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Androgenic Regulation of Gap Junctions Between Motoneurons in

the Rat Spinal Cord
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Gap junctional plaques were found between androgen-sen-
sitive motoneurons of the spinal nucleus of the bulbocav-
ernosus (SNB), using thin-section and freeze-fracture tech-
niques. The somata and proximal dendrites of SNB
motoneurons were studied after retrograde labeling with
cholera toxin conjugated to HRP. Of the gap junctions ob-
served, 45% were somatodendritic, 35% were dendroden-
dritic, and 20% were somatosomatic. The removal of tes-
tosterone by castration dramatically reduced the number
and diameter of the junctional plaques, and these changes
were prevented by testosterone treatment. The results are
the first demonstration of hormonal regulation of morpho-
logically identified gap junctions in the CNS. The occurrence
and hormonal dependence of gap junctional plagques be-
tween motoneurons of the lumbar spinal cord indicate that
androgens regulate the degree of coupling between these
cells, which may allow for the synchronization and amplifi-
cation of the electrical activity in the nucleus.

The spinal nucleus of the bulbocavernosus (SNB) is a cluster of
about 200 large androgen-accumulating motoneurons located
in the fifth and sixth lumbar segments of the spinal cords of
male rats (Breedlove and Arnold, 1980). These motoneurons
innervate 3 target muscles, the bulbocavernosus (SNB), levator
ani, and the anal sphincter (Breedlove and Arnold, 1980; Schro-
der, 1980; McKenna and Nadelhaft, 1986). The bulbocaver-
nosus and levator ani attach to the penis and play an important
role in male copulatory behavior, which is sensitive to alter-
ations in circulating levels of androgen in adulthood (Sachs,
1982; Hart and Melese-d’Hospital, 1983). After castration of
adult males, both somatic size (Breedlove and Arnold, 1981)
and dendritic length (Kurz et al., 1986; Forger and Breedlove,
1987) of the SNB motoneurons are significantly reduced, and
androgen replacement in castrates prevents this reduction. In
addition, castration dramatically reduces the number and size
of chemical synapses onto the somatic and dendritic membranes
(Leedy et al., 1987; Matsumoto et al., 1987). In the course of
our study (Matsumoto et al., 1987), we observed regions where
SNB somata come into close contact with other somatic or
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dendritic membranes. These zones of contact have previously
been described as points of adherence, or puncta adherentia,
which does not imply functional coupling (Kerns and Peters,
1974; Anderson et al., 1976; Bellinger and Anderson, 1987a,
b). However, electrotonic coupling has been demonstrated be-
tween neonatal lumbar motoneurons (Fulton et al., 1980; Ara-
saki et al., 1984). This finding led us to examine whether there
was morphological evidence for gap junctions that might me-
diate such electrical communication, and if so, whether the gap
junctions were regulated by androgen.

Gap junctions, or ¢lectrical synapses, are specialized regions
of contact composed of channels that permit the passage of ions
and small molecules between adjacent cells, as demonstrated
by dye-coupling experiments (Flagg-Newton et al., 1979). This
kind of direct intercellular communication facilitates the co-
ordination of growth and metabolism of the cells and/or syn-
chronization of their electrical activity (for reviews, see Loew-
enstein, 1981; Spray and Bennett, 1985). Gap junctions were
first recognized in large motoneurons in the CNS of inverte-
brates and fish using ultrastructural (Hama, 1961; Robertson,
1963), electrophysiological (Furshpan and Potter, 1959; Bennett
et al., 1963; Furshpan, 1964), or dye-coupling techniques (Pay-
ton et al., 1969; Andrew et al., 1981). Motoneuronal gap junc-
tions and electrical coupling of spinal motoneurons have now
been studied extensively in anurans, but also in fish, reptiles,
and mammals (Washizu, 1960; Grinnell, 1966, 1970; Nelson,
1966; Sotelo and Taxi, 1970; Schnitzlein and Brown, 1975;
Gogan et al., 1977, Waxman, 1979; Erulkar and Soller, 1980;
Collins, 1983).

