Instru-
ments). The amplitudes of spontaneous and evoked
synaptic potentials were determined with the use of
PCLAMP software (Axon Instruments). Quantal pa-
rameters were estimated by two independent meth-
ods. One estimate (m,) was obtained by dividing the
mean amplitude of the evoked EPPs by that of the
MEPPs. A second estimate (m,) was calculated as
1/(CV )2, where CV is the coefficient of variation of 50
to 300 evoked EPPs. The calculation of m, is accu-
rate under conditions in which the Poisson probabil-
ity law describes the statistics of transmitter release.
The concentration of Mg?~ in the bath solution was
selected with this in mind. Because most endplate
responses were less than 5 mV, no corrections were
made for nonlinear summation of synaptic potentials.
Mice were killed by an overdose of isoflurane, and dia-
phragms were dissected, rinsed with phosphate-buff-
ered saline (PBS), and incubated for 2 hours at room
temperature with 2 nM ?l-a-bungarotoxin (Amer-
sham; specific activity = 2000 Ci/mmol) in Puck’s saline
solution containing 1 mg of bovine serum albumin (BSA)
per milliliter. The diaphragms were then rinsed four
times (15 min each) with PBS and fixed for 15 min at
room temperature with 3% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4). After being rinsed in L15
medium (Gibco) containing BSA (1 mg/ml), the dia-
phragms were divided midsagittally into hemidia-
phragms. In some experiments, endplate-rich strips
(measuring approximately 20 X 1.5 mm}) were prepared
from each hemidiaphragm by cutting along either side
of the main intramuscular branch of the phrenic nerve.
These strips were immersed in 0.5 ml of PBS, and the
radioactivity was determined in a gamma counter. Spe-
cific a-bungarotoxin binding was calculated by sub-
tracting counts per minute found in endplate-rich strips
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37.

38.

39.

40.

of diaphragms that had been incubated with excess
unlabeled a-bungarotoxin. In other experiments, he-
midiaphragms were immersed in 30% sucrose in PBS
overnight at 4°C before being placed on microscope
slides (SuperFrost Plus, Fisher Scientific) where they
were teased into fascicles of fewer than five muscle
fibers with a pair of fine forceps. After drying, the teased
fibers were rinsed with distiled water and the slides
were dipped in a 1:1 mixture of NT-3B emulsion
(Kodak) with water. The slides were placed in a desic-
cated, light-tight slide box and stored at 4°C for 8 hours
before being developed, fixed, dehydrated with ethanol
and xylene, and cover-slipped in Cytoseal (VWR Scien-
tific Products, Bridgeport, NJ). For the photomicro-
graphs of Fig. 3C, endplates were photographed on 35-
mm color slide film under Nomarski optics. For morpho-
metric studies, bright-field images were captured with a
charge-coupled device (CCD) camera (Hamamatsu).
With a 20X objective lens, most of the grains at each
endplate were in sharp focus. Monochromatic (gray-
scale) digitized images only of endplates viewed en face
were collected with Image-1 software (Corel). With the
use of SigmaScanPro software (Jandel Scientific), a box
was drawn around the endplate, and a O to 100% in-
tensity scale was created for each image. The number
of pixels that fell below a 50% intensity level were count-
ed. This intensity threshold was chosen because it gave
accurate grain counts. Statistical significance was esti-
mated with the Mann-Whitney rank sums test with the
use of SigmaStat (Jandel Scientific).

Mice were killed by an overdose of isoflurane, and dia-
phragms were dissected, rinsed with PBS, fixed for 15
min with 3% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4), immersed in 30% sucrose in PBS overnight at
4°C, and teased into fascicles of fewer than five muscle
fibers, as described above. After drying, the slides were
dipped into a reaction mixture containing acetylthiocho-
line iodide (0.5 mg/ml), 100 mM sodium citrate, and 30
mM cupric sulfate in 0.1 M sodium maleate buffer (pH
6.0). The reaction was activated by the addition of 10%
(v/v) & mM potassium ferricyanide. After reacting for 20
to 30 min at room temperature, the slides were rinsed
with PBS, dehydrated with ethanol and xylene, and cov-
er-slipped in Cytoseal (VWR). In control experiments,
acetylthiocholine iodide was replaced with butyrylthio-
cheline iodide. For the photomicrographs of Fig. 4C,
AChE-stained endplates were photographed on
35-mm color slide film under bright-field optics. For
morphometric studies, bright-field images were cap-
tured with a CCD camera (Hamamatsu) equipped with
an intensifier. Monochromatic (gray-scale) digitized im-
ages only of endplates viewed en face were collected
using Image-1 software (Corel). Using SigmaScanPro
software (Jandel Scientific), a 0 to 100% intensity scale
was created and the area occupied by pixels falling
below a 35% intensity level was calculated. This inten-
sity threshold accurately defined the boundaries of
AChE-stained endplates. Statistical comparisons were
made using SigmaStat (Jandel Scientific).
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Changes in synaptic strength during repetitive stim-
ulation were analyzed in a balanced salt solution
similar to that described above, except that it con-
tained 1 mM MgCl, and 2 mM CaCl,, so that trans-
mitter release was not reduced. In these experi-
ments, neuromuscular transmission was blocked
postsynaptically with d-tubocurarine (1.0 to 1.5 pg/
ml) (Sigmay) in order to keep evoked EPPs below the
action potential threshold. Trains of stimuli were de-
livered at 25 Hz.
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