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Neuromuscular synapses in an androgen-sensitive muscle
of sexually mature male mice were repeatedly observed over
several-month intervals in normal animals and in animals in
which testosterone levels were manipulated. In normal bul-
bocavernosus muscles, pre- and postsynaptic regions of
neuromuscular junctions enlarge as muscle fibers grow. Af-
ter castration, junctional area decreased in parallel with mus-
cle fiber atrophy. When testosterone was resupplied to cas-
trated animals, junctions that previously decreased in size
then enlarged in parallel with muscle fiber hypertrophy. Sur-
prisingly, these size changes occurred without loss or ad-
dition of motor nerve terminal branches or acetylcholine (ACh)
receptor regions. Rather, each nerve terminal branch and
underlying receptor region became smaller following cas-
tration and reenlarged following testosterone treatment.
Several lines of evidence argued that the size changes
observed after castration and testosterone treatment were
secondary to shrinkage and stretching of the postsynaptic
muscle fiber membrane. Following castration, the spaces
between synaptic regions decreased in size at the same
time and to a similar extent as the regions themselves. Fol-
lowing testosterone replacement, the spaces between syn-
aptic regions expanded and each existing ACh receptor re-
gion enlarged. Ultrastructural analysis showed that there was
no loss or addition of postsynaptic secondary junctional folds
in the muscle fiber membrane (where ACh receptors are
located) as junctions shrank and expanded. Rather, folds
became more densely packed as muscle fibers atrophied
following castration and less densely packed as muscle fi-
bers hypertrophied following testosterone replacement.
From these studies of the bulbocavernosus muscle, as
from our previous studies of the sternomastoid muscle, we
conclude that neuromuscular junction size is directly cou-
pled to muscle fiber size. Androgens modulate muscle fiber
volume directly, leading to a change in the surface area of
the muscle fiber membrane, which in turn causes the post-
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synaptic specializations to shrink or expand. The concom-
itant shrinkage and stretching of motor nerve terminals that
we observed can only be accounted for by their adhesion
to postsynaptic specializations that are also changing size.
Thus adhesion, rather than an interchange of diffusible fac-
tors, trophic or otherwise, is likely to be the primary deter-
minant of coordinated pre- and postsynaptic enlargement in
growing mammalian skeletal muscles.

One reason synaptic connections may remain plastic over long
periods of an animal’s lifetime is to compensate for changes in
the size of postsynaptic cells as animals grow. For example, the
same motor nerve terminal must continue to elicit contractions
in the same muscle fiber throughout life, even though during
that time, the muscle fiber grows tremendously in length and
width. A number of studies of neuromuscular junctions in grow-
ing animals have shown that motor nerve terminals compensate
for the growth of muscle fibers by also growing (see Wernig and
Herrera, 1986, for review). It has remained unclear, however,
how synapses in general and neuromuscular junctions in par-
ticular grow, and what regulates this growth.

A possible strategy for motor nerve terminal growth is that
it is regulated by feedback based on muscle fiber activity. For
example, as a muscle fiber grows, its junction may become pro-
gressively less able to drive the muscle fiber to contract because
of a progressively increasing mismatch between the amount of
synaptic current and the voltage change obtained in the muscle
fiber. As a result of increasingly subthreshold innervation, rel-
atively inactive muscle fibers may respond by releasing or ex-
pressing agents that cause motor axons to sprout. An innervating
motor axon may add new terminal branches in response to such
sprouting stimuli, resulting in an increase in the synaptic efficacy
of the enlarging junction, which again reaches the desired supra-
threshold ievel. The muscle fiber would then be restored to its
normal level of activity, in turn causing the sprouting stimuli
to be down-regulated.

In this way, nerve terminals would add progressively more
branches as their target cells grew. Furthermore, when the target
muscle fibers reached their full adult size, one might expect that
the equilibrium obtained between nerve terminal size and mus-
cle fiber size would be a dynamic steady state (Barker and Ip,
1966; Robbins, 1988). As muscle activity increased, the stimuli
for nerve terminal growth might be down-regulated, to the point
where terminal branches would be eliminated. This loss would
be followed by relative muscle inactivity, causing synapses to
add branches. Thus a good deal of remodeling at mature junc-
tions might take place.
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Figure I. Location of the bulbocavernosus muscles in male mice. Shown is a drawing of the ventral surface of the perineal region. The medial
and lateral bulbocavernosus muscles are exposed by midline incision, retraction of the scrotum, and reflection of the overlying preputial glands.
Following staining of motor nerve terminals and ACh receptors, a small firepolished glass coverslip on an adjustable lever is gently lowered over
the muscle, flattening it slightly and resulting in good optical access to superficial neuromuscular junctions. The dorsal bulbocavernosus muscle
(commonly referred to as the levator ani) lies beneath the musculature shown here and is not illustrated.

Observations from several different muscles in both mam-
mals and amphibians support the general scenario described
above (see Wernig and Herrera, 1986, and Lichtman, 1988, for
reviews). However, directly obtained life histories of the same
neuromuscular junctions followed over many months in living
mice argued for a different method of neuromuscular synaptic
growth (Balice-Gordon and Lichtman, 1990; see also Lichtman
etal., 1987). In the sternomastoid muscle, neuromuscular junc-
tions did grow in parallel with muscle fibers, but there was little
evidence of addition or retraction of motor nerve terminal
branches. The pattern of motor nerve terminals and postsyn-
aptic ACh receptor regions present at 2 weeks of age enlarged
but was otherwise largely unchanged for as long as 1 year. More-
over, the growth of postsynaptic receptor regions was observed
to be directly coupled to muscle fiber growth, because existing
ACh receptor regions spread apart as the postsynaptic muscle
fiber membrane expanded. These results suggested that adhesion
between motor nerve terminals and expanding postsynaptic re-
gions might be the basis for the concomitant increases in junc-
tional and muscle fiber size. The lack of synaptic remodeling
observed in the adult sternomastoid muscle supported the idea
that neuromuscular synapses, once established, are remarkably
stable.