In gonadal steroid-sensitive tissues, including the rodent ovary,
uterine myometrium, and paraventricular hypothalamic nucle-
us, evidence is accumulating that sex steroids play a significant
role in modulating intercellular communication via gap junc-
tions (Bergman, 1968; Merk et al., 1972; Dahl and Berger, 1978;
Garfield et al., 1980; Burghardt and Anderson, 1981; Demian-
czuk et al., 1984; MacKenzie and Garfield, 1985; Cobbett et
al., 1987). Because androgen regulates the amount of somatic
and dendritic membrane area in SNB motoneurons (Breedlove
and Arnold, 1981; Kurz et al., 1986), as well as the amount of
afferent synaptic contact and dendrosomatic membrane appo-
sition in thisnucleus (Leedy et al., 1987; Matsumotoetal., 1987),
the present study was conducted to determine whether androgen
also alters the number of gap junction channels between the cells
of the SNB. We found that the removal of testosterone by cas-
tration reduces the number and diameter of the gap junctional
plaques and that these changes were prevented by testosterone
treatment.
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Materials and Methods

Fifteen adult male Sprague-Dawley rats were used in the present study.
Male rats were castrated and implanted subcutaneously with Silastic
capsules (Dow Corning, i.d. 1.57 mm, o.d. 3.18 mm, 45 mm long)
containing testosterone (Steraloids) or nothing. Sham-castrated animals
served as controls. There were 5 animals in each group. Four weeks
after castration, 0.2% cholera toxin-horseradish peroxidase (CT-HRP,
List Biological Laboratories, Campbell, CA) was injected bilaterally into
the bulbocavernosus muscles (1 ul/side) under 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% glutar-
aldehyde in 1000 ml 0.1 M sodium phosphate buffer (pH 7.2). The body
and seminal vesicle weights were recorded before and after autopsy,
respectively. The lumbar portion of the spinal cord in each animal was
removed and cut transversely with a Vibratome (Lancer Instruments,
St. Louis) into 50 um sections. The sections were processed according
to a modification of the tetramethylbenzidine method (Matsumoto et
al., 1988). The sections were postfixed in 1% OsO, in 0.15 M sodium
cacodylate buffer (pH 7.2) for 1 hr at room temperature. After staining
with an aqueous solution of 1% uranyl acetate, the tissue sections were
dehydrated in graded ethanols and embedded in Epon 812. Thick sec-
tions of the spinal cords were counterstained with toluidine blue and
examined under the light microscope to identify the existence of CT-
HRP in the cytoplasm of the SNB motoneurons. Thin sections (inter-
ference color silver-gold, about 90 nm thick) adjacent to these thick
sections were cut and stained with lead citrate. All observations were
performed in a Zeiss EM109 electron microscope.

To analyze the incidence of gap junctions, we selected at random one
ultrathin section through the soma and nucleus from each of 10 labeled
SNB neurons in each spinal cord. On these thin sections, the somatic
and proximal dendritic membranes were surveyed in the electron mi-
croscope at 50,000x. In general, the proximal dendritic membranes
sampled were within one soma’s diameter of the cell body. Each gap
junction was photographed, and its length was measured at a final mag-
nification of 93,750 x using a digitizing tablet and microcomputer. Sta-
tistical analysis was made by analysis of variance (ANOVA), with n =
the number of animals in each group.

Freeze-fracture. An intact adult male rat was perfused transcardially
with 4% paraformaldehyde and 1% glutaraldehyde in a 0.1 M sodium
phosphate buffer (pH 7.6). The lumbosacral spinal cord was removed
and immersed in the same fixative overnight at 4°C, then transferred
to sodium phosphate buffer. Transverse, 50 pm sections were cut on a
vibrating microtome (Lancer Inc.) and placed in 20% sucrose solution
in 0.1 M sodium phosphate buffer for 1 hr then changed to a 20% glycerol
solution for an additional hour. Under a dissecting microscope, the SNB
was dissected from the spinal cord sections, placed on standard Balzer
holders, and plunged into liquid propane cooled to —190°C with liquid
nitrogen. The frozen specimens were transferred to a Balzer 400K freeze-
fracture apparatus and fractured with a knife cooled at liquid nitrogen
temperature at a pressure of 10-7 Torr and a temperature of —120°C.
The fractured SNB nuclei were immediately replicated with platinum-
carbon at 45° unidirectionally, and with carbon at 90° with rotation to
provide a strong support film. The replicas were floated onto water,
cleaned in bleach, and mounted on single-hole Formvar-coated grids.

Results

Both ultrastructural techniques indicated the presence of gap
junctions in the SNB nucleus. In thin sections, gap junctions
were found immediately adjacent to or between desmosome-
like junctions on CT-HRP-labeled SNB motoneuronal mem-
branes that were apposed to somatic or dendritic membranes
(Fig. 1). The gap junctions displayed characteristic pentalaminar
structures, about 15 nm in overall thickness, composed of 3
dense bands separated by 2 clear bands. The central dense band,
which contains the extracellular gap, had a somewhat beaded
appearance suggestive of the periodic array of particles typical
of gap junctions. Amorphous electron-dense material was found
associated with the cytoplasmic sides of the gap junction in both
cells, separated from the junction by a clear space of about 7
nm. These structural features of gap junctions in the SNB are

similar to those described in other regions of the mammalian
CNS (Robertson, 1963; Brightman and Reese, 1969; Sotelo and
Korn, 1978), as well as gap junctions from liver and cardiac
muscle (Revel and Karnovsky, 1967; Zampighi et al., 1980).

