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Androgen Regulates Synaptic Input to Motoneurons of the Adult Rat

Spinal Cord
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Adult male rats (Sprague-Dawley) were castrated and im-
planted subcutaneously with Silastic capsules containing
testosterone or nothing. Sham-castrated males served as
controls. Four weeks following castration, cholera toxin-
horseradish peroxidase (CT-HRP) was injected bilaterally
into the bulbocavernosus muscles and animals were sacri-
ficed 2 d later. The spinal cords containing the spinal nucleus
of the bulbocavernosus (SNB) were dissected, processed
with a modified tetramethylbenzidine (TMB) method for visu-
alization of retrogradely transported CT-HRP, and examined
at the ultrastructural level. Neuronal structures apposing the
membranes of 150 TMB-labeled SNB neurons were analyzed
by measuring the percentage of somatic and proximal den-
dritic membranes covered by synaptic contacts, synaptoid
contacts, and neuron-neuron contacts. Most of the neuronal
structures in the control and experimental SNB motoneurons
consisted of synaptic contacts. The mean percentage of
somatic and proximal dendritic membranes covered by syn-
apses 4 weeks after castration was reduced to approxi-
mately 30% of those in control animals. However, treatment
with testosterone for 4 weeks after castration prevented this
decline. Castration and testosterone treatment also influ-
enced the size and number of synaptic contacts per unit
length of somatic and proximal dendritic membranes, and
the incidence of neuron-neuron contacts and double syn-
apses onto SNB motoneurons. These results indicate that
androgen is critical for maintaining the organization of syn-
aptic inputs to these spinal motoneurons in adult male rats.

Gonadal steroid hormones are considered to have organiza-
tional and activational effects on the sex steroid-accumulating
neurons in the CNS (Arnold and Breedlove, 1985). Sex steroids
play a significant role in modulating neuronal development and
neuronal circuit formation during early developmental periods
(Goy and McEwen, 1980; MacLusky and Naftolin, 1981; Arnold
and Gorski, 1984; Breedlove, 1984; Toran-Allerand, 1984; Arai
et al., 1986). These organizational actions of sex steroids can
induce permanent sexual dimorphisms in nuclear volume (Gor-
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skietal., 1978; Matsumoto and Arai, 1983), in neuronal number
(Breedlove and Arnold, 1983a), in dendritic morphology
(Greenough et al., 1977), and in synaptic organization (Raisman
and Field, 1973; Matsumoto and Arai, 1980, 1986) in certain
brain regions. In contrast, activational effects of sex steroids on
adult brain are thought to be impermanent and reversible. Re-
cent evidence suggests that even impermanent effects of gonadal
steroids can involve major structural alterations in neural cir-
cuits. For example, DeVoogd and Nottebohm (1981; see also
DeVoogd et al., 1985) have demonstrated that androgen induces
dramatic growth of dendrites in the song control system of adult
female canaries, correlated with androgenic activation of song
in females. A similar androgenic regulation of dendritic length
is observed in motoneurons in adult rodent spinal cord (Kurz
et al., 1986; Forger and Breedlove, 1987). The present report
examines the effect of androgen on synaptic input to these an-
drogen-sensitive motoneurons in the rat.

The spinal nucleus of the bulbocavernosus (SNB) is a cluster
of motoneurons located in the fifth and sixth lumbar segments
of the spinal cords in male rats (Breedlove and Arnold, 1980;
Schroder, 1980; McKenna and Nadelhaft, 1986). These moto-
neurons and their target muscles, the muscles bulbocavernosus
and levator ani that attach to the penis, have an important role
in copulatory behavior (Sachs, 1982; Hart and Melese-D’Hos-
pital, 1983), which is sensitive to alterations in circulating levels
of androgen in adulthood (Hart, 1983). Both the motoneurons
(Breedlove and Arnold, 1980, 1983b) and muscles (Dube et al.,
1976) accumulate or bind androgen. After castration, both so-
matic size (Breedlove and Arnold, 1981) and dendritic length
(Kurz et al., 1986; Forger and Breedlove, 1987) of these mo-
toneurons are significantly reduced, whereas androgen treatment
of castrates increases somatic size and dendritic length of SNB
motoneurons. These data suggest that the adult SNB retains a
great deal of plasticity, which is expressed when androgen levels
fluctuate. The androgenic regulation of somatic and dendritic
membranes of the SNB motoneurons implies that the synaptic
input to the SNB motoneurons is concomitantly altered. In the
present study, as one step to elucidate how androgen regulates
synaptic inputs to the SNB motoneurons, we performed quan-
titative electron microscopic analysis on SNB motoneurons in
castrated adult male rats with or without testosterone treatment.

