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Abstract
Cell number in the spinal nucleus of the bulbocavernosus (SNB) of rats was the first neural sex
difference shown to differentiate under the control of androgens, acting via classical intracellular
androgen receptors. SNB motoneurons reside in the lumbar spinal cord and innervate striated muscles
involved in copulation, including the bulbocavernosus (BC) and levator ani (LA). SNB cells are
much larger and more numerous in males than in females, and the BC/LA target muscles are reduced
or absent in females. The relative simplicity of this neuromuscular system has allowed for
considerable progress in pinpointing sites of hormone action, and identifying the cellular bases for
androgenic effects. It is now clear that androgens act at virtually every level of the SNB system, in
development and throughout adult life. In this review we focus on effects of androgens on
developmental cell death of SNB motoneurons and BC/LA muscles; the establishment and
maintenance of SNB motoneuron soma size and dendritic length; BC/LA muscle morphology and
physiology; and behaviors controlled by the SNB system. We also describe new data on
neurotherapeutic effects of androgens on SNB motoneurons after injury in adulthood.
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Introduction
In 1980, Marc Breedlove and Art Arnold described a sexually dimorphic group of motoneurons
in the lumbar spinal cord of rats (Breedlove and Arnold, 1980). As these motoneurons
innervated the striated perineal muscles bulbocavernosus (BC) and levator ani (LA), they
named the cell group the spinal nucleus of the bulbocavernosus (SNB). In that first report, SNB
motoneurons were shown to be much more numerous in adult males than in females, and to
accumulate radiolabeled testosterone or dihydrotestosterone, but not estradiol (Breedlove and
Arnold, 1980). In rapid succession the authors demonstrated that the sex difference in cell
number could be reversed by neonatal, but not adult treatment with gonadal steroids (Breedlove
and Arnold, 1981; Breedlove et al., 1982), and that the SNB nucleus is completely female-like
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in genetically male rats bearing an inactivating mutation of the androgen receptor (Breedlove
and Arnold, 1981). They concluded: “the sexually dimorphic nature of the SNB depends on
neither the adult hormone state nor the presence of a Y chromosome, but on the interaction of
androgens with their receptors early in development” (Breedlove and Arnold, 1981).

The SNB therefore became the first neural sex difference shown to be due to androgens, acting
via classical, intracellular androgen receptors (AR). In the twenty-five-plus years since, the
importance of androgens and AR in this system has been repeatedly confirmed, albeit with
some interesting twists and turns. The AR so abundantly expressed by SNB cells during
adulthood, for example, turn out to be something of a red herring for understanding the sex
difference in SNB cell number. Androgens apparently do not act directly at SNB cells to control
their number, as is discussed below, although they may act on AR expressed in the motoneurons
to control motoneuron soma size.

The last 25 years has also seen the mushrooming of the field of sexual differentiation of the
nervous system in general, and it soon became clear that many sex differences in the brain were
primarily dependent on estrogenic metabolites of testosterone (reviewed in Hutchinson,
1997). For some time, the SNB seemed to be unique in its androgen dependence, which led
some writers to conclude that testosterone acts through androgenic metabolites and AR to
masculinize the spinal cord and periphery, but through estrogen receptors to masculinize the
brain. This has turned out to be an oversimplification. Although the SNB remains the premier
example of an androgen-dependent neural sex difference, the articles in the current issue attest
to the growing awareness of the roles of androgens and AR in other sex differences and neural
systems.

At this point, however, more is probably known about the roles of androgens in sexual
differentiation of the SNB system than for any other sex difference in the nervous system. The
reasons for this are twofold: the androgen-dependence of the SNB has been known for such a
long time, and students of the SNB enjoy the advantages offered by any neuromuscular system
--very large size of neurons, accessibility of nerve terminals, easy identification of target cells,
and relative simplicity of connections. As a result, substantial progress has been made in
identifying effects of androgens on multiple processes both in development and in adulthood;
in some cases, the cellular and molecular bases for androgenic effects have also been revealed.
Here, we first review the evidence for the role of androgens and AR in the determination of
SNB cell number and soma size. We next turn to hormone effects on the SNB target muscles,
and to the behaviors controlled by this neuromuscular system. Finally, we consider the
development and maintenance of SNB dendritic arbors, the study of which has uncovered a
novel role for androgens, as well as an unexpected requirement for estrogens in the
establishment of SNB motoneuron morphology and function.

Motoneuron Death and the Establishment of SNB Cell Number
In male rats, the SNB [also known as the dorsomedial nucleus or DM (Schrøder, 1980)] consists
of approximately 200 motoneurons that innervate the perineal muscle complex consisting of
the bulbocavernosus (BC) and levator ani (LA; collectively, BC/LA), as well as the external
anal sphincter (Breedlove and Arnold, 1980; Schr¸der, 1980; McKenna and Nadelhaft, 1986).
The SNB in mature females, who lack or have greatly reduced perineal musculature (Hayes,
1965; Čihák et al., 1970; Tobin and Joubert, 1991), is comprised of only approximately 60
motoneurons, innervating primarily the external anal sphincter (McKenna and Nadelhaft,
1986; Ueyama et al., 1987).

This sex difference in SNB motoneuron number develops perinatally. Before birth, the number
of motoneurons in the SNB increases in both male and female rats, the result of a migration of
developing SNB cells into their characteristic medial location (Sengelaub and Arnold, 1986).
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SNB motoneuron numbers reach their maxima in both sexes just before birth, and this peak is
followed by a decline through postnatal day (P) 10, when cell number reaches its adult range
(Figure 1). The decline is due to sexually dimorphic cell death, as revealed by counts of
degenerating cells in the SNB (Nordeen et al., 1985). Females typically lose up to 70% of their
SNB motoneurons, whereas males lose about 25%.

Gonadal hormones act in the establishment of sex differences in SNB motoneuron number by
regulating this normally-occurring motoneuron death. Females treated perinatally with
testosterone propionate (TP) have reduced cell death during development and significantly
more SNB motoneurons in adulthood than do normal females (Breedlove and Arnold,
1983b; Nordeen et al., 1985; Sengelaub and Arnold, 1986). Conversely, male rats with a
mutation of the androgen receptor gene, as in the testicular feminization mutation (Tfm),
experience a feminine pattern of cell degeneration in the developing SNB (Sengelaub et al.,
1989a), and exhibit a feminine number of SNB cells in adulthood (Breedlove and Arnold,
1981). These genetic males develop functional testes that secrete normal levels of testosterone
yet remain unresponsive to the steroid because of greatly reduced androgen binding relative
to normal males (Naess et al., 1976). Prenatal treatment with the antiandrogen flutamide, a
drug known to block androgen receptor activation, also feminizes SNB motoneuron number
of males (Breedlove and Arnold, 1983a).