Freeze-fracture replicas of the isolated SNB region demon-
strated plaques of intramembrane particles on the protoplasmic
(PF) and complementary pits on the extracellular (EF) fracture
faces. This fracture pattern is characteristic of mammalian gap
junctions (Chalcroft and Bullivant, 1970; McNutt and Wein-
stein, 1970; Peracchia, 1980; Larsen, 1983). Figure 2 shows a
“P-E” transition in the SNB nucleus, in which the PF face
contained clusters of intramembranous particles spaced 7 nm
center to center, a distance similar to the spacing of the com-
plementary pits in the PE face. These particles formed somewhat
irregular, closely packed clusters, although small areas with clear
hexagonal symmetry were also found in the EF face. Because
gap junctions are symmetric structures with respect to the ex-
tracellular gap, the “P-E” transition represents the jump from
the EF face of one cell to the PF face of an apposed cell including
the extracellular gap. Therefore, the study of the P-E transitions
permit one to estimate the width of the extracellular gap, which
is necessary to demonstrate that these clusters of particles and
pits correspond to gap junction regions. In the SNB, the step
separating the array of pits in the EF face and the particles in
the PF face was much smaller than when the fracture plane
jumped across an adjacent nonjunctional region. This obser-
vation provided further evidence that the extracellular gap at
the arrays of particles and pits seen in freeze-fracture replicas
corresponded to the regions of close membrane apposition de-
scribed from the thin sections (Fig. 1).

Thin sections of the SNB allowed quantification of the dis-
tribution of gap junctions. A total of 40 gap junctions were
observed on the 150 neuronal perimeters sampled in the 3 groups.
Some junctions were found between 2 cells labeled with CT-
HRP, indicating that both were motoneurons innervating the
bulbocavernosus muscle. Of the 40 gap junctions observed, 20%
were between 2 somata, 45% were between a soma and a den-
drite, and 35% were between 2 dendrites.

Castration and androgen treatment dramatically altered the
frequency and size of gap junctions (Table 1). The number of
gap junctions (p < 0.0005), number of neurons with gap junc-
tions (p < 0.01), and length of gap junctions (p < 0.0005) were
reduced by castration. Treatment with testosterone for 4 weeks
after castration prevented this decline, so that these measures
were similar in testosterone-treated and sham-castrated males.

The measurements of the size and frequency of gap junctions
make possible a calculation of the number of gap junctions found
on the soma and proximal dendrites of a typical SNB moto-
neuron under each hormonal condition (Table 2). Because the
thin sections used in the present study were cut from the same
blocks used by Matsumoto et al. (1988), we used the average
membrane length sampled in each group in that study as a
reasonable estimate of the membrane lengths sampled in the
present study. The surface membrane area of the soma and
proximal dendrites was calculated on the assumption that the
soma and proximal dendrites formed a sphere whose circum-
ference was equal to the perimeter measured by Matsumoto et
al. (1988). Although this calculated area is an overestimate be-
cause the SNB somata are not perfect spheres, it is acceptable
for approximate comparison of the groups. The area occupied
by gap junctions on this membrane surface was calculated by
assuming that the measured mean length (Table 1) corresponds
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Figure I. A gap junction (arrow and insef) can be seen along the apposed membranes of a proximal dendrite (PD) of an SNB motoneuron and
another SNB dendrite (D) in a testosterone-treated male rat 4 weeks after castration. CT-HRP crystals (arrowheads) are found in both dendrites,
indicating that both are motoneurons projecting to the bulbocavernosus muscle. x 31,700 (inset: x 338,500).

to the mean diameter of the gap junctional plaques. These values
were used to estimate the percentage of the somatic and prox-
imal dendritic membrane occupied by gap junctions, and the
number of gap junctions found onto an average SNB soma with
its proximal dendrites. These calculations indicate that the per-
centage of SNB membrane occupied by gap junctions was about
6 times greater in the 2 groups with high titers of androgen than
in the castrated group. Moreover, the number of gap junctional
plaques per neuron in castrates was approximately one-half that

in the other groups. These results suggest that castration reduced
both the size and number of gap junctions and that androgen
treatment prevented this effect.