Materials and Methods

Fifteen adult male Sprague-Dawley rats were used, 5 per group. Male
rats were castrated and implanted subcutaneously with Silastic capsules
(#602-285, 3.18 mm in outer diameter, 1.57 mm in inner diameter, 4.5
cm in length; Dow Corning, MI) containing testosterone (Steraloids) or
nothing. Sham-castrated animals served as controls. Four weeks after
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Figure 1.

castration, 0.2% cholera toxin-horseradish peroxidase (CT-HRP; List
Biological, Campbell, CA) was injected bilaterally into the bulbocav-
ernosus muscles (1 pl/side) underr Nembutal anesthesia. Two days after
CT-HRP injection, all animals were anesthetized with Nembutal and
perfused transcardially with 200 ml 0.9% NaCl and subsequently with
a mixture of 4% paraformaldehyde and 0.2% glutaraldehyde in 1000
ml 0.1 M phosphate buffer (PB, pH 7.2). The body and seminal vesicle
weights were recorded before and after autopsy, respectively. The lum-
bar portion of the spinal cord in each animal was removed, placed in
the same fixative for 5 hr and rinsed in 0.1 m PB for 24 hr at 4°C. The

Photomontage of an SNB motoneuron in a testosterone-treated male rat 4 weeks after castration. x 2470.

spinal cords were cut transversely with a Vibratome (Lancer Instru-
ments, St. Louis) into 50 um sections. After a short rinse in 0.1 M PB
(pH 6.5), the sections were processed according to a modification of the
tetramethylbenzidine method (Mesulam, 1978; Lemann et al., 1985;
Foerster, 1986). Preincubation of sections for 20 min at room temper-
ature in a solution of 0.005% 3,3",5,5'-tetramethylbenzidine (TMB; Sig-
ma), 0.1% sodium nitroferricyanide, 0.08% ammonium chloride, and
2% beta-p-glucose in 100 ml 0.1 M PB (pH 6.5) was followed by in-
cubation for 20 min at room temperature with addition of 50 units of
glucose oxidase. Thereafter, the sections were incubated for 15 min at






room temperature in a solution of 0.1% 3,3’-diaminobenzidine (DAB;
Sigma), 0.08% ammonium chloride, 0.02% cobalt chloride, and 2%
beta-p-glucose in 100 ml 0.1 M PB (pH 7.2), and subsequently incubated
for 15 min at room temperature with addition of 50 units of glucose
oxidase. The DAB step served to make the reaction product insoluble
so that it could be viewed after processing for electron microscopy. After
a short rinse in 0.1 M PB, the sections were postfixed in 1% OsO, in
0.15 M cacodylate buffer (pH 7.2) for 1 hr at room temperature. After
staining with 1% uranyl acetate for 30 min, the sections were dehydrated
in graded ethanols and embedded in epoxy resin. Thick sections of the
spinal cords were stained with toluidine blue to identify the existence
of the TMB reaction product in the cytoplasm of the SNB motoneurons.
Adjacent ultrathin sections were stained with lead citrate and examined
under a Zeiss E109 electron microscope.

Ten labeled motoneurons with visible nuclei were randomly selected
in each spinal cord (150 total in all groups). Using photomontages of
these motoneurons at a final magnification of 8590 x, we analyzed the
amount of synaptic afferent contact onto the somatic and proximal
dendritic membranes. Neuronal contacts were classified into 3 types.
(1) The contact of an axon terminal containing synaptic vesicles which
possessed thickening of the pre- and postsynaptic membranes was clas-
sified as a synaptic contact (Figs. 34, 4). (2) The contact of an axon
terminal without membrane specialization was classified as a synaptoid
contact (Figs. 3B, 4). (3) The direct apposition between a soma and an
adjacent soma, between a soma and an adjacent dendrite, or between
a proximal dendrite and an adjacent dendrite was classified as a neuron—
neuron contact (Fig. 3C). Each neuron—neuron apposition included lengths
of membrane specialization reminiscent of desmosomes, i.e., symmet-
rical accumulation of electron-dense material in the cytoplasm along
both membranes.