Androgens are thought to regulate the death of SNB motoneurons indirectly through their
action at the target musculature. SNB motoneurons lack AR during the time in which exposure
to androgens spare them (Fishman et al., 1990; Jordan et al., 1991, 1997). In addition, the
normal androgen-induced masculinization of the SNB can be prevented by local application
of the anti-androgen flutamide to the target muscles (Fishman and Breedlove, 1992). Studies
implicating the SNB target muscles as the site of action have demonstrated that these muscles
can be maintained by androgen treatment during development even if they have been
denervated by removal of the lumbar spinal cord at birth (Fishman and Breedlove, 1988), and
moreover, the muscles possess androgen receptors at birth (Fishman et al., 1990). In a study
by Freeman et al. (1996), Tfm females who were genetically mosaic for androgen insensitivity
were treated with testosterone during the period of SNB motoneuron death. These researchers
capitalized on the fact that the AR gene resides on the X chromosome (Yarbrough et al., 1990).
As a result of the random X-chromosome inactivation that occurs in every cell of XX embryos
during development, female carriers of the Tfm mutation have some SNB cells that express the
wild-type AR, and some that express the Tfm AR. Despite lacking functional androgen
receptors, SNB motoneurons expressing the Tfm allele were spared by early testosterone
treatment (Freeman et al., 1991). Because the SNB target musculature was also spared in these
females, and these muscles contained functional androgen receptors, it seems plausible that
androgen action in the neuromuscular periphery is responsible for the indirect support of SNB
motoneuron survival.

Many of the actions of testosterone are mediated after its conversion to dihydrotestosterone
(DHT) or estrogenic metabolites (reviewed by Hutchinson, 1997). For example, in rats, the
sexually dimorphic nucleus of the preoptic area of the hypothalamus is larger in adult males
than in females. This sex difference is the result of estrogenic action during development.
Females treated with estradiol benzoate (EB) perinatally develop masculine sexually
dimorphic nuclei (Dohler et al., 1984a), while treatment of males with estrogen antagonists
results in feminine sexually dimorphic nuclei (Dohler et al., 1984b). Furthermore, DHT
treatment is ineffective in masculinizing the sexually dimorphic nucleus in females, and males
given androgen antagonists perinatally develop sexually dimorphic nuclei that are no different
from those of normal males (Dohler et al., 1986). By contrast, in the SNB, treatment of females
with EB completely fails to alter cell number from the normal feminine pattern (Figure 1)
(Breedlove et al., 1982; Goldstein and Sengelaub, 1990; Breedlove, 1997). Similarly, SNB
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motoneuron number is not affected in males treated postnatally with the aromatase inhibitor
4-OH-androstenedione (Currie et al., 1990). The findings in Tfm rats, and the failure of
estrogens to prevent SNB motoneuron death, suggests that the sparing of both the SNB and its
target musculature specifically requires activation of the androgen receptor.

Observations of animals treated with the non-aromatizable androgen DHT provide some
surprises, however. If females are treated throughout the pre- and postnatal critical period with
DHT, the SNB system is completely masculine in terms of motoneuron number (Figure 1) and
presence of the target muscles (Goldstein and Sengelaub, 1992). Early postnatal treatment of
females with DHT results in only a small increase in SNB motoneuron number (Breedlove and
Arnold, 1983b), presumably a consequence of the lack of androgens during the prenatal phase
of motoneuron death. Interestingly, treatment of females with DHT only prenatally does not
spare SNB motoneurons (Breedlove and Arnold, 1983b;Sengelaub et al., 1989b) but the
perineal musculature is retained (albeit at a reduced size relative to normal males; Breedlove
and Arnold, 1983b). The BC muscles in these females are innervated by motoneurons
anomalously located in the dorsolateral nucleus (DLN) (Breedlove, 1985;Kurz et al., 1990).

This curious pattern is the result of a failure of prenatal DHT treatment to support the postnatal
survival of SNB motoneurons, leaving the BC without adequate innervation. DHTP-treated
females undergo a decline in the number of Nissl-stained motoneurons in the SNB through
P10 (Sengelaub et al., 1989), as well as a decrease in the number of SNB motoneurons that
can be retrogradely labeled via the BC muscle (Kalkbrenner and Sengelaub, 1992). Following
these declines, the number of motoneurons in the DLN projecting to the BC muscle increases
over six-fold by P28 (Figure 2). Thus, it appears that because of the anatomical proximity of
the BC to the ischiocavernosus, a target muscle of DLN motoneurons, DLN axons
opportunistically invade the denervated SNB targets in the late postnatal period (Kalkbrenner
and Sengelaub, 1992). This result indicates that retention of the target musculature through
androgenic action is not sufficient to spare SNB motoneurons from normally-occurring death
(Sengelaub et al., 1989b). Androgenic hormones may be required to stimulate the production
of trophic factors from the neuromuscular periphery that then mediate the rescue of SNB
motoneurons. Although these factors have not been identified, injection of the trophic factor,
ciliary neurotrophic factor, into the perineum of newborn females spares SNB motoneurons
(Forger et al., 1993), and the ability of testosterone to masculinize SNB motoneuron number
is blocked by perineal injections of antagonists to trophic factors (Xu et al., 2001).

Although the development of the SNB has been most intensively studied in rats, a similar sex
difference (male > female) in the number of perineal motoneurons is seen in many mammals,
including mice, gerbils, dogs, hyenas, monkeys, and humans (Forger and Breedlove, 1986;
Wee et al., 1987; Ueyama et al., 1987; Ulibarri et al., 1995; Forger et al., 1996). In those cases
in which it has been examined, these sex differences in other mammals also depend on
differential exposure to androgens in males and females during development.

SNB Soma Size
Effects of androgens during development and in adulthood on SNB cell size

The earliest reports on the SNB noted a sex difference in cell size: both the cell bodies (somata)
and nuclei of SNB motoneurons are significantly larger in adult male rats than in females
(Breedlove and Arnold, 1980; 1981). Similar observations have been made in white-footed
mice (Forger and Breedlove, 1987), gerbils (Ulibarri et al., 1995), and several strains of Mus
musculus (Wee and Clemens, 1987; Park et al., 2002; Monks et al., 2003; Zuloago et al., 2007).
Larger somata likely reflect differences in electrophysiological properties, protein synthesis,
and more robust dendritic organization, all of which are androgen sensitive in SNB
motoneurons (see below). In rats, the larger soma size in males is due to both organizational
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and activational effects of gonadal steroids. SNB cell size is completely feminine in Tfm males
lacking functional AR (Breedlove and Arnold, 1981), and SNB somata are reduced in wild-
type males deprived of androgen stimulation during development, even if adult levels of T are
made equivalent (Breedlove and Arnold, 1983a). Conversely, treatment of females with TP or
DHTP during perinatal life increases SNB soma size in adulthood (Breedlove and Arnold,
1983b; Ward et al., 1996).

It is possible that developmental exposure to androgens causes an increase in average SNB
soma size by shifting in the population of cells comprising the SNB. Most SNB motoneurons
of animals exposed to androgens perinatally innervate the BC and LA muscles, whereas the
majority of SNB cells in females or males lacking androgen stimulation innervate the external
anal sphincter (McKenna and Nadelhaft, 1986). Because anal sphincter motoneurons may be
smaller and less androgen sensitive than those innervating the BC/LA (Collins et al., 1992),
effects of perinatal androgens on SNB soma size could simply be a byproduct of altered
survival. Several observations argue for organizational effects of gonadal steroids on SNB cell
size, per se, however. The critical period for androgen effects on soma size extends to P12,
whereas administration of TP or DHTP after the first week of life does not change the survival
of SNB cells (Breedlove and Arnold, 1983b; Lee et al., 1989). In addition, perinatal treatment
of female rats with EB, alone or in combination with DHTP, increased SNB soma size in
adulthood, even though EB does not prevent the death of SNB motoneurons (Breedlove,
1997; but see Breedlove and Arnold, 1981). This suggests two separate mechanisms for effects
of hormones on SNB cell number and cell size.