Discussion

The present study utilizes both thin section and freeze-fracture
electron microscopic techniques to demonstrate that the SNB
motoneurons that project to the bulbocavernosus muscle pos-
sess gap junctions on their somatic and proximal dendritic mem-
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Figure 2. Freeze-fracture replica from the SNB region. The PF and EF fracture faces represent fractures through the bilayer of the cell membran
viewed from either the extracellular (EF) or intracellular (PF) side. The extensive EF face at the top of the figure corresponds to a fracture through
the plasma membrane of the soma, whereas the numerous irregular and curved faces in the bottom half may be mostly from dendrites. The EF



branes. Both techniques indicate the presence of gap junctions
in the SNB nucleus, and the thin section analysis establishes
that the gap junctional plaques are larger and more frequent
when androgen levels are high than when levels are low. Because
the size of the plaques is related to the number of gap junctional
channels between the cells (Unwin and Zampighi, 1980), our
results indicate that androgen regulates the total number of gap
junction channels in these motoneurons and the degree of elec-
trical coupling between them. Because adult SNB motoneurons
are thought to contain androgen receptors (Breedlove and Ar-
nold, 1980, 1983), the testosterone-induced effect on the number
of gap junctional channels may be the result of the interaction
of androgen with the SNB neurons rather than with other target
cells.

Our calculations of numbers and sizes of gap junctional plaques
in SNB motoneurons (Table 2) are likely to be underestimates.
Small junctional plaques, composed of 50-100 channels, most
likely were overlooked in thin sections because their visibility
depends on the orientation with respect to the plane of section
and the thickness of the section. Moreover, because the somata
and dendrites were not perfect spheres (as was assumed to sim-
plify calculations), their total membrane areas were overesti-
mated. Both errors lead to an underestimate of the numbers
and sizes of junctional plaques in all groups.

Gap junctional plaques were never observed between an SNB
motoneuron and glial cell in thin sections, suggesting that mo-
toneuronal junctional plaques couple 2 neurons. Gap junctions
were found between CT-HRP-labeled motoneurons, demon-
strating that motoneurons projecting to the bulbocavernosus are
electrically and/or metabolically coupled to each other. How-
ever, CT-HRP-labeled motoneurons also possess gap junctions
to nonlabeled neurons. Although some of these unlabeled neu-
rons could project to the bulbocavernosus, some of the nonla-
beled somata or processes are probably other SNB motoneurons
that innervate the levator ani or anal sphincter muscles (Schro-
der, 1980; McKenna and Nadelhaft, 1986). This observation
suggests that heteronymous SNB motoneurons may also be elec-
trically or metabolically coupled. Moreover, SNB motoneurons
may be coupled on opposite sides of the spinal cord since SNB
dendrites cross the midline and pass close to the contralateral
SNB motoneurons (Rose and Collins, 1985; Kurz et al., 1986).
Similar contralateral coupling has been observed in frogs (Erul-
kar and Soller, 1980).

The dendrites of androgen-sensitive motoneurons in the SNB
and the lateral lumbar motor column are known to form dense
bundles in which the dendrites of motoneurons come into close
apposition (Kerns and Peters, 1974; Anderson et al., 1976; Bel-
linger and Anderson, 1987a, b). These previous studies noted
frequent puncta adherentia along apposed dendritic mem-
branes, and on membranes separating somata and dendrites, or
two somata. Our results imply that at least some of the structures
previously identified as puncta adherentia are gap junctions.
Because our study focused on the somata and proximal dendrites
of SNB neurons, the present results do not tell us if gap junctions
are present in the thick dendritic bundles. If such gap junctions

—
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Table 1. Effect of androgen on the incidence and size of gap
junctions between SNB motoneurons in control and experimental
animals

Neuronal
perimeters
containing Gap
gap junctions  Length of p-
Rats junctions  per animal gap junctions
Group n O (n) (nm)
Sham castrates 5 26 +04 34+04 168.8+252
Castrates 5 0802« 1.0x03 647 +8.1°
Castrates
+ testosterone 5 28 £05 3.6+02 1544 £19.1

Means + SEM are given.
ap < 0.001.
»p < 0.0005 (versus controls or castrates + testosterone).

exist in the large distal dendritic trees of these motoneurons,
they may contribute further to the electrical coupling between
motoneurons. The dense packing of SNB somas and dendrites
is similar to that seen in some other mammalian brain regions
where gap junctions have been observed, such as in glomeruli
of the olfactory bulb or of the inferior olivary nucleus, or the
lateral vestibular, inferior olivary, or mesencephalic trigeminal
nuclei (Baker and Llinas, 1971; Pinching and Powell, 1971;
Korn et al., 1973; Llinas et al., 1974).