In the study reported here, we pursued these ideas further in
several ways. First, we asked whether sternomastoid neuro-
muscular junctions were exceptional or whether junctions from

other muscles also grew by overall expansion without a change
in the pattern or number of synaptic regions. Second, to test the
idea that muscle fiber size determined junctional size in a passive
mechanical way, we studied junctional size in a muscle where
muscle fiber size could be both increased and decreased. For
example, does muscle fiber atrophy give rise to compaction of
neuromuscular junctions without the loss of synaptic regions,
or, alternatively, do junctions decrease in size by the loss of
synaptic regions? The ability of junctions to increase and de-
crease in size is of interest because the size of some rodent
muscles waxes and wanes seasonally (Forger and Breedlove,
1987), perhaps requiring both up- and down-regulation of syn-
aptic strength. Finally, we studied how these relatively macro-
scopic changes in junctional size might be manifested at the
ultrastructural level. In particular, we were interested in whether
Jjunctional size changes lead to changes in the number of post-
synaptic secondary junctional folds (where ACh receptors are
located), or whether junctional fold density alone is altered as
junctions change size.

With these aims in mind, we studied neuromuscular junctions
in the bulbocavernosus muscle of sexually mature male mice
as muscle fiber size was reversibly altered. The bulbocavernosus
muscle (see Fig. 1) is one of a complex of androgen-sensitive
muscles which wraps around the base of the penis and is in-
volved in copulatory behaviors (Sachs, 1982; Hart and Melese
d’Hospital, 1983). This muscle complex has been widely used
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for the study of hormonal effects on muscles, motor neurons,
and neuromuscular junctions (Bleisch and Harrelson, 1989; see
Breedlove, 1986, for review).

Muscle fiber size in the bulbocavernosus muscle can be re-
versibly manipulated with androgens; removal of testosterone
by castration results in a reduction of muscle mass (Wainman
and Shipounoff, 1941) without a change in muscle fiber number
(Venable, 1966a). When testosterone is resupplied, muscle mass
is restored to normal levels (Wainman and Shipounoff, 1941)
as atrophied fibers enlarge without addition of new fibers (Ven-
able, 1966a). Androgens exert these effects by acting directly on
muscle fibers (Powers and Florini, 1975; Rand and Breedlove,
1987). Because neuromuscular synapses in the bulbocavernosus
muscle are accessible to direct observations in living animals,
we could repeatedly study the same neuromuscular junctions as
muscle fiber size was altered with androgens. A portion of these
results has been reported in abstract form (Breedlove et al.,
1988).

Materials and Methods

Three-month-old CF1-B male mice (Harlan/Sprague-Dawley) were used
for the present experiments. Methods for anesthesia, preparation of
animals, repeated in vivo imaging of motor nerve terminals and ACh
receptors, and relevant controls are described fully elsewhere (Lichtman
etal., 1987; Balice-Gordon and Lichtman, 1990). Only methods specific
to the present study are included here.

Repeated observations of neuromuscular junctions and manipulation
of muscle fiber size. The medial and lateral bulbocavernosus muscles
were exposed with a midline incision in the scrotum and reflection of
the overlying preputial glands (Fig. 1; see also Fig. 3). Following staining
of motor nerve terminals with a 10 uM solution of 4-Di-2-ASP (Mo-
lecular Probes, Eugene, OR; Magrassi et al., 1987) and of postsynaptic
ACh receptors with a nonsaturating dose of rhodamine-conjugated
a-bungarotoxin (Rich and Lichtman, 1989a), the muscle was covered
with a small, fire-polished, glass coverslip and superficial neuromuscular
junctions imaged as described in Lichtman et al. (1987).

In one group of mice, the normal pattern of growth of bulbocavernosus
neuromuscular junctions was determined by making repeated obser-
vations of the same junctions at 1 month intervals for 2-6 months. In
another group of mice, after the initial observation, the animals were
castrated via a midline abdominal incision. One month later, a second
observation of the same junctions was made. Following the second
observation, a small silastic capsule (10 mm long, 1.6 mm inner di-
ameter, 3.2 mm outer diameter) filled with crystalline testosterone (Ste-
raloids, Wilton, NH) constructed as described in Smith et al. (1977)
was implanted beneath the skin of the neck. Implants such as these
have been shown to produce serum levels of testosterone in the phys-
iological range of 1 ng/ml for several months in male rodents (Smith et
al., 1977; Menniti and Baum, 1981). However, in distinction to normal
animals, there is no feedback inhibition of this release; therefore, in
some animals the effective dose of testosterone was probably greater
than normal (see for example, Fig. 3, last panel). One month after the
capsule was implanted, a third and final observation of the same junc-
tions was made.

To study how ACh receptors were redistributed as junctions changed
size, we followed the fate of existing and newly inserted receptors as
muscle fiber size was manipulated (Balice-Gordon and Lichtman, 1990).
Briefly, receptors in junctions from normal muscles were labeled with
a nonsaturating dose of rhodamine a-bungarotoxin. One month after
castration, those original labeled receptors remaining at the same junc-
tions were rephotographed. Additional a-bungarotoxin was then applied
to label receptors inserted since the first view and the junctions were
photographed again. One month after testosterone replacement, ACh
receptors remaining from the previous view were photographed. AMCA
a-bungarotoxin (which fluoresces blue; Balice-Gordon and Lichtman,
1990) was then applied to label new receptors inserted since the previous
view and the junctions were photographed again.