Manipulating androgens in adulthood also has marked effects on SNB soma size (Figure 3A–
C). Castration of adult males leads to the shrinkage of SNB somata (Breedlove and Arnold,
1981), which can be prevented by treating castrates with T. Treatment of female rats with T in
adulthood also increases SNB cell size, although not to the level seen in males (Breedlove and
Arnold, 1981). DHT partially protects SNB cells from shrinkage after castration of adult male
rats, but is not as effective as T when given in the same dose (Forger et al., 1992). Estrogenic
metabolites of T do not seem to explain the difference in efficacy between T and DHT, however,
as EB alone or in conjunction with DHT has no effect on soma size (Forger et al., 1992).
Similarly, blockade of estradiol synthesis in intact adult male rats with the aromatase inhibitor,
fadrozole, does not affect SNB soma size (Burke et al., 1999).

A similar pattern of results is seen in gerbils, where long-term castration of adult males leads
to a reduction in SNB soma size that can be prevented by treatment with T, but not EB (Fraley
and Ulibarri, 2002). As in rats, DHT is partially effective in preventing the castration-induced
reduction in SNB cell size in gerbils (Fraley and Ulibarri, 2002). This suggests that testosterone
increases SNB soma size of adult rodents by acting via AR, and may do so without conversion
to either estradiol or DHT.

The expansion and shrinkage of SNB somata seen in laboratory rodents in response to androgen
manipulations may be a natural part of the physiology of seasonally-breeding animals. In white-
footed mice (Peromyscus leucopus), SNB somata and nuclei, and the BC/LA muscles all shrink
in response to short daylengths mimicking late fall, and regrow when mice are transferred to
long daylengths characteristic of spring (Forger and Breedlove, 1987). These changes in the
SNB system parallel the regression and growth of the testes, and likely result from photoperiod-
dependent changes in circulating testosterone (Forger and Breedlove, 1987). Similarly, transfer
to short daylengths leads to testicular regression and a reduction in SNB soma size in
seasonally-breeding Siberian hamsters (Phodopus sungorus; Hegstrom and Breedlove,
1999). Thus, for rodents in the wild, the size of SNB motoneurons may vary according to the
reproductive state of the animal, and regression of the SNB system may contribute to seasonal
infertility.

Sengelaub and Forger Page 5

Horm Behav. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Site of action for effects of androgens on SNB soma size
The site(s) of hormone action for organizational effects of gonadal steroids on SNB cell size
are not known. SNB motoneurons do not accumulate radiolabeled testosterone or express AR
perinatally (Fishman et al., 1990; Jordan et al., 1991; Jordan et al., 1997), and do not express
estrogen receptors at any age (Breedlove and Arnold, 1980; Taylor et al., 1995). Thus,
hormones present during perinatal life presumably act indirectly to influence later SNB cell
size.

In adulthood, the motoneurons themselves, the BC/LA muscle complex, and supraspinal
afferents of SNB cells all express AR and are potential direct sites of androgen action (Dube
et al., 1976; Breedlove and Arnold, 1980; Shen et al., 1990; Wagner et al., 1993). A clever
experiment by Watson and colleagues (2001) made use of female carriers of the Tfm mutation
(described above) that are mosaic for the mutated and wild-type AR (Figure 3D).
Administration of androgen in adulthood induced an increase in soma size only in those SNB
cells expressing the wild-type, functional AR (Watson et al., 2001). This both confirms the
necessity for the AR in this response and identifies the motoneurons themselves as a necessary
site of androgen action.

Other evidence, however, implicates the target muscles in the androgenic control of SNB soma
size. SNB motoneurons of adult male rats that were axotomized and forced to reinnervate a
non-androgen sensitive muscle did not respond to testosterone with an increase in soma size
(Araki et al., 1991). In addition, if SNB cells are separated from their target muscles by axotomy
at two weeks of age, they do not respond to changes in testosterone levels with changes in soma
size later in life (Lubischer and Arnold, 1995). On the other hand, testosterone increased SNB
somata after axotomy in adulthood (Yang and Arnold, 2000). This suggests that if there has
been no perturbation during development, the target muscles are not a required site of action
for effects of androgens on SNB soma size. Finally, Rand and Breedlove (1995) sutured small,
hormone-containing capsules to the BC muscles of castrated male rats to determine whether
androgen stimulation localized to the muscles could alter SNB cell size. They found effects on
dendritic arbors (see below), but no effect of hormone treatment at the muscle on SNB soma
size. Taken together, SNB motoneurons themselves are a necessary site of hormone action for
the androgenic maintenance of soma size, and may be the only site of action.

Molecular Mechanisms
The molecular mechanism(s) whereby androgens control SNB soma size are not known.
Castration of adult male rats reduces the expression of trophic factor receptors in SNB
motoneurons (Forger et al., 1998; Osborn et al., 2007; Ottem et al., 2007), suggesting that SNB
cells of castrates may be less responsive to trophic support. Other studies have explored the
role of AR and steroid receptor cofactors in effects of androgens on SNB cell size. SNB
motoneurons express the AR at higher levels than do other lumbar motoneurons, but this alone
does not appear to explain their unusual androgen responsiveness (Collins et al., 1992; Jordan,
1997). The binding of steroid receptors to hormonal ligands recruits a complex of coregulatory
proteins to the promoter region of a target gene (McKenna and O’Malley, 2002) and these
proteins play an essential role in steroid-regulated gene transcription. Although SNB
motoneurons express several steroid receptor coactivators (SRC-1, SCR-2, CBP, p300, cJUN),
most other lumbar motoneurons, including those that do not respond morphologically to
changes in androgen, also do (O’Bryant and Jordan, 2005). In addition, soma size of SNB
motoneurons in SRC-1 knockout mice does not differ from that of wild-type controls (Monks
et al., 2003). Thus, at this point, the molecular basis of the unusual androgen responsiveness
of SNB motoneurons is not clear.
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Androgen Effects on the BC/LA Muscles
Androgen-dependence of the BC/LA in development

Early investigators reported that the BC and LA muscles are present in males and females at
birth, but later involute in females during the first postnatal week (Čihák et al., 1970). The
muscles could be maintained in females treated with testosterone during the late prenatal or
early postnatal period (Čihák et al., 1970; Breedlove and Arnold, 1983b). Later, however,
Tobin and Joubert challenged the interpretation that the LA “involutes” in female rats. They
found an LA muscle in untreated adult females (consisting of about 500 fibers, compared to
approximately 5,000 fibers in the LA of males), which was both innervated and androgen
responsive (Tobin and Joubert, 1988, 1989). From a detailed study of the development of LA
fiber number and size, they concluded that the sex difference in the LA was due not to
degeneration of the muscles in females, but to a dramatic increase in fiber number in male rats
during early postnatal life (Tobin and Joubert, 1991).