Occasionally axons made synaptic contact with an SNB soma (or
dendrite), as well as another soma or dendrite in the same section (Fig.
3D). The frequency of such double synapses was also compared in the
3 groups.

The border between somatic and dendritic membranes was defined
as the point where the spherical shape of the somatic membrane was
broken by the origin of a dendrite. If this site was unclear, the boundary
between soma and proximal dendrite was defined as the position where
the width of the proximal dendrite corresponded to the minor diameter
of the nucleus. We examined only dendrites that were near the soma,
usually no more than one somatic diameter from the cell body itself.
The perimeters of somata and proximal dendrites and the covering
lengths of synaptic contacts, synaptoid contacts, and neuron-neuron
contacts were measured with a tablet digitizer connected with a com-
puter. The percentage covering of neuronal contacts (total length of
neuronal contacts/perimeter of soma or proximal dendrites), the fre-
quency of neuronal contacts (number of neuronal contacts/um of mem-
brane of soma or proximal dendrites), and the size of neuronal contacts
(total length of neuronal contacts/number of neuronal contacts) were
calculated for each type of neuronal contact. To analyze differences
between groups, a 1-way analysis of variance was performed for each
parameter measured, with # the number of animals in each group. If
there was a significant main effect of treatment, post hoc tests were also
run to confirm the differences between specific groups.

Results

The weight of seminal vesicles in castrates (0.198 + 0.030 gm,
mean + SEM) was significantly smaller than that in control rats
(2.098 + 0.163; p < 0.0001). The weight of seminal vesicles in
castrates given testosterone for 4 weeks (2.445 + 0.112) was
significantly greater than that in castrates (p < 0.0001) and was
comparable to the control value. There were no significant dif-
ferences in body weight among the 3 groups (controls, 487.2 =

—
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Table 1. Effect of testosterone on length (mean + SEM) of the
perimeter of somata of the SNB motoneurons in control and
experimental animals

Number of Perimeter
Group rats (um)
Controls 5 155.1 + 4.9
Castrates 5 114.8 + 2.0¢
Castrates + testosterone 5 147.2 + 2.9

« Comparison with controls: p < 0.0001.

15.3 gm; castrates, 445.6 + 18.1; castrates given testosterone,
464.8 + 12.3).

The TMB method followed by DAB stabilization resulted in
good preservation of both the reaction product and the ultra-
structural integrity of the SNB motoneurons (Figs. 1, 2). The
labeled SNB motoneurons contained a round nucleus with a
prominent nucleolus (Fig. 1) and various cytoplasmic organelles,
such as rough endoplasmic reticulum, mitochondria, Golgi ap-
paratus, and lysosomes (Fig. 24). The reaction product complex
consisted of several aggregated lucent spaces covered with amor-
phous or threadlike electron-dense material present in the cy-
toplasm of cell bodies and proximal dendrites (Fig. 2). Although
myelinated fibers were observed in the proximity of motoneu-
rons, the neuropil immediately adjacent to these motoneurons
was fully occupied by unmyelinated axons, dendrites, and glial
processes (Fig. 1). Neuronal endings contacting somata or prox-
imal dendrites contained a number of synaptic vesicles (about
50 nm in diameter) and mitochondria (Fig. 34). Occasionally,
a small number of large granular vesicles (about 100 nm in
diameter) were found to coexist with synaptic vesicles in the
axon terminals (Fig. 2B). Most of the neuronal contacts on so-
matic and dendritic membranes consisted of synaptic contacts
(Figs. 34, 4; Tables 2, 3), whereas the incidence of synaptoid
contacts was very low (Figs. 3B, 4; Tables 2, 3). The neuron—
neuron contacts, characterized by desmosome-like structures,
were occasionally observed between somata, between somata
and dendrites, or between proximal dendrites and other den-
drites (Fig. 3C; Tables 2, 3).