Two additional experiments were performed. In 1 set of animals,
following castration, additional observations were made at 1 month
intervals for a further 3—-6 months without testosterone replacement. In
another set of animals, following castration, testosterone replacement

was continued and additional observations were made at 1 month in-
tervals for a further 3-6 months.

Determination of neuromuscular junctional size and of muscle fiber
size. Junctional area, length, and width were determined using a digital
bitpad attached to a computer. Junctional area was measured by drawing
the smallest smooth perimeter around a digitally stored image of each
junction so that all branches were included. Junctional length was mea-
sured along a line parallel to the long axis of the muscle fiber. Junctional
width was measured along a line perpendicular to that for junctional
length at the widest part of the junction.

Muscle fiber diameter in normal and experimental mice was deter-
mined by staining frozen sections of bulbocavernosus muscles for myofi-
brillar ATPase (Guth and Samaha, 1970) and then tracing them with a
camera lucida onto the bitpad. At least 100 muscle fibers from each of
5 muscles were measured for each age or experimental group. Because
of the complex configuration of muscle fiber origin and insertion in the
bulbocavernosus, it was not possible to accurately measure muscle fiber
length.

Ultrastructural analysis of postsynaptic specializations. To study the
effect of changing muscle fiber size on the number and density of sec-
ondary junctional folds, muscles were prepared for transmission electron
microscopy in the conventional manner following staining of superficial
junctions for acetylcholinesterase (Karnovsky and Roots, 1964). The
density of junctional folds was determined from electron photomicro-
graphs by counting the number of folds per micron in at least 3 regions
of each junction.

We estimated the amount of nonspecific shrinkage of normal, cas-
trated, and testosterone-treated muscles prepared in this fashion in 2
ways. First, we compared myofibrillar sarcomere length from longitu-
dinally sectioned muscles in the electron microscope with apparent
sarcomere length (the distance between A-bands) from in vivo prepa-
rations. Second, we compared the average width of primary synaptic
gutters from electron photomicrographs with the average width of post-
synaptic ACh receptor areas from junctions viewed in the light micro-
scope. Using these criteria, we estimated that muscles prepared for
transmission electron microscopy shrank on average approximately 5-
10% and that the degree of shrinkage was similar in normal, castrated,
and testosterone-treated muscles. Our analysis of the relative density
of postsynaptic secondary junctional folds in muscles prepared for trans-
mission electron microscopy is thus unlikely to be affected by nonspecific
muscle shrinkage.

To examine the total number and density of secondary synaptic folds,
muscles were also prepared for scanning electron microscopy following
acid digestion (Desaki and Uehara, 1981). We found that our results
were most consistent if we modified the protocol of Desaki and Uehara
(1981) as follows. After fixation, the osmication steps were omitted.
The muscle was teased into strips 1-2 mm wide which were affixed onto
glass slides with a thin layer of epoxy. Tissue on slides was then im-
mersed in 8 N HCI at 60°C for 20-30 min and then was vigorously
sprayed for an additional 10-15 min with a small-caliber needle attached
to a syringe filled with hot HCL. This HCI treatment resulted in muscle
fibers separated from each other and stripped of connective tissue, on
which postsynaptic specializations and occasional nerve terminals were
clearly visible.

After the muscle pieces were rinsed in water, the tissue was dehy-
drated, critical-point-dried, mounted on stubs, and sputter-coated with
gold. The density of secondary junctional folds was measured from
photomicrographs by counting the number of folds per linear micron
along the long axis of primary synaptic gutters which were entirely en
face. The folds in gutters from at least 3 regions per junction were
counted.

The degree of nonspecific shrinkage (estimated as described above)
was more pronounced in tissue prepared for scanning electron micros-
copy than for transmission electron microscopy, probably as a result of
critical point drying. Furthermore, the degree of this nonspecific shrink-
age varied between normal, castrated, and testosterone-treated muscles.
Junctional area was 4, 5.4, and 3.4 times less, respectively, than that
determined from muscles in living animals (Table 1). To obtain an
estimate of junctional fold number based on a linear dimension rather
than on area, we multiplied the linear correlate of these area numbers
(the square root of 4, 5.4, and 3.4) by the raw number of folds per linear
micron measured from junctions from each group of muscles. However,
even the differences in the unnormalized data were statistically signif-
icant (see Table 1), meaning that this normalization did not affect the
qualitative conclusion reached.
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Table 1. Changes in bulbocavernosus neuromuscular junctions with castration and testosterone

replacement
1 month after 1 month after tes-
Normal castration terone replacement
Age (months) 3 4 5

Light microscopy
Junctional area (um?)
Transmission electron microscopy

873 £ 278 (65)

583 + 198 (66)

901 + 299 (59)

Number of folds/um 4.0 = 0.5 (5) 52+0.5 (9 3.5+0.6 (15y
Scanning electron microscopy
Junctional area (um?) 219+ 79 (29) 107 £ 44 (30) 265+ 73 (9)
Number of folds/um 7.1 £ 1.2 (31) 10.3 £ 1.3 (31) 7.0 £ 0.8 (5
Corrected number of folds/um 3.6 0.6 4.7 + 0.64 3.8 £0.4¢
Index of total number of folds
per junction 115+ 12 (19) 107 £ 17 (15) 129 + 8 (5)

All values expressed as average + standard deviation. The number of measurements appears in parentheses.

“ Significantly different from normal values; p < 0.001 (Student’s t-test).
¢ Not significantly different from normal values (Student’s z-test).

All values are expressed as averages + standard deviation. The num-
ber of observations or measurements is shown in parentheses.