The discrepancies between the interpretations of Tobin and Joubert and earlier investigators
may be explained in part by the species and strains examined. Although an LA muscle was
present in every adult female Great Wistar rat examined (Tobin and Joubert, 1988), no LA
fibers were found in the majority of Sprague Dawley rats examined, based on microscopic
analysis of serial sections through the perineum (Bengston et al, 1996). In mice, the LA of
adult females is miniscule, averaging only about 50 fibers (Jacob et al., 2004). Moreover,
although cell addition and growth undoubtedly contribute to the sex difference in LA size,
several observations suggest that cell death also plays an important role in sexual differentiation
of both the LA and BC muscles. Signs of degeneration have been noted in the LA of postnatal
females based on simple observation of histological sections (Čihák et al., 1970). More
recently, we used TUNEL (terminal deoxynucleotidyl nick end labeling) to examine dying
cells in the developing perineums of mice. We find TUNEL-positive cells in the BC and LA
muscles of both sexes perinatally, but the density of apoptotic cells is significantly greater in
females (Figure 4; Jacob and Forger, unpublished). Moreover, LA muscle fiber number is
increased in female mice lacking the pro-death gene, Bax (Jacob et al., 2004), and is massively
increased in double knockout mice lacking Bax and Bak, two genes critical for cell death in
many tissues (Jacob, Ray, Lindsten and Forger, unpublished). Thus, cell death contributes to
sexual differentiation of the LA, at least in mice.

As is seen for effects of T on BC/LA size in adulthood (see below), androgenic metabolites
are responsible for masculinization of the perineal muscles during development. Female rats
injected with TP or DHTP around the time of birth have easily identified BC/LA muscles in
adulthood, whereas those treated with EB do not (Breedlove et al., 1982; Breedlove, 1997).
EB also does not augment effects of DHT on muscle size (Breedlove, 1997). In addition,
prenatal treatment of male rats with flutamide feminizes the BC/LA (Breedlove and Arnold,
1983a), and male rats without functional AR lacked identifiable BC/LA muscles (Breedlove
and Arnold, 1981). The AR is expressed abundantly in the BC/LA of newborn male rats
(Fishman et al., 1990), and removing SNB input to the BC/LA did not prevent the androgenic
sparing of these muscles (Fishman and Breedlove, 1988). Thus, androgens may act directly at
the developing BC/LA muscles to masculinize muscle size.

Neuromuscular synapse elimination in juveniles
Androgenic metabolites of testosterone also are responsible for establishing the normal
innervation pattern of the perineal muscles during the juvenile period. Mammalian muscle
fibers are initially innervated by multiple motor nerve terminals, and the number of inputs per
fiber is subsequently pruned. This process of neuromuscular synapse elimination takes place
primarily during the third and fourth week of life in the SNB target musculature (Jordan et al.,
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1988), and is regulated by androgens. Castration accelerates synapse elimination in the LA
muscle, while androgen treatment after castration can delay or prevent this process (Jordan et
al., 1989a,b). Unlike androgens, treatment with E does not maintain multiple innervation in
the LA (Jordan et al., 1995). Similarly, androgen treatment during the period of synapse
elimination significantly increases the size of LA muscle fibers, whereas E does not (Jordan
et al., 1995).

Hormone dependence of the BC/LA muscles in adulthood
The BC and LA muscles of adult rodents have long been considered the most androgen-
sensitive muscles in the body. The muscles shrink markedly after adult castration and enlarge
with androgen treatment in male rats and mice (Wainman and Shipounoff, 1941; Dorfman and
Kincle, 1963; Vyskocil and Gutmann, 1977). These anabolic effects of androgens involve
changes in perineal muscle fiber size, without a change in fiber number (Venable, 1966).
Androgens in adulthood also maintain BC/LA neuromuscular junction size (Bleisch and
Harrelson, 1989; Balice-Gordon et al., 1990; Lubischer and Bebinger, 1999), acetylcholine
receptor number (Bleisch et al., 1982; Bleisch and Harrelson, 1989), and peripheral nerve
activity (Fargo et al., 2003).

The androgen-responsiveness of the BC/LA is much greater than for other striated muscles,
presumably because the BC/LA complex is enriched for androgen binding sites and AR protein
compared to other striated muscles (Dube et al., 1976; Tremblay et al., 1977; Monks et al.,
2006). Effects of T on muscle size in adulthood are primarily or exclusively androgen-
mediated, as BC/LA mass in male rats castrated in adulthood is increased significantly by
treatment with T or DHT, but not by EB (Forger et al., 1992). Moreover, the aromatase
inhibitor, fadrozole, does not affect BC/LA size of intact, adult males (Verhovshek et al.,
2000), suggesting that endogenously produced estrogens are not required for the maintenance
of muscle mass.

Although both T and DHT increase BC/LA mass of castrates, T appears to be more effective
in this regard (Forger et al., 1992). This may be because exogenously supplied DHT is quickly
converted to inactive metabolites at the BC/LA muscle, whereas T itself is relatively stable
(Dionne et al., 1977; Tremblay et al., 1977; Krieg et al., 1974). In addition, 5 α-reductase
activity is negligible in striated muscles, including the BC/LA (Tramblay et al., 1977),
suggesting that conversion of T to DHT does not normally occur there. Indeed, blocking
conversion of T to DHT in prepubertal rats with finasteride does not block growth of the BC/
LA to normal adult size (George et al., 1989). Thus, despite the widespread notion that DHT
is a more “active” androgen than is T, the relative potency of the two hormones is cell-type
specific and depends on the steroidogenic enzymes and/or AR co-factors that are expressed.

Unlike SNB motoneurons, the BC/LA complex also expresses estrogen receptors (Dube et al.,
1976). The role of the estrogen receptor in the BC/LA is not clear, but two observations suggest
possible direct effects of estrogens on muscle function. The LA responds to T and EB, but not
DHT, by increasing the activity of glucose-6-phosphate dehydrogenase (Knudsen and Max,
1980), and in a reduced preparation consisting of the pudendal nerve attached to the BC muscle,
both DHT and E could prevent a reduction in muscle excitability following castration (Foster
and Sengelaub, 2004b). Roles of estrogens in behavioral responses involving the SNB
neuromuscular system are discussed further below.

Site of action for effects of androgens on BC/LA muscle mass
Muscle tissue is composed of multiple cell types, including mature fibers, satellite cells,
fibroblasts, and Schwann cells associated with motor nerve terminals. Interestingly, although
the anabolic effects of androgens on striated muscle have long been known, the cellular/
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molecular basis for this is poorly understood. In particular, it was established only quite recently
which cells in muscle tissue express AR and are therefore potential direct sites of androgen
action. A study of the distribution of receptor expression shows that about 75% of nuclei in
muscle fibers of the LA are AR-positive (AR+), compared to 5–10% for a relatively non-
androgen sensitive limb muscle (Figure 5; Monks et al., 2004). The LA and limb muscle
contained equivalent proportions of AR+ fibroblasts, and terminal Schwann cells were not AR
+ in either muscle (Monks et al., 2004). Thus, both muscle fibers and fibroblasts are potential
direct sites of androgen action in striated muscle, but the effect of androgens on muscle size
correlates with AR expression by myofiber nuclei. Evidence that androgens may act locally,
presumably via the AR expressed within BC/LA myofibers, to maintain muscle size in adult
rats comes from a study by Rand and Breedlove. When small capsules were sutured onto each
side of the BC muscle, one capsule containing T and the other containing the anti-androgen
flutamide, the BC/LA muscles on the T-treated side were larger in mass and exhibited greater
fiber size (Rand and Breedlove, 1992). This suggests a direct site of hormone action for effects
of androgens on BC muscle size.