Castration reduced both the perimeter of somata and the
synaptic covering of SNB motoneurons, and androgen treatment
prevented these changes (Tables 1, 2). There was a statistically
significant main effect of treatment for the following measures
[Fs (2, 12) > 9.2, p < 0.004]: somatic perimeter, percentage
covering of synaptic contacts on both somata and dendrites,
percentage covering of neuron-neuron contacts on somata, size
and frequency of synaptic contacts on both somata and den-
drites, frequency of neuron-neuron contacts on somata, and
frequency of double synapses on both somata and dendrites
(Tables 3-5). In each case, post hoc tests revealed that all of the
indices of synaptic covering, frequency, and size were lower in
castrates than in controls (p < 0.02) and that 4 weeks of tes-

Figure 2. A, Cell body of an SNB motoneuron in a testosterone-treated male rat 4 weeks after castration. Rough endoplasmic reticulum (£R) is
well developed, and mitochondria (M), the Golgi apparatus (G), and lysosomes (L) are prominent. TMB-DAB reaction product (arrowhead) can be
seen in the cytoplasm. Nu, nucleus. Scale bar, 0.5 um. x17,700. B, Proximal dendrite of an SNB motoneuron in a testosterone-treated male rat 4
weeks after castration. TMB-DAB reaction product (arrowhead) is found in the cytoplasm. Two axon terminals make contact with the proximal
dendrite. One terminal (*) contains a few large granular vesicles together with hotlow synaptic vesicles. Scale bar, 0.5 um. x28,800.
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Figure 3. A, Synaptic contact onto an SNB motoneuron in a testosterone-treated male rat 4 weeks after castration. Scale bar, 0.5 um. x35,500.
B, Synaptoid contact onto an SNB motoneuron in a testosterone-treated male rat 4 weeks after castration. Note the absence of membrane thickening
required for identification as a true synapse. Scale bar, 0.5 um. x40,900. C, Unidentified dendrite (D) makes a neuron—neuron contact onto an
SNB motoneuron soma (S) by means of a desmosome-like structure (arrowhead) in a testosterone-treated male rat 4 weeks after castration. It is
possible that the dendrite (D) is from an ipsilateral or contralateral SNB motoneuron, since SNB dendrites are known to appose other SNB somata
and dendrites (Rose and Collins, 1985). Scale bar, 0.5 pm. x27,000. D, Axon makes a double synapse onto an SNB motoneuronal soma (S) and
an unidentified dendrite (D) in a testosterone-treated male rat 4 weeks after castration. Scale bar, 0.5 um. x27,000.

tosterone treatment prevented this decline (i.e., no significant on somatic and proximal dendrites among the 3 groups. Sim-
difference between testosterone-treated castrates and controls, ilarly, there were no significant differences in the mean per-
p > 0.05). There were no significant differences in the mean centage covering, frequency, and size of neuron—neuron contacts
percentage covering, frequency, and size of synaptoid contacts on proximal dendrites among the three groups.
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Table 2. Percentage (mean + SEM) of somatic and dendritic membranes covered by three types of neuronal contacts onto SNB motoneurons in

control and experimental animals

Soma Proximal dendrite
Number  Synaptic Synaptoid Neuron-neuron Synaptic Synaptoid Neuron-neuron
Group of rats contacts contacts contacts contacts contacts contacts
Controls 5 40.31 = 1.74 1.05 + 0.17 4.93 = 0.36 47.11 £ 1.04 1.33 £ 0.29 6.15 = 1.46
Castrates 5 13.99 + 0.59¢ 0.83 = 0.14 1.41 + 0,23« 18.54 + 2.52¢ 0.72 + 0.48 2.69 + 0.80
Castrates +
testosterone 5 44,69 + 2.87 1.14 £ 0.08 4.30 = 0.85 43.01 £ 0.77 1.10 +£ 0.20 7.78 + 1.67

« Comparison with controls: p < 0.001.