Results

Bulbocavernosus neuromuscular junctions grow without
remodeling

Before assessing how junctions change when muscle fiber size
is experimentally manipulated with androgens, it was necessary
to know what happens to junctions over similar intervals in
normal animals. Furthermore, this allowed us to determine if
results obtained in the sternomastoid muscle (Lichtman et al.,
1987; Balice-Gordon and Lichtman, 1990) were typical of
growth-related changes in other muscles. We studied how neu-
romuscular junctions grow in the bulbocavernosus muscle of
male mice (12 animals) by repeatedly visualizing both motor
nerve terminals and postsynaptic ACh receptor regions of the
same junctions (# = 48) at 1 month intervals from 3 to 6 months
of age (42 junctions viewed at 3 different times; 6 junctions
viewed 4 times). Each junction chosen for study at the first
observation was successfully relocated, although occasionally
Jjunctions were displaced on their sides, partially obscuring them.
In these cases, only regions of the junction that remained visible
were compared from view to view.

In each junction, there was overall growth of the motor nerve
terminal and ACh receptor distribution over the interval studied
(Fig. 2). Comparison of the area of the same junctions at 3
months and 5 months of age showed that every junction in-
creased in area between 13 and 38% (by an average of 27 + 9%
(42) [average £+ SD (N)]). The average junctional area was 921
+ 272 um? at 3 months of age and 1170 = 246 um? at 5 months
of age. In more than 90% of the junctions we studied (44 of 48),
there was no evidence of ongoing addition or retraction of nerve
terminal branches or receptor regions as growth occurred. Rath-
er, there was overall enlargement of existing regions which re-
sulted in an expanded but otherwise unchanged pattern of pre-
and postsynaptic regions (Fig. 2). As this enlargement occurred,
a precise alignment was maintained between motor nerve ter-
minal branches and postsynaptic ACh receptor regions.

In 3 junctions, a small synaptic region was observed to be

added over the interval studied. In 1 junction, a small region
was observed to be lost. In each of these cases, the altered regions
were quite small, less than 10 um in length, representing 3—-5%
of the total motor nerve terminal branch length of these junc-
tions. These relatively minor alterations had no significant effect
on overall junctional growth because the junctions that added
or lost a region grew to the same extent as the junctions that
did not.

Junctional growth occurred in parallel with muscle fiber growth.
For example, junctional width increased in every junction be-
tween 10 and 27%, by an average of 18 = 4% (42). The average
junctional width was 28 =+ 8 um at 3 months and 33 + 8 um
at 5 months of age. Muscle fiber diameter similarly increased
on average 20% during the same interval, from 40 = 7 um to
48 + 6 um,

To study how ACh receptors were displaced as junctions and
muscle fibers enlarged, we followed the fate of originally labeled
ACh receptors in the muscle fiber membrane as growth oc-
curred. Existing receptor regions were observed to spread apart
in the postsynaptic membrane and define a larger postsynaptic
area as muscle fibers enlarged. New receptors were then ob-
served to be intercalated throughout the enlarged junctional
region. These results are the same as those previously described
in the growing mouse sternomastoid muscle (Balice-Gordon and
Lichtman, 1990).

Neuromuscular junctions shrink after castration and expand
after testosterone treatment

By manipulating androgen levels we studied how the size and
pattern of nerve terminals and receptor regions of bulbocav-
ernosus neuromuscular junctions would be affected by changes
in muscle fiber size. Junctions were viewed first in 3-month-old
male mice which were then castrated to reduce testosterone
levels. The same junctions were revisualized 1 month later.
Following the second view, testosterone was resupplied to the
animals using a subcutaneously implanted silastic capsule filled
with testosterone. Although serum levels of testosterone were
not measured in this study, the effect of testosterone delivery
was monitored by measuring muscle and seminal vesicle wet
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Figure 2. Bulbocavernosus neuromuscular junctions grow without remodeling. Top, A 4-Di-2-ASP-stained motor nerve terminal from a 3-month-
old mouse which was subsequently restained and reviewed at 4 and 5 months of age. The preterminal axon can be seen at the top of each panel,
where it bifurcates before giving rise to the terminal branches of this junction. Botfom, Underlying ACh receptors stained with a nonblocking dose
of rhodamine a-bungarotoxin. The predominant mode of growth appears to be enlargement of existing synaptic regions without much evidence of
ongoing addition (or loss) of motor nerve terminal branches or ACh receptor areas. As muscle fibers grow between views, existing labeled receptors
are observed spread apart in the postsynaptic membrane, defining a larger postsynaptic area. When newly inserted receptors are labeled with a
second color of a-bungarotoxin, they are observed to be intercalated throughout the enlarged junction and not preferentially at the ends or edges
of existing receptor regions (not shown for this junction; see Balice-Gordon and Lichtman, 1990). A precise alignment is maintained between motor
nerve terminals and receptor regions as junctions grow, suggesting that pre- and postsynaptic elements of junctions enlarge simultaneously. Because
junctions were observed after the period of rapid growth of mice, junctional enlargement is less pronounced than at earlier ages. Junctional area
(determined from receptor staining) at 3 months, 1497 um?; at 4 months, 1564 ym?, and at 5 months, 1625 um?. In this and all subsequent figures,
muscle fibers are oriented vertically and the age of the animal at each view is shown in the lower left-hand corner of the photograph. Because
junctions were often in multiple focal planes, we either made photomontages or used an interactive software program written by L. Hedayati and
J. Voyvodic in the IMAGR language which enabled us to splice together parts of images. Scale bar, 20 pm.

weight, both of which approached normal levels after 3-4 weeks
in a control group of 5 animals which received testosterone after
1 month of castration.