Behaviors Mediated by the SNB Neuromuscular System
The LA and BC muscles attach exclusively to the base of the penis in male rats (Sachs,
1982; Hart and Melese-d’Hospital, 1983) and, perhaps not surprisingly, play a role in
copulation. The BC contracts rhythmically during erection and ejaculation in rats and several
other species, including humans (Hart, 1972; Beckett et al., 1975; Sachs, 1982; Karacan et al.,
1983). Contraction of the LA in rats is tightly coupled with that of the BC and augments penile
erection (Holmes and Sachs, 1994). The actions of the perineal muscles and their hormone
dependence have been studied in some detail in penile reflex tests in which a male rat or mouse
is held in a supine position and the penile sheath retracted; a series of erections, flips of the
penis, and ejaculations follows. Following adult castration, these reflexive penile erections
quickly disappear, and T or DHT, but not estradiol, prevent this decrement (Hart, 1979; Meisel
et al., 1984). T and DHT also restore erections of long-term castrates (Gray et al., 1980; Hart,
1979), and flutamide inhibits the T-induced restoration of penile reflexes, confirming that the
actions of T are primarily via AR (Gray et al., 1980). The site of action for this androgen effect
is not known, although direct implantation of T into the spinal cord increased reflexes in
castrated, spinally-transected males (Hart and Haugen, 1968).

Because the same hormone metabolites that support SNB somata and BC/LA muscles
following castration also maintain the penile reflexes, morphological regression of the SNB
neuromuscular system might be responsible for the decrements in behavior. Several
observations suggest that caution is warranted before accepting this interpretation, however.
Effects of hormones on the restoration of penile reflexes in long-term castrates are very rapid:
administration of T or DHT increase reflexive erections within 6 hours and restore reflexes to
normal levels after only 24 to 48 h (Gray et al., 1980; Sachs, 1982; Hart et al., 1983; Meisel et
al., 1984; Leedy et al., 1987). Although increases in synapse number onto SNB cells can be
seen within just 48 hours of T treatment in long-term castrates (Leedy et al., 1987), this time
frame is probably too short for regrowth of the BC/LA muscles or SNB somata and dendrites
in castrates.

In addition, investigators have repeatedly noted dissociations between morphology of the SNB
system and performance on tests of sexual behavior. Prenatal flutamide treatment did not affect
mounts or intromissive-like behaviors in adult male rats, despite the fact that the SNB system
was severely reduced (Breedlove and Arnold, 1983a). Similarly, Tfm males, in which the SNB
system is completely feminine, sometimes show intromissions and ejaculations (Olsen,
1979). Dissociations between penile reflex tests and sexual behavior tests are also noted. For
example, castrated male rats maintained on long-term, high-dose EB treatment quickly lose
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the capacity for reflexive erections and show a marked decrease in mass of the BC, but exhibit
sexual behavior in tests with females (O’Hanlon et al., 1981). Estrogen-maintained castrates
also exhibit erections during and between intromissions, and electromyographic recordings of
the BC during copulatory tests indicate that the pattern of EMG activity during copulation is
similar in estrogen-maintained and control males (Holmes and Sachs, 1992). This may be
related to the observation that EB is as effective as DHT in maintaining excitability of the BC
following castration (Fargo et al., 2003; Foster and Sengelaub, 2004b).

Thus, an intact SNB system is not strictly required for copulation. Nonetheless, activity of SNB
motoneurons and their target muscles may contribute importantly to fertility. Following
surgical removal or denervation of the BC, intense, cup-like erections are eliminated, although
weaker, strictly vascular erections are maintained (Sachs, 1982; Hart and Melese-d’Hospital,
1983; Monaghan and Breedlove, 1989). These cup-like erections and other actions of the penis
are important for formation and adequate placement of copulatory plugs (Wallach and Hart,
1983), and may provide some of the vaginocervical stimulation essential for the maintenance
of pregnancy. Indeed, in rats and mice in which the BC is surgically removed, mating rarely
results in successful pregnancy (Sachs, 1982; Elmore and Sachs, 1988).

Dendritic development
Quantitative dendritic reconstruction following retrograde labeling with horseradish
peroxidase has demonstrated that the development of SNB motoneuron dendrites in male rats
is protracted, extending over the first seven weeks of postnatal life (Goldstein et al., 1990).
Over this period, SNB dendrites undergo an initial period of exuberant growth which is
followed by a retraction to adult length and distribution. In the first postnatal week, SNB
dendrites have established their general distribution, and the arbor extends to the limits of the
gray matter laterally and dorsally and is sparse in the lateral aspects of lamina VII. Over the
next three weeks, SNB dendrites increase approximately five times in total length, and by P28
they are nearly twice the length of normal adults.

After P28 there is a period of gradual dendritic retraction (Hebbeler and Sengelaub, 2003), and
by P49 dendritic length and topology are mature and indistinguishable from those of much
older males (Goldstein et al., 1990). While the length of the SNB motoneuron dendrites
decreases over this period, their distribution in the gray matter also changes. Dendritic
retraction is greatest in areas where the arbors from motoneurons in the two halves of the
nucleus overlap (Goldstein et al., 1993), and interactions facilitated by this arbor overlap appear
to be involved in regulating the normal retraction of SNB dendrites. Elimination of
motoneurons from one side of the SNB nucleus on the day of birth results in a prevention of
the normal decline in SNB dendritic length from the exuberant P28 levels. At adulthood,
dendritic length in the remaining SNB is over 50% greater than that of normal adults, and
increases are predominately in those regions where the arbors from missing SNB motoneurons
normally project (Goldstein et al., 1993).

The maturation of SNB dendritic morphology is coincident with the onset of sexual functioning
of the SNB system. Intromission, ejaculation, and the penile reflexes mediated by SNB
motoneurons, first appear at approximately 7 weeks of age (Sodersten et al., 1977; Sachs and
Meisel, 1979). The temporal correlation between SNB motoneuron maturation and reflex onset
suggests that structural changes associated with the morphology of SNB somata or dendrites
may underlie reflex expression. Electrophysiological maturation is also coincident with the
mature morphology that follows the period of retraction (Foster and Sengelaub, 2004a).
Following unilateral stimulation of the L6 dorsal root, bilateral recordings at the level of the
pudendal motor nerves show that resultant activation of SNB motoneurons is of low amplitude
at P28, both ipsilaterally and contralaterally. Activation was measured as peak-to-peak
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amplitudes or area under the activity curves through a range of stimulus intensities. Between
P28 and P49, the amplitude of ipsilateral activation further decreases to adult levels, while
contralateral activation dramatically increases. Similarly, latency between stimulus and
response decreases from lengthy P28 values to faster adult values by P49. Thus, the function
of the SNB neuromuscular system matures during the dendritic reorganization from P28 and
P49 during which time juvenile function is replaced by a mature phenotype.