Discussion

Our results indicate that there is a great deal of plasticity in the
organization of synaptic input to SNB motoneurons in adult
rats. Castration dramatically reduced the percentage of the so-
matic and proximal dendritic membrane covered by synapses
and other contacts, and this change was prevented by testos-
terone treatment beginning on the day of castration. In castrates,
the percentage of membrane covered by synapses was only about
15 of that found in intact males. Testosterone-treated castrates
were no different from controls. These results are similar to
those described independently by Leedy et al. (1987). Castration
has previously been reported to decrease the size of SNB somata
and the length of SNB dendrites (Breedlove and Arnold, 1981;
Kurz et al., 1986; Forger and Breedlove, 1987). Since the ab-
solute amount of somatic and dendritic membrane is greatly
reduced by castration, our finding of a decrease in percentage
of membrane covered by synapses indicates that the loss of
synapses is proportionally greater than the reduction in somatic
membrane area. There can be little doubt that these changes in
the synaptic input to the SNB motoneurons, and changes in the
morphology of the motoneurons themselves, must result in im-
portant changes in the function of the SNB system. The present
results indicate that spinal motoneurons can retain a great deal
of morphological and synaptic plasticity into adult life. Because
androgen levels in rodents fluctuate with the seasons (Forger
and Breedlove, 1987), stress, and aging (Ghanadian et al., 1975;
Peng et al., 1983), the synaptic changes induced by castration
may reflect an ongoing process of synaptic organization and
reorganization regulated by androgen throughout the adult life
of the rat. The role of the SNB motoneurons in copulation
(Sachs, 1982; Hart and Melese-d’Hospital, 1983), and the role
of androgen in stimulating copulation, suggest that androgen’s
effects on synaptic input to SNB motoneurons are an important
part of androgenic control of copulation itself.

Our results suggest that castration reduces both the size and
number of synaptic contacts onto SNB motoneurons. For ex-
ample, the frequency of somatic synaptic contacts in castrates
was 42% of intact rats, and the mean size of such synaptic
contacts was 82% of intact values. Because smaller synapses
would appear to occur less frequently simply because they occur
in fewer sections, it becomes important to ask whether the re-
duction in synapse size accounts for the observed reduction in
frequency of synapses. Given that the section thickness (ap-
proximately 90 nm) was small relative to the size of synapses,
the frequency of finding synapses should have been linearly
proportional to their size. Thus, synapses in castrates would be
expected to be observed 82% as frequently as those in intacts,
based on their size alone. Because the observed frequency is
about one-half this expected value (42%), our data indicate that
the reduction in frequency is greater than predicted from the
reduction in synapse size and that castration reduces both the
number and size of synaptic contacts.

Because we used an arbitrary method for drawing the line
between somatic and dendritic membranes, it is conceivable
that shrinkage of the soma, caused by castration, would move
the boundary between soma and dendrite. Thus, the most prox-
imal dendritic membrane in intact males might be analyzed as
the most distal somatic membrane of castrates. Such an error
is likely to be small, and in any case would not change the results,
since castration reduced synaptic contacts on both types of
membrane.

There is a variety of evidence showing that sex steroids induce
morphological changes in the adult CNS. Treatment with an-
drogen has been reported to result in changes in the volumes of
song control regions of the canary striatum (Nottebohm, 1980)
and a portion of the preoptic area of the Mongolian gerbil (Com-
mins and Yahr, 1984). Androgen treatment also changes den-
dritic morphology in the canary brain (DeVoogd and Notte-
bohm, 1981) and rodent spinal cord (Kurz et al., 1986; Forger

Table 3. Effect of testosterone on frequency (mean + SEM) of neuronal contacts per micron of somatic and proximal dendritic membranes of

the SNB motoneurons in control and experimental animals

Soma Proximal dendrite
Number  Synaptic Synaptoid Neuron-neuron Synaptic Synaptoid Neuron—-neuron
Group of rats contacts contacts contacts contacts contacts contacts
Controls 5 0.229 = 0.012  0.009 = 0.001 0.028 + 0.003 0.257 £ 0.011  0.021 = 0.008 0.030 = 0.007
Castrates 5 0.096 = 0.005¢ 0.011 + 0.001 0.013 + 0.001< 0.132 = 0.014= 0.008 + 0.004 0.024 + 0.010
Castrates +
testosterone 5 0.251 £ 0.014 0.011 = 0.001 0.025 + 0.003 0.254 + 0.011 0.011 = 0.002 0.043 + 0.008

« Comparison with controls: p < 0.002.
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Figure 4. Proximal dendrite (PD) of
an SNB motoneuron labeled by TMB-
DAB reaction product (open arrow), il-
lustrating synaptic contacts (arrow-
heads) and a synaptoid contact (solid
arrow), from a testosterone-treated male
rat 4 weeks after castration. Scale bar,
0.5 pm. x8590.