The effect of castration and subsequent testosterone replace-
ment on the bulbocavernosus muscle from one mouse is shown
in Figure 3. One month after castration, visual inspection of the
muscle and surrounding structures showed that they had de-
creased in size. Five animals were killed at this point and muscle

3 different time points as muscle fiber size was reversibly ma-
nipulated in this fashion. One month after castration, every
junction decreased in area between 18 and 54%, on average 33
=+ 12% (66; Fig. 4). In 95% (123 of 130) of the junctions studied,
each of the regions present at the first observation was present
but was smaller at the second view. In 5% of the junctions (7
of 130), 1 or 2 small junction regions less than 10 gm in length
were lost following castration.

fiber cross-sectional area measured; this decreased on average
51% over normal muscles, from 1340 + 173 um? in normal
animals at 4 months of age to 663 + 178 um? 1 month after
castration. When testosterone was resupplied for approximately
I month, atrophied muscles were observed to reenlarge. In
another group of 6 animals, measurement of muscle fiber cross-
sectional area showed that muscle fibers had regained their nor-
mal size, increasing to 1281 + 221 um?2.

A total of 130 junctions (26 mice) were repeatedly viewed at

The decrease in junctional size was also evident in the distance
between nearby nerve terminal branches, which decreased in
size to a similar extent as the branches themselves (Fig. 4). This
argues that motor nerve terminals did not become smalier by
retracting at the ends of each branch, because if this were the
case one would expect that the spaces between branches, if any-
thing, would get bigger rather than smaller (see bars in Fig. 4).
Similarly, postsynaptic ACh receptor regions became smaller
and the spaces between regions became smaller as well. This
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Figure 3. Effect of castration and subsequent testosterone replacement on bulbocavernosus muscles followed in one mouse. Lefi, Bulbocavernosus
muscles from a 3-month-old mouse. After the photograph was taken, the testes were removed. Middle, One month later, the same muscles were
photographed again. At this time point, muscles such as this one decreased in weight and muscle fiber cross-sectional area 30-50%. A capsule of
testosterone was then implanted subcutaneously. Right, One month later, the same muscle was again photographed. Following testosterone
replacement, muscles generally enlarged to near normal sizes; in this example, the muscle hypertrophied beyond its original size (see Materials

and Methods). Scale bar, 3 mm,

result shows that receptor regions do not become smaller by
receptors being sculpted away from the edges of each region. In
every junction, as synaptic regions became smaller, motor nerve
terminals and receptor regions remained aligned, suggesting that
they decrease in size at the same time and to the same extent
(Fig. 4).

Another potential explanation for the decrease in junctional
size following castration is that junctions buckled or wrinkled
as muscle fibers atrophied. To evaluate this possibility, we fol-
lowed an additional 17 junctions that appeared in profile rather
than en face before and after castration. If junctions decreased
in size by buckling or infolding, one would expect to see evidence
of this in the way junctions protruded from the surface of muscle
fibers or intruded into their surface. However, none of the junc-
tions in profile on atrophied muscle fibers either collapsed into
the muscle fiber or showed signs of protruding. Taken together,
these observations suggest that the decrease in junctional size
observed after castration appears most consistent with overall
shrinkage both pre- and postsynaptically.

After the second observation was made, testosterone replace-
ment was begun and junctions were revisualized 1 month later.
Motor nerve terminal branches and postsynaptic ACh receptor
regions were observed to reenlarge to near normal sizes (Table
1). Ninety-six percent of the junctions followed (125 of 130)
enlarged exclusively by reexpansion of existing synaptic regions.
In these junctions, no new synaptic regions were observed to
be added during testosterone replacement, as might have been
expected, for example, if motor neurons compensate for muscle
fiber hypertrophy by adding new terminal branches. In 5 junc-
tions, small regions (less than 10 um in length) were added in
addition to junctional expansion. However, even in these few
cases, the size and pattern of the junctions were quite similar
to those seen at the first view.

Despite enlargement of each pre- and postsynaptic region, the
spaces between synaptic regions also increased in size (see bars
in Fig. 4). This observation suggested that the entire junction

and surrounding muscle fiber membrane expanded as muscle
fibers hypertrophied following testosterone treatment.

The branching pattern of neuromuscular junctions remains
largely stable following prolonged castration or prolonged
testosterone treatment

Overall junctional shrinkage without substantial loss of synaptic
regions was also evident when muscle fibers were allowed to
atrophy for more than 1 month following castration. Following
prolonged castration (7 animals, 21 junctions studied for a total
of 5 months), junctions decreased in size (Fig. 5) in parallel with
muscle fiber atrophy. Four months after castration, each junc-
tion was between 28 and 59% of its original area (on average
44 + 5%) and was on average 30% of the area of junctions from
age-matched normal muscles). After this time, junctional size
and muscle fiber size changed very little, if at all, over the next
1-2 months. At 15 of 21 junctions, this loss of junctional area
occurred without loss of synaptic regions. However, at 6 of 21
junctions in chronically castrated animals, loss of small regions
was observed at long time points (Fig. 5, last panel). Although
this may indicate that occasionally some synaptic regions are
lost as muscle fibers atrophy, the length of lost regions was in
each case quite small when compared to the decrease in junc-
tional size.