Alterations in the development of SNB dendritic morphology appear to have functional
consequences as well. For example, reductions in maternal care (specifically maternal licking
of male pups) results in reductions in SNB dendritic length, soma size, and number, as well as
reductions in the weight of the BC/LA musculature (Lenz and Sengelaub, 2006; Moore et al.,
1992). These changes in the SNB system are associated with deficits in male sexual behavior
in adulthood, including increases in latency to ejaculation, post-ejaculatory intromission, and
inter-intromission intervals (Moore, 1984). The tactile component of the maternal licking
appears to be a critical factor. Using an artificial rearing paradigm, where the amount of
stimulation could be directly varied, Lenz et al., 2006 have shown that low levels of postnatal
tactile stimulation result in reductions in SNB dendritic length in adulthood. This alteration in
SNB dendritic arbor is significantly correlated with several SNB-specific copulatory behaviors,
including latency to ejaculation, percent erections with cups, and the number of erection
clusters.

Like other aspects of SNB development, dendritic development is also sensitive to androgens
(Figure 6). SNB dendrites in males castrated at one week of age fail to grow beyond
precastration lengths. SNB dendrites in castrates that receive testosterone replacement grow
normally, attaining the typical exuberant length by P28 (Goldstein et al., 1990). Interestingly,
treatment of castrated males with either of testosterone’s metabolites, DHT or estradiol,
supports SNB dendritic growth through the first 4 postnatal weeks (Goldstein and Sengelaub,
1994), but typically not to the level of testosterone-treated or intact males. Similarly, blocking
estrogen receptors by systemic treatment with tamoxifen (Taylor et al., 1995), or preventing
estradiol synthesis with fadrozole (Burke et al., 1999), during the period of dendritic growth
in gonadally intact males results in dendritic lengths that are significantly below those of normal
males (and comparable to those of DHT-treated castrates). Indeed, combined treatment with
both metabolites is as effective as testosterone in fully supporting dendritic growth to normal
P28 lengths (Burke et al., 1997). Thus, the development of dendritic extent is the first feature
of the SNB system with a required role for estrogens. Examination of SNB dendritic growth
in perinatally masculinized females further supports a role for estrogens. As described above,
females masculinized by perinatal DHT treatment retain their SNB motoneurons and target
musculature. Ovarian hormones support SNB dendritic growth in these females, because at
P28, SNB dendritic length in intact females is significantly greater than that of ovariectomized
females (Hebbeler et al., 2001).

While estrogens appear to be an important factor for support of SNB dendritic growth, SNB
motoneurons do not accumulate estradiol during development (Taylor et al., 1995) or in
adulthood (Breedlove and Arnold, 1980), suggesting that estrogens exert their effect on SNB
dendritic growth indirectly. SNB motoneurons receive afferents from dorsal root ganglia
(Sohrabji et al., 1994) and hypothalamic nuclei (Shen et al., 1990; Wagner et al., 1993) that
contain estrogen-concentrating neurons. However, the elimination of dorsal root ganglion
afferents by dorsal rhizotomy does not prevent SNB dendritic growth in otherwise normal
males (Goldstein et al., 1996). Similarly, removal of supraspinal afferents by spinal transection
does not prevent SNB dendritic growth in normal males, nor does it block the ability of
estrogens to support dendritic growth in castrates (Hebbeler and Sengelaub, 2003). As
mentioned previously, the SNB target muscles bind both androgens and estrogens in adults
(Dube et al., 1976). In adulthood, SNB dendritic morphology is influenced by androgens acting
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at the target musculature (see below). Similarly, it appears that estrogens act in the
neuromuscular periphery to support postnatal SNB dendritic growth (Nowacek and Sengelaub,
2006). Local blockade of estrogen receptors at the BC muscle of gonadally intact males results
in severely reduced dendritic lengths similar to those seen in castrates, whereas local
administration of estradiol to the BC muscle of castrated males supports dendritic growth.

This estrogenic influence is limited to the early postnatal period: the morphology of SNB
motoneurons is insensitive to estrogens after 4 weeks of age (Goldstein and Sengelaub,
1994; Hebbeler et al., 2001; Warren and Sengelaub, 2002) or in adulthood (Forger et al.,
1992; Fargo and Sengelaub, 2007). The transient influence of estrogens on SNB dendritic
growth is coincident with a period in which high levels of NMDA receptors are expressed in
the spinal cord, and locally in the SNB nucleus (Verhovshek et al., 2005). NMDA receptors
are present throughout the spinal gray matter at P7, but are greatly reduced over the next few
weeks except in the substantia gelatinosa (Kalb et al., 1992; Stegenga and Kalb, 2001). Given
that gonadal hormones have been shown to modulate the expression of NMDA receptors in
the brain (Kus et al., 1995; Gazzaley et al., 1996; Cyr et al., 2001), the temporally restricted
effects of estrogens in the SNB may be explained through a modulation of this transient NMDA
receptor population. Injections of the NMDA receptor antagonist MK-801 into intact males or
estradiol-treated castrates attenuates dendritic growth through P28. These results suggest that
dendritic development in the SNB involves NMDA receptors, and furthermore that the
component of SNB dendritic development sensitive to estrogens requires their activation
(Hebbeler et al., 2002).

As mentioned above, after P28 SNB dendrites normally retract to mature lengths. The increase
in androgen levels that occur with the onset of puberty may be what halts this dendritic
retraction at around P49. If males are castrated at P28 and treated with adult levels of T,
retraction is prevented and they retain the early exuberant SNB dendritic length into adulthood
(Goldstein et al., 1990). Unlike the initial, exuberant dendritic outgrowth, however, SNB
dendritic retraction is specifically sensitive to T. SNB dendritic retraction is not affected in
gonadally intact males treated with fadrozole, or castrates treated with EB, DHTP, or both EB
and DHTP combined, and at P49 SNB lengths in animals receiving any of these treatments do
not differ from those of normal males (Hebbeler et al., 1999).

Adult Dendritic Plasticity
As is seen for SNB somata, nerve terminals, and the BC/LA muscles, SBN dendritic
morphology is androgen-dependent throughout life. In adulthood, castration results in a
substantial reduction in SNB dendritic length which can be completely reversed with androgen
replacement (Figure 7; Kurz et al., 1986). This kind of androgen-dependent, reversible
plasticity had not been reported previously in an adult mammalian system, and was particularly
exciting because changes in androgen levels occur normally and correlate with changes in the
frequency of copulatory behaviors. For example, a naturally occurring analog of hormone
depletion and replacement can be seen in seasonally breeding mammals such as white-footed
mice. As in rats, castration results in decreased dendritic arbors in these mice (Forger and
Breedlove, 1987). Similarly, circulating testosterone levels decline with advanced aging, and
these declines are accompanied by reductions in sexual behavior. Fargo et al. (2006) found
that the BC/LA muscles and their innervating SNB motoneurons underwent profound atrophy
with advancing age, with muscle weight and motoneuron dendritic length declining to less than
50% of young adult levels. Treatment of aged animals with testosterone completely reverses
the age-related declines in muscle weight and SNB motoneuron morphology, demonstrating
that the SNB system retains its androgen-mediated plasticity throughout life.
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Concomitant with changes in dendritic extent, androgens control the number and size of gap
junctions and synapses on SNB motoneurons (Leedy et al., 1987; Matsumoto et al., 1988a,b).
Although the molecular bases for androgenic effects on dendrites, gap junctions or synapses
are not fully understood, androgen manipulation directly or indirectly affects the expression
of a number of candidate genes and proteins in SNB motoneurons, including those for the gap
junction protein connexin 32 (Matsumoto et al., 1992), N-cadherin (Monks et al., 2001),
calcitonin gene-related peptide (Popper and Micevych, 1990), AR (Matsumoto et al., 1998),
the ciliary neurotrophic factor receptor α (Forger et al., 1998), and the major cytoskeletal
elements, β-actin and β-tubulin (Matsumoto et al., 1992; 1993).