and Breedlove, 1987), and alters the number of synapses in
portions of the canary striatum (DeVoogd et al., 1985). Estrogen
has been shown to stimulate synaptogenesis in completely deaf-
ferented (Matsumoto and Arai, 1979, 1981, 1985) or intact
hypothalamic arcuate nucleus (Garcia-Segura et al., 1986), and
in the hypothalamic ventromedial nucleus (Carrer and Aoki,
1982) of ovariectomized female rats. All of these brain regions
have been found to accumulate sex steroids (Stumpf, 1970; Pfaff
and Keiner, 1973; Arnold et al., 1976; Breedlove and Arnold,
1980, 1983b; Commins and Yahr, 1985). This evidence indi-
cates that brain regions containing sex-steroid-accumulating
neurons in adult animals possess a considerable plasticity in
response to sex steroids and that sex steroids have the potential
to stimulate the growth of neuronal processes and remodel neu-
ral circuits in the adult brain. The results of the present study
indicate that androgen substantially contributes to the reorgani-
zation of neural circuits of adult spinal cord. Kurz et al. (1986)
found that androgen controls the dendritic length of the SNB
motoneurons in adult rat spinal cord, and the present study
confirmed an androgenic effect on the amount of somatic mem-
brane (Breedlove and Arnold, 1981). Although the present re-
sults implicate androgen in the reorganization of synaptic inputs
on the SNB motoneurons, it is uncertain whether androgen

participates in the reoccupation of synaptic sites by the axon
terminals which originally made synaptic contact or by the new-
ly formed axon terminals while the original ones have degen-
erated after castration.

Previous studies have suggested which kinds of neurotrans-
mitters may be contained in afferents to SNB motoneurons.
Immunoreactive somatostatin fibers (Schroder, 1984) and cate-
cholaminergic fibers (Schroder and Skagerberg, 1985) have been
observed closely surrounding the somata of rat lumbosacral
motoneurons. Furthermore, recent studies have suggested the
presence of noradrenalin, serotonin, substance P, and met-en-
kephalin in fibers and terminals in close proximity to SNB so-
mata and dendrites (Kojima et al., 1985; Micevych et al., 1986).
These data indicate that the terminals of these fibers may make
synaptic contact with SNB neurons. In fact, serotoninergic
(Aghajanian and McCall, 1980; Vacca et al., 1982; Takeuchi et
al., 1983) and substance P axon terminals (Barber et al., 1979)
are known to make synaptic connection with lumbar and other
motoneurons. In the present study, it has been clearly estab-
lished that synaptic inputs to the SNB motoneurons can be
regulated by androgenic influence. Further studies are needed
to determine the chemical identity of neuronal inputs to the
SNB motoneurons which are affected by androgen.

Table 4. Effect of testosterone on size (um, mean + SEM) of neuronal contacts on somatic and proximal dendritic membranes of the SNB

motoneurons in control and experimental animals

Soma Proximal dendrite
Number Synaptic Synaptoid Neuron-neuron  Synaptic Synaptoid Neuron-neuron
Group of rats contacts contacts contacts contacts contacts contacts
Controls 5 1.74 £ 0.02 1.12 £ 0.09 2.06 + 0.42 1.87 + 0.06 1.23 £ 0.13 2.00 + 0.28
Castrates 5 1.40 + 0.04° 1.28 + 0.15 1.20 = 0.19 1.31 = 0.10° 0.75 £ 0.22 1.88 = 1.03
Castrates +
testosterone 5 1.78 + 0.04 1.08 + 0.03 1.89 + 0.16 1.69 + 0.04 1.08 + 0.07 1.92 + 0.30

= Comparison with controls: p < 0.001.



Table 5. Effect of testosterone on frequency (mean + SEM) of
double synapses per micron of somatic and proximal dendritic
membranes of the SNB motoneurons in control and experimental
animals

Num-
ber of Proximal
Group rats Soma dendrite
Controls 5 0.016 + 0.003 0.019 + 0.003
Castrates 5 0.004 + 0.001«  0.008 * 0.002¢
Castrates +
testosterone 5 0.021 £ 0.003 0.024 + 0.003

« Comparison with controls: p < 0.02.
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