After castration (for 1 month) followed by prolonged testos-
terone replacement, junctions continued to hypertrophy in par-
allel with muscle fibers (5 animals, 17 junctions studied for a
total of 5 months after testosterone replacement). Four months
after testosterone replacement, each junction increased in area
between 21 and 57% (on average 39 + 7% over their size 5
months earlier) and were 11% larger on average than junctions
from age-matched normal muscles. Most of these junctions (12
of 17) continued to enlarge by expansion without a change in
the pattern of motor nerve terminal branches or ACh receptor
regions. At 5 junctions, addition of 1 or 2 small synaptic regions
was observed at long time points. However, the extent and
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Figure 4. Bulbocavernosus neuromuscular junctions shrink after castration and expand after testosterone treatment without remodeling. Lefi,
Motor nerve terminals stained with 4-Di-2-ASP (rop) and underlying ACh receptors labeled with rhodamine «-bungarotoxin (botrom) from a
neuromuscular junction from a normal 3-month-old mouse. Immediately after these photographs were taken, the animal was castrated. Middle,
One month later, the same junction was restained and photographed. Junctional size decreased in proportion to a decrease in muscle fiber surface
area. The pattern and number of nerve terminal branches and postsynaptic receptor regions are similar in each view. Each nerve terminal branch
and receptor area decreased in size, as did the spaces between synaptic regions (bar), leading to an overall compaction of the junction. Following
the second observation, testosterone was resupplied to the animal. Right, One month later, the same junction was again photographed. Junctional
size increased in proportion to an increase in muscle fiber size. Each synaptic region and the spaces between regions (bar) enlarged without a change
in the number of synaptic regions. Presynaptic motor nerve terminals and underlying ACh receptors remained precisely aligned as these size changes
occurred. Junctional area at first view, 752 um?; after castration, 480 um?; after testosterone treatment, 771 pm?. Changes in junctional area for
normal, castrated, and testosterone-treated muscles are summarized in Table 1. Scale bar, 20 uym.

Nerve Terminal

Normal 1 Month 2 Months 5 Months
After Castration
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1 Month 1 Month
Normal After After Testosterone
Castration Replacement

Original AChR Old AChR

New AChR Old AChR

New AChR

Figure 6. Existing ACh receptors are redistributed in the muscle fiber membrane as muscle fiber size is altered with androgens. Lefi, Postsynaptic
ACh receptors labeled with thodamine conjugated a-bungarotoxin from a junction from a 3-month-old mouse (original AChR). The mouse was
subsequently castrated. Middle, Original a-bungarotoxin labeled receptors remaining 1 month after castration (old AChR) define a smaller post-
synaptic area. The spaces between receptor-rich regions have also decreased in size. Receptors inserted since the previous observation (new AChR)
were labeled with additional a-bungarotoxin to enable the experiment to be repeated 1 month after testosterone treatment. Right, Following
testosterone replacement, existing receptors (old AChR) spread apart as muscle fibers hypertrophy, defining a larger postsynaptic region. New
receptors (labeled with a second color of a-bungarotoxin; see Materials and Methods) are intercalated throughout the enlarged postsynaptic region
and not preferentially at the ends or edges of existing receptor regions. Original receptor area at first view, 748 pm?; new receptor area 1 month
after castration, 597 pm?; new receptor area 1 month after testosterone replacement, 770 um?. Scale bar, 20 um.

—

Figure5. Remodeling of junctional regions following prolonged castration. Shown are 4 views of a 4-Di-2-ASP-stained nerve terminal arborization
followed for 5 months after castration, Until 2 months after castration, the principal change in the junction is one of shrinkage. At 5 months after
castration (animal 8 months old), the motor nerve terminal branches marked with an arrow have been lost. Junctional area at first view, 527 um?;
1 month after castration, 415 ym?; 2 months after castration, 386 um?; 5 months after castration, 302 um?2. Scale bar, 20 um.
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Normal 1 Month After Castration 1 Month After Testosterone
Replacement

Figure 7. Density of postsynaptic secondary junctional folds changes following castration and testosterone replacement. Shown are transmission
electron photomicrographs of cross-sections of neuromuscular junctions from normal (lefi), castrated (middle), and testosterone-treated (right)
muscles. The small black granules are reaction product from the acetylcholinesterase stain (see Materials and Methods). The density of secondary
Jjunctional folds increases following castration, probably due to shrinkage of the muscle fiber membrane. Junctional fold density returns to normal
levels following testosterone replacement. The density of folds from junctions from normal and manipulated muscles is summarized in Table 1.
Scale bar, 1 um.

degree of remodeling at long time points seemed minor when o .

compared to the extent of junctional enlargement observed with Existing ACh receptor regions shrink and expand as muscle
testosterone treatment. These results show that ongoing atrophy  fibers atrophy and hypertrophy

and hypertrophy of muscle fibers has a primary effect on junc-  To study how junctional enlargement might be coupled to mus-
tional size rather than on the pattern or number of synaptic  cle fiber hypertrophy, and how this might be related to normal
regions. junctional growth during postnatal life, we followed the fate of

|
Normal 1 Month After Castration 1 Month After Testosterone
Replacement

Figure 8. Density of postsynaptic secondary junctional folds changes in parallel with junctional and muscle fiber size. Top, Scanning electron
photomicrographs of the postsynaptic surface of bulbocavernosus neuromuscular junctions from normal (leff), castrated (middle), and testosterone-
treated (right) muscles. Scale bar, 10 um. Bottom, Higher magnification view of boxed regions of junctions in top row. Junctional fold density
increases following castration (Table 1). By multiplying the decrease in length or width of junctions from muscles 1 month after castration by the
number of folds per linear micron, the estimate of the resulting total number of folds per junction is similar to that from normal muscles. Following
testosterone replacement, junctional fold density returns to normal and the number of folds per junction is unchanged. The density and number
of junctional folds for normal and manipulated muscles is summarized in Table 1. Scale bar, 1 um.



postsynaptic ACh receptors (irreversibly labeled with fluores-
cently tagged a-bungarotoxin) as muscle fibers enlarged follow-
ing testosterone treatment. In this way, we studied if and how
ACh receptor molecules were redistributed as junctional size
was altered. In each of the 23 junctions studied (5 animals),
existing receptors were first observed to occupy a smaller syn-
aptic area following castration (Fig. 6, middle panels). This loss
of area could mean that ACh receptors were selectively lost from
the ends and edges of receptor regions and that the remaining
receptors underwent a complex redistribution to recreate a
smaller version of the receptor regions as well as the spaces
between them. A far more likely explanation for this decrease
in area, however, is that the entire postsynaptic ACh receptor-
rich region compacted as the muscle fiber atrophied.