Rand and Breedlove (1995) showed that testosterone can regulate SNB dendrites by acting at
the target musculature. In castrated males, SNB motoneurons projecting to testosterone-
implanted BC/LA muscles have significantly longer dendritic lengths than those projecting to
muscles on the contralateral side treated with the anti-androgen flutamide. This result suggests
that, similar to the effects described earlier for hormonal support of dendritic growth during
postnatal development (Nowacek and Sengelaub, 2006), androgens regulate a neurotrophic
signal from the muscle that is critical in the maintenance of dendritic organization in adulthood.

Given the estrogenic support of SNB dendritic growth during the early postnatal period it was
possible that both androgens and estrogens could underlie adult dendritic plasticity. However,
examination of motoneuron and muscle morphology in intact or castrated males, testosterone-,
dihydrotestosterone-, or estradiol-treated castrates, and males treated with either the 5-α-
reductase inhibitor finasteride or the aromatase inhibitor fadrozole revealed that testosterone
is the most powerful mediator of adult SNB system morphology. EB treatment in castrates
fails to maintain masculine adult SNB dendritic or target muscle morphology (Verhovshek et
al., 2000), despite effects on neuromuscular physiology (Fargo et al., 2003; Foster and
Sengelaub, 2004b). Similarly, blockade of estrogen synthesis with fadrozole reduced sex
behavior but did not alter SNB dendritic morphology.

Recent work examining androgen effects on SNB dendrites in strains of Mus musculus have
produced mixed results. Consistent with results from rats, BC/LA muscle mass and SNB soma
size are reduced in castrated B6D2F1 mice compared to either testosterone-treated castrates
or sham-operated animals. However, there are no effects of androgen deprivation on SNB
dendritic arbors in this strain (Park et al., 2002). In contrast, using C57BL6J mice, Zuloaga et
al. (2007) found reductions in SNB dendritic length after castration that were comparable to
those discussed above in rats and white footed mice. The source of these differences in dendritic
response to androgen is unknown, but strain differences in androgen response are a strong
possibility. B6D2F1 mice are particularly notable in that a significant minority (~30%) of males
of this strain continues to exhibit sexual behavior many weeks after castration (Clemens et al.,
1988). This raises the possibility that the B6D2F1 strain may be less sensitive to changes in
androgen levels than other mouse strains, resulting in retentions of SNB dendritic morphology
after castration. On the positive side, given that C57BL6 mice are commonly used for creating
transgenic mouse lines, the androgen-sensitivity of the SNB system in this strain suggests they
will provide a powerful tool for understanding the mechanisms underlying androgen-regulated
plasticity (Zuloaga et al., 2007).

Neurotherapeutic Effects
Gonadal steroids exhibit a wide array of neuroprotective and neurotherapeutic effects (Jones
et al., 2001; Henderson and Reynolds, 2002; Woolley and Cohen, 2002). For example,
testosterone protects against cell death in cultured hippocampal neurons (Pike, 2001) and
injury-induced dendritic atrophy in cortical pyramidal cells (Forgie and Kolb, 2003). The
application of androgens stimulates motoneuron axonal growth after peripheral nerve injury,
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and demonstrates a therapeutic role for gonadal steroids in axon regeneration (Kujawa et al.,
1989; Jones et al., 2001).

Partial depletion of SNB motoneurons, induced by injections of the neurotoxin saporin into
the target musculature, results in substantial somal and dendritic atrophy in surviving
motoneurons (Fargo and Sengelaub, 2004a,b). While motoneuron depletion occurs within a
few days after saporin injection, dendritic atrophy in remaining SNB motoneurons progresses
linearly over several weeks, and by four weeks is decreased to 66% of intact lengths. Evidence
of recovery in dendritic lengths is present at 6 weeks post depletion, and by 10 weeks, SNB
dendritic lengths recover to those of normal, intact males (Ferguson and Sengelaub, 2007).

Testosterone treatment is neurotherapeutic in SNB motoneurons, attenuating the induced somal
and dendritic atrophy, and concomitant reductions in excitability, resulting from the death of
nearby motoneurons (Fargo and Sengelaub, 2004a,b). While initial dendritic atrophy (2 weeks
after motoneuron depletion) is similar to that of untreated saporin-injected males, T treatment
prevents further decrements in length (Ferguson and Sengelaub, 2007). This attenuation of
dendritic atrophy by T is dose-dependent (Figure 8), and four weeks after motoneuron
depletion, SNB dendritic lengths in males treated with physiological levels of T are 102%
longer than those of untreated, saporin-injected males, and not different from those of intact
control males (Coons et al., 2007).

Consistent with most other morphological effects in adult SNB motoneurons, the
neuroprotective effects of steroid treatment appear to be strictly androgenic, as treatment with
either T or DHT, but not EB, attenuates induced somal and dendritic atrophy following saporin
injections (Fargo and Sengelaub, 2007). Thus, the SNB stands in contrast to some other areas
in the nervous system, where estradiol has powerful neuroprotective effects (Henderson and
Reynolds, 2002; Hoffman et al., 2006).

The neuroprotective effects of androgens after saporin-induced motoneuron depletion in this
system could be mediated by the muscle (Fargo and Sengelaub, 2004a,b). As described above,
Rand and Breedlove (1995) showed that testosterone can regulate dendrites in adulthood by
acting at the target musculature, suggesting that androgens regulate a target-derived
neurotrophic signal critical for the maintenance of dendritic organization. The BC/LA muscles
produce brain-derived neurotrophic factor (BDNF) (Yang and Arnold, 1999). By applying
BDNF peripherally to cut BC/LA nerves, Yang et al. (2004) showed that SNB dendritic
morphology can be regulated by trophic substances from the neuromuscular periphery as long
as testosterone is also present. The requirement for testosterone may be at least partially due
to the fact that the expression of the BDNF receptor, trkB, in SNB motoneurons is regulated
by T: motoneurons of castrated animals deprived of T show reduced expression of trkB
receptors compared to motoneurons of intact animals or castrated animals given T replacement
(Osborn et al., 2007; Ottem et al., 2007).

Conclusions
In summary, it is clear that directly or indirectly, androgenic action dominates the SNB system
throughout the lifespan, regulating structural and functional features at every level. Although
the early hypothesis that masculinization of the spinal cord is mediated by androgens, while
estrogens are responsible for the establishment of sex differences in the brain must be
abandoned, androgens and AR are undeniably of central importance for the SNB
neuromuscular system.