The importance of androgen in regulation of the size and
number of gap junctional plaques suggests that one of androgen’s
roles is to enhance electrical coupling of SNB neurons so that
excitatory afferent input to part of the SNB motoneuron pool
might cause depolarization of the entire SNB nucleus and pro-
mote synchronous firing of all SNB motoneurons. Thus, this
neuromuscular system seems adapted for highly synchronized,
all-or-none contractions rather than finely graded contractions.
Such synchronized activity might be particularly suited to the
sexual function of these muscles, since the bulbocavernosus and
levator ani muscles attach exclusively to the penis and are active
during erection and ejaculation (Purohit and Beckett, 1976;
Beckett et al., 1975, 1978). Copulation is stimulated by andro-
gen, and androgen increases the frequency of sexual reflexes that
involve contractions of these muscles (Hart, 1967, 1973; Sachs
1982; Hart and Melese-d’Hospital, 1983). Thus, androgen-in-
duced coupling of the SNB motoneurons may be one mechanism
by which androgen stimulates copulatory function.

The present results indicate that gap junctions persist in cas-
trated male rats, even 4 weeks after castration, although the
number and area of gap junctional plaques (i.e., number of
junctional channels) has decreased dramatically by this time.
One possible consequence of this dramatic reduction of channels
may be that the neurons are no longer sufficiently coupled for
electrical activity but remain metabolically coupled. In the cas-
trated rat, the time course of coupling of SNB cells may be
increased enough so that only slow events would be faithfully
communicated via the gap junctions.

face of the soma contains large particles, some of which are arranged in irregular clusters (probably desmosomes, see Fig. 1), and plaques of small
pits, which are gap junctions. The gap junctional plaques can contain many pits (areas encircled by the arrowheads) or just a few (not indicated).
Inset, The protoplasmic-extracellular (P-E) transition from the bottom right corner. Note that at this transition the PF and EF faces are separated
by a small step which includes the narrow extracellular gap of the junction. x 71,300 (inset: x 149,500).
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Table 2. Calculation of frequency of gap junctions on somatic and proximal dendrites of SNB neurons

A B C D E F G
Gap junctions on
Surface area somatic and
Mean gap Somatic and  of somatic + Surface area proximal den-
Gap junctions junction Gap junction  dendritic dendritic occupied by gap  dritic membranes
per group length area perimeter membrane junctions of a neuron
Group (n) (nm) (pm?) (pm?) (um) (%) (n)
Sham castrates 17 168.8 0.022 2115 14,239 0.027% 173
Castrates 5 64.7 0.0033 148.9 7057 0.004% 93
Castrates
+ testosterone 18 154.4 0.019 211.4 14,225 0.026% 200

A and B are measured from transmission electron micrographs. C is calculated assuming that gap junction plaques are circles of diameter B. D is the mean length of
somatic and dendritic membrane found in each group, measured by Matsumoto et al. (1988) in the same sections as used in the present study. E is the surface area of
a sphere with perimeter D. F is calculated as (A x B) + (50 x D) since A x B is the aggregate length of gaps found in 50 cell perimeters whose length was D. G is

calculated as E x F/C.

The present results add to the list of cell types in which gonadal
steroids regulate the size or frequency of gap junctional plaques.
For example, estrogen increases gap junctions between granu-
losa cells of the rat ovary (Merk et al., 1972; Burghardt and
Anderson, 1981), and between smooth muscle cells of rodent
uterus (Bergman, 1968; Dahl and Berger, 1978; Garfield et al.,
1980; Merk et al., 1980; Demianczuk et al., 1984; MacKenzie
and Garfield, 1985). Testosterone stimulates Lucifer yellow dye
coupling between magnocellular neurons in the paraventricular
nucleus of the rat hypothalamus (Cobbett et al., 1987). On the
other hand, female Xenopus frogs possess dye-coupled laryngeal
muscle fibers, whereas adult males do not (Tobias and Kelley,
1988). Androgen treatment of females reduces the coupling in
females. This evidence, together with the present report, indi-
cates that gonadal steroids regulate the number of gap junction
channels in a wide variety of reproductive tissues, including the
gonads, nervous system, and smooth and striated muscles. These
tissues have in common the presence of steroid hormone re-
ceptors. Indeed, it becomes reasonable to ask whether steroid
control of gap junctions and electrical coupling is a common
feature of all such steroid-sensitive cells.
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