After testosterone treatment, previously labeled receptors were
observed to redefine a larger synaptic area (Fig. 6, right panels).
New receptors (labeled with a second color of e-bungarotoxin)
were observed to be intercalated throughout the enlarged post-
synaptic region and not preferentiaily at the ends or edges of
receptor regions (Fig. 6, right bottom panel). This observation
indicates that as muscle fibers hypertrophy, existing ACh re-
ceptor regions expand as if they were stretched. Thus, at the
light microscopic level, muscle fiber atrophy following castra-
tion and hypertrophy following testosterone treatment give rise
to changes in the size of postsynaptic regions that seem to occur
by the same mechanism.

Postsynaptic secondary junctional folds shrink and expand as
muscle fibers change size

We examined the number and density of postsynaptic secondary
junctional folds (which are invaginations of the muscle fiber
membrane, at the crests of which ACh receptors are located)
following castration and testosterone replacement. In this way,
we could study at the ultrastructural level the changes in post-
synaptic specializations that accompany the shrinkage and ex-
pansion of androgen-manipulated muscle fibers. Analysis of
junctional fold density from transmission electron photomicro-
graphs showed that fold density in junctions from castrated
muscles was significantly higher than in junctions from normal
muscles (Fig. 7 and Table 1). After testosterone replacement,
the density of junctional folds returned to normal levels (Fig. 7
and Table 1). These observations are consistent with the idea
that the muscle fiber membrane becomes more compact as mus-
cle fibers atrophy and reexpands as muscle fibers hypertrophy.

Analysis of secondary junctional fold density from scanning
electron photomicrographs showed similar changes (Fig. 8 and
Table 1). Moreover, scanning electron microscopic views al-
lowed us to obtain an index of the total number of folds per
junction. When junctional length or width was multiplied by
the number of folds per linear micron (see Materials and Meth-
ods), we found that this number was similar in junctions from
normal, castrated, and testosterone-treated muscles (Table 1).
These results suggest that the density, but not the total number,
of folds per junction changes as a result of changing muscle fiber
size.

Discussion

We have studied changes in neuromuscular junction size and
branching pattern as a result of manipulating muscle fiber size
with androgens in the bulbocavernosus muscle of mice. Neu-
romuscular junctions from normal adult bulbocavernosus mus-
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cles grow but are otherwise stably maintained. By altering mus-
cle fiber size with the removal and replacement of testosterone,
our results show that junctional size is directly coupled to muscle
fiber size without a change in the number or pattern of synaptic
regions.

Neuromuscular synapses grow without continual remodeling

As previously observed in the mouse sternomastoid muscle
(Balice-Gordon and Lichtman, 1990), bulbocavernosus neu-
romuscular junctions grow without a change in the pattern or
number of pre- and postsynaptic regions. Thus, it is likely that
this is the general means by which junctions grow in normal
skeletal muscles. This lack of remodeling during growth should
not, however, be taken as evidence that mammalian neuro-
muscular junctions cannot remodel, because in a number of
normal and experimental situations, neuromuscular synapses
do remodel extensively. For example, during the first weeks of
postnatal life, both motor nerve terminal branches and the ACh
receptor regions beneath them are eliminated as multiple in-
nervation regresses and the adult pattern of single innervation
is established (Balice-Gordon and Lichtman, 1989). Similarly,
following nerve crush and reinnervation of adult junctions, ter-
minal and receptor regions are lost as transient terminal sprouts
regress (Rich and Lichtman, 1989a). In adult slow muscles, loss
of synaptic regions has also been reported (Wigston, 1989). Fur-
thermore, when presynaptic motor nerve terminals are poisoned
with botulinum toxin (Reiness and Lichtman, 1989), or when
muscle fibers are damaged and allowed to regenerate (Rich and
Lichtman, 1989b), there is a prolonged period of remodeling
both pre- and postsynaptically. Finally, as animals mature into
old age, neuromuscular junctions that were stable for long in-
tervals begin to lose large synaptic regions and add new ones
(Balice-Gordon and Lichtman, 1990). It appears, however, that
growing junctions beyond the neonatal period have stable con-
figurations in which changes in the number or pattern of synaptic
regions are rare (see also Wigston, 1988).

Androgens modulate bulbocavernosus muscle fiber size directly

In order to understand the cellular mechanisms underlying junc-
tional size changes as muscle fiber size is manipulated, it is
necessary to know whether androgens affect muscle fibers, motor
neurons, or both, because each has been shown to possess an-
drogen receptors (Dube et al., 1976; Breedlove and Arnold,
1980). For example, testosterone might affect the activity of
bulbocavernosus motor neurons, which in turn might have an
effect on the size of their motor nerve terminals. Alternatively,
testosterone might affect both motor neurons and muscle fibers
in a highly coordinated fashion, which would lead to similar
changes in the size of motor nerve terminals and muscle fibers.
Finally, testosterone might act directly on bulbocavernosus
muscle fibers and modulate their size primarily through that
route.