Motoneuron number in the SNB was the first neural sex difference shown to be due to
androgenic action, and this system has gone on to demonstrate many additional and equally
important “firsts”, only some of which we list here. The sex difference in SNB motoneuron
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number was the first shown to result from androgen-regulated neuronal cell death, and thus
also the first sexually dimorphic neural system where the cellular basis of a critical period was
understood. Similarly, the SNB system was the first to demonstrate steroid effects on
neuromuscular synapse elimination during development. The SNB was the first sexually
dimorphic neural system demonstrated to respond to neurotrophic factors (both in development
and adulthood). SNB motoneurons provided the first example of androgen-dependent,
reversible dendritic plasticity in an adult mammal, and the first documentation of an important
role for androgens in attenuating dendritic atrophy following adult neuronal injury. Work on
the SNB was also the first to demonstrate that hormones can act indirectly (e.g., via target cells)
to affect a population of neurons, as well the first neural system to show a cell-autonomous
response to steroids in vivo.

This modest population of motoneurons has generated over 200 papers, and provided insights
that have generalized to questions, processes, and structures throughout the nervous system.
With the addition of new tools, such as transgenic models and molecular approaches, the SNB
system will no doubt continue to be a rich source of information. Not bad for 200 motoneurons.
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Figure 1.
Development of SNB motoneuron number is regulated through an androgen-mediated
normally occurring cell death. (Left) Counts of motoneurons in the SNB from embryonic day
(E)18 through postnatal day (P)10 for normal males and females, as well as females treated
both pre- and postnatally with either estradiol benzoate- (EB), testosterone propionate- (TP),
and dihydrotestosterone propionate- (DHTP). Females treated with TP or DHTP have a
masculine number of SNB cells on P10, whereas females treated with EB do not differ from
controls. Points represent means ± SEM. (Right) Photomicrograph of a transverse, cresylecht
violet-stained section through the SNB at P2 showing both normal motoneurons and
degenerating cells (arrows). (Compiled from data originally published in Nordeen et al.,
1985, Goldstein and Sengelaub, 1990, 1992.)
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Figure 2.
Relative proportions of motoneurons in the SNB and DLN retrogradely labeled via the BC
muscle at postnatal (P) days 4, 10, and 28 in both normal males (left) and females treated
prenatally with dihydrotestosterone propionate (DHTP; right). Motoneurons in normal males,
and females cross-fostered from pregnant dams treated on prenatal days 17–22 with DHTP (4
mg/day) were labeled following unilateral injections of horseradish peroxidase conjugated to
the cholera toxin B subunit (BHRP; 0.05 μL, 0.2%) into the BC muscle on embryonic (E) day
22, and days P4, P10, and P28 (n=5–9 per group); post-injection survival times varied by age
(6 hours at E22, 24 hours at P4 and P10, 48 hours at P28). Counts of labeled motoneurons in
the DLN and SNB were made under bright-field illumination at 500X and corrected by the
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method of Konigsmark (1970). On P4 and P10, the majority of the retrogradely labeled
motoneurons are found in the SNB in both males and DHTP-treated females. By P28, however,
the number of motoneurons in the DLN projecting to the BC muscle in DHTP-treated females
has substantially increased. (Data from Kalkbrenner and Sengelaub, 1992.)

Sengelaub and Forger Page 25

Horm Behav. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Digital micrographs of thionin-stained SNB somata in a normal adult male (A), a castrate (B),
and a castrate treated with testosterone (C), demonstrating the androgen sensitivity of soma
size in adulthood. (D) Testosterone increases SNB soma size only in cells expressing the wild-
type (WT) androgen receptor (AR). Adult female carriers of the Tfm mutation were implanted
with blank capsules or capsules filled with testosterone. SNB soma size was assessed 4–6
weeks later. Some SNB motoneurons in these females express the WT AR, whereas others
express the non-functional, Tfm AR. Only SNB motoneurons expressing the WT AR responded
to testosterone with an increase in soma size. (Panels A–C, D.R. Sengelaub; Panel D reprinted
from Watson et al., (2001) with permission from the Society for Neuroscience.)
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Figure 4.
Photomicrographs of sections through the LA muscle of a male (A) and female (B) mouse on
embryonic day 18. Tissue was stained with TUNEL to label dying cells. The density of
TUNEL-positive cells (brown) is about two-fold higher in females than in males. Scale bar =
25 μm. (Panels A and B, N. Forger.)
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Figure 5.
Androgen receptor (AR) expression is unusually high in myofibers of the LA. In the
photomicrographs shown in (A) and (B), DAPI (blue) labels AR negative nuclei and black
peroxidase labels AR+ nuclei. A fluorescent basal lamina stain (not shown) was used to
discriminate between AR in muscle fiber nuclei (white and yellow arrows) or in fibroblasts,
which are found in the interstitial space between fibers (black arrows). (A) Cross section
through the LA reveals many AR+ myonuclei; (B) Cross section through the extensor
digitorum longus (EDL) limb muscle shows few AR+ myonuclei. (C) The percentage of AR
+ muscle fibers in the LA and EDL. (Reprinted from Monks et al. (2004) with permission from
John Wiley and Sons.)
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Figure 6.
SNB dendritic growth requires both androgens and estrogens for normal masculine
development. (Left) Computer-generated composites of retrogradely-labeled somata and
processes drawn at 320 μm intervals through the entire rostrocaudal extent of the SNB of
normal males at P7 (top) and P28 (bottom), illustrating the exuberant growth of SNB dendrites.
(Right) SNB dendritic lengths at P28 in intact males, postnatally castrated males treated with
testosterone propionate (T), dihydrotestosterone propionate combined with estradiol benzoate
(D+E), D or E alone, gonadally intact males treated with fadrozole (FAD), and oil-treated
castrates. Data are expressed as a percentage of dendritic length in intact males. (Compiled
from data originally published in Goldstein et al., 1990, Goldstein and Sengelaub, 1994, Burke
et al., 1997, 1999.)
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Figure 7.
SNB dendritic maintenance in adulthood requires androgens. (Left) Darkfield digital
micrographs of transverse sections through the lumbar spinal cord of an adult normal male
(top) and a castrated male (bottom) after injection of horseradish peroxidase conjugated to the
cholera toxin B subunit (BHRP), into the left BC muscle. (Right) SNB dendritic lengths
expressed as length of arbor per labeled motoneuron for gonadally intact males, castrated
males, and castrates treated with testosterone (T). Bar heights represent means ± SEM. (Data
after Kurz et al., 1986.)
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Figure 8.
Testosterone treatment is neurotherapeutic in SNB motoneurons, attenuating induced dendritic
atrophy resulting from the death of nearby motoneurons. (Left) Darkfield digital micrographs
of transverse sections through the lumbar spinal cords of males whose SNB motoneurons have
been partially depleted with the toxin saporin, and then left untreated (SAP) or given
supplemental testosterone (SAP + T), after BHRP injection into the left BC muscle. (Right)
SNB dendritic lengths expressed as length of arbor per labeled motoneuron for normal males
and saporin-treated males with or without supplemental testosterone. Partial motoneuron
depletion reduces the dendritic arbor of remaining motoneurons. However, in rats whose
androgen levels had been supplemented with varying levels of T, this atrophy is attenuated in
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a dose-dependent manner. Bar heights represent means ± SEM. (Data from Coons et al.,
2007.)
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