One line of evidence strongly suggests that testosterone does,
in fact, act directly on bulbocavernosus muscle fibers rather than
on motor neurons to regulate muscle fiber size. Testosterone
can spare androgen-sensitive muscles such as the bulbocaver-
nosus from atrophy during development even in the complete
absence of innervation (Fishman and Breedlove, 1989). Other
experiments support the idea that androgens exert their anabolic
effect directly on muscle fibers (Powers and Florini, 1975; Rand
and Breedlove, 1987), and receptors that bind androgens have
been shown to be present in large numbers in the bulbocaver-
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nosus muscle (Jung and Baulieu, 1972; Krieg et al., 1974; Dube
et al., 1976).

Levels of testosterone seem to affect muscle fiber size by reg-
ulating the number of myofibrils. Myofibrils are lost in response
to castration (Venable, 1966b), resulting in a decrease in intra-
cellular volume, leading to a loss of area in the muscle fiber
membrane. Subsequent testosterone treatment results in the ad-
dition of new myofibrils to muscle fibers (Venable, 1966b), which
in turn results in expansion of the muscle fiber membrane.

Postsynaptic specializations change size as a direct
consequence of changes in the area of the muscle
fiber membrane

An obvious question is how muscle fiber size exerts an effect
on the size of neuromuscular junctions. One possibility, sup-
ported by several observations in both normal and androgen-
manipulated muscles, is that the size of postsynaptic special-
izations is directly coupled to the surface area of the postsynaptic
muscle fiber membrane. Evidence for such coupling comes from
the parallel changes in the length and width of bulbocavernosus
neuromuscular junctions and muscle fibers during normal
growth (see also Balice-Gordon and Lichtman, 1990). Further-
more, this correlation is maintained as androgen levels are al-
tered, affecting muscle fiber size reversibly: junctional size is
altered at the same time and to a similar extent as muscle fiber
size. A direct link between the area of the muscle fiber membrane
and junctional area is also supported by following the move-
ments of labeled ACh receptors as muscle fibers changed size.
As muscle fibers atrophy following castration, existing receptors
were observed to define a smaller synaptic region. Not only did
all of the receptor-rich regions become smaller, but so did the
spaces between the regions, arguing that the entire region at the
junction (both synaptic and extrasynaptic) decreased in area. As
muscle fibers hypertrophy following testosterone replacement,
existing ACh receptors redefined a larger synaptic area with
increased spaces between receptor regions. These results are
similar to the spreading apart of ACh receptor molecules into
progressively larger areas during normal growth of neuromus-
cular junctions in the sternomastoid muscle (as well as in the
bulbocavernosus). Furthermore, this expansion of receptor re-
gions and the spaces between them can be mimicked acutely by
stretching muscle fibers (Balice-Gordon and Lichtman, 1990).
These observations suggest that the entire postsynaptic area
shrinks and expands as a direct mechanical consequence of
shrinkage or expansion of the muscle fiber membrane.

There are at least 3 ways postsynaptic specializations of the
muscle fiber membrane might change ultrastructurally as junc-
tions shrink and expand. One possibility is that the density of
postsynaptic secondary junctional folds might increase as mus-
cle fibers atrophy and return to normal as muscle fibers hyper-
trophy. Alternatively, if junctions decreased in size solely by a
decrease in the size of the muscle fiber regions between synaptic
regions, then one would expect that the density of postsynaptic
folds might not be altered (Hanzlikova and Gutmann, 1978).
This possibility is unlikely because the present results showed
that the dimensions of synaptic regions changed to a similar
degree as nonsynaptic regions. Finally, the total number of folds
might decline as junctions shrink, and increase as junctions
expand, if postsynaptic specializations were lost and added as
muscle fibers changed size (Tobin and Pécot-Dechavassine,
1982).

In the present experiments, postsynaptic secondary junctional

folds were observed to become more densely packed as muscle
fibers atrophied following castration and less densely packed as
muscle fibers hypertrophied following testosterone treatment.
This change in density occurred without a change in the total
number of folds per junction. These light and electron micro-
scopic results suggest that the primary determinant of junctional
size is the size of the postsynaptic muscle fiber as manifested
by an effect on the surface area of the muscle fiber membrane.

Motor nerve terminals may change size as a direct
consequence of adhesion to postsynaptic specializations

Because it seems likely that the size of postsynaptic specializa-
tions is directly determined by the surface area of the muscle
fiber membrane, an issue of interest is the way motor nerve
terminals keep pace with these changes in the postsynaptic
membrane. The present results, together with previous evi-
dence, strongly suggest that motor nerve terminals may be pulled
along as ACh receptor regions change size by virtue of adhesion
between pre- and postsynaptic regions (Balice-Gordon and
Lichtman, 1990).

These results argue for a direct mechanical explanation for
synaptic growth mediated by adhesion, rather than by, for ex-
ample, diffusible trophic factors acting at a distance, which tra-
ditionally have been invoked to explain the matching of pre-
synaptic terminals to the size of target cells and their precise
alignment with postsynaptic specializations. While our results
suggest that diffusible factors, trophic or otherwise, are unlikely
to regulate coordinated pre- and postsynaptic growth in muscle,
these results do not rule out a possible role for such factors in
affecting nerve terminals in other circumstances (i.e., sprouting).

A passive mechanical relationship mediated by adhesion may
underlie the “size matching” of neuromuscular junctions and
muscle fibers not only during normal growth, but also in muscles
that change size seasonally (Breedlove, 1986; Forger and Breed-
love, 1987). Because pre- and postsynaptic elements of synapses
are adherent throughout the nervous system, it is possible that
adhesion also helps match synaptic size with postsynaptic target
cell size and maintain synaptic connections in other parts of the
nervous system.
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