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Abstract
Androgens act on the CNS to affect motor function through interaction with a widespread distribution
of intracellular androgen receptors (AR). This review highlights our work on androgens and process
outgrowth in motoneurons, both in vitro and in vivo. The actions of androgens on motoneurons
involve the generation of novel neuronal interactions that are mediated by the induction of androgen-
dependent neurite or axonal outgrowth. Here, we summarize the experimental evidence for the
androgenic regulation of the extension and regeneration of motoneuron neurites in vitro using
cultured immortalized motoneurons, and axons in vivo using the hamster facial nerve crush paradigm.
We place particular emphasis on the relevance of these effects to SBMA and peripheral nerve injuries.
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1. Introduction
One of the major targets of the androgenic steroids is the nervous system, where they play a
part in regulating sexual, reproductive, and aggressive behaviors (Blaustein and Erskine,
2002; Hull et al., 2002; Simon, 2002). Androgens exert long-term organizational effects during
developmental periods, and also exert transient activational effects, including during
regeneration events. Many of the organization and activational effects of androgens in the
nervous system involve the establishment of appropriate neuronal connectivity through
regulated dendritic and axonal outgrowth.
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Androgenic steroids activate an intracellular receptor known as the androgen receptor (AR).
Although recent evidence suggests that AR may have nongenomic effects in the nervous
system, and that androgens may act independently of the AR (Foradori et al., 2007; Losel et
al., 2003; Sarkey et al., this issue), the classical view is that most of the actions of androgens
are mediated by AR acting at the genomic level as a transcription factor. In fact, many of the
nuclei in the nervous system that are implicated in sex differences in steroid-dependent
functions exhibit a sexual dimorphism in AR expression (Cooke et al., 1998).

Lower motoneurons in the spinal cord and brainstem are particularly rich with AR (Matsumoto,
1997; Yu and McGinnis, 2001; Tetzlaff et al., 2007a), and the growth of their elaborate
dendritic arbors and extremely long axons is regulated by androgens, in both development and
regeneration. In this review, we will summarize the experimental evidence for the androgenic
regulation of the extension and regeneration of motoneuron neurites in vitro and axons in
vivo, with particular emphasis on the relevance to Kennedy's Disease and peripheral nerve
injuries.

2. Androgen regulation of neurite extension in vitro
The lower motoneurons of the brainstem and the anterior (ventral) horns of the spinal cord are
among the primary targets of androgens in the nervous system (for reviews, see Matsumoto,
1997; and Poletti, 2004), and these motoneurons express very high levels of AR protein
(Matsumoto, 1997; Yu and McGinnis, 2001; Tetzlaff et al., 2007a). Clinically, these neurons
are lost during the progression of Kennedy Disease (or Spinal and Bulbar Muscular Atrophy,
SBMA; Kennedy et al., 1968), an X-linked condition caused by a toxic mutation of the AR
gene that leads to an abnormally long polyglutamine tract (see below; La Spada et al., 1991).
These neurons are also lost or damaged in several other neurodegenerative diseases (notably,
ALS) and by traumatic injuries to the central nervous system or the nerves. Interestingly, the
motoneurons located in Onuf's nucleus are spared in ALS, and may also be spared in SBMA.
This is of particular interest because the motoneurons in the rodent homologue of Onuf's
express androgen receptors and coactivators at greater levels than do other motoneurons
(Breedlove and Arnold, 1983c; Jordan et al., 1997; O'Bryant and Jordan, 2005; Ranson et al.,
2003). Therefore, understanding the effects of androgens in these cells, with both normal and
abnormal AR, is of great importance, and several in vitro and in vivo models have been used
in this effort. In this section, we focus on cell culture models.

2.1 Cultured neurons and neuron-like cells
Several groups have utilized neuronal cell culture to analyze the molecular mechanisms that
underly androgen-driven neuronal differentiation, to study the effects of androgens on neurite
dynamics in both physiological and pathological conditions [injury, motoneuron diseases such
as SBMA or amyotrophic lateral sclerosis (ALS), etc.], and to examine the effects of androgens
on neurite elongation and branching. For example, Butler and colleagues (2001) have used
proliferating human neuroblastoma cells (SH-SY5Y, a line of neuron-like cells) to study
androgen effects on tubulin metabolism. They demonstrated that testosterone directly
upregulates both α- and β-tubulin, but not the microtubule-associated proteins tau or MAP2b.
The increase in tubulin levels involved both the ubiquitous βII-tubulin and neuron-specific
βIII-tubulin isoforms. Furthermore, this effect was counteracted by the antiandrogens
cyproterone acetate and flutamide, suggesting that it was AR-dependent.

Other neuron-like cell lines, such as GT1 cells, have been used to analyze the effects of
androgens on physiological processes such as control of the hypothalamic-pituitary-gonadal
axis and regulation of GnRH production and secretion (Belsham et al., 1998; Poletti et al.,
1994, 2001). While cell lines such as SH-SY5Y and GT1 cells may display a general neuron-
like phenotype, they are not ideal for the in vitro study of the effects of androgens on the
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survival, differentiation, and neurite dynamics of motoneurons, specifically. For that, we turn
to cultured motoneurons and motoneuron-like cells.

2.2 Cultured motoneuron-like cells
One of the first cell culture models based on motoneurons and used for studying androgen
effects was developed and described by Brooks and colleagues (1998). They utilized a line of
cells derived from the embryonic mouse spinal cord and hybridized with neuroblastoma cells
(motoneuron-neuroblastoma hybrid cells, or MN hybrid cells; Salazar-Grueso et al., 1991),
and stably transfected it with human AR. These cells express markers typical of anterior horn
motoneurons, and are now widely used as an in vitro model to study motoneuron function.
Notably, motoneurons in vivo express AR normally (Matsumoto, 1997; Yu and McGinnis,
2001), while MN hybrid cells only express AR when transfected. This important feature allows
the cell line to be used to differentiate between AR-dependent and AR-independent androgen
effects in motoneurons (for an example, see the description of neuritin expression in these cells
in Section 3.4).

Androgen treatment increases in a dose-dependent manner the number of hybrid cells showing
a motoneuronal phenotype by promoting their differentiation. The morphological
modifications induced by androgens in these cells include the development of larger cell bodies
and broader neurites. Additionally, androgens are able to increase the survival of MN hybrid
cells under low-serum conditions. The effects of androgens on the survival and morphological
differentiation of MN hybrid cells are detectable only in the AR-transfected cells, not in the
AR-free control cells, suggesting that the effects must be directly linked to AR activation
(Brooks et al., 1998; also see Figure 1). Although Hauser and Toran-Allerand (1989) had
already shown that androgens can increase motoneuron survival in organotypic spinal cord
explants independent of the target muscles, this first report on isolated motoneuron-like cells
demonstrated that motoneurons themselves can be the direct targets of the trophic actions of
androgens. Androgen enhanced neurite elongation and cell survival in the absence of afferent
input, surrounding central glial cells, the peripheral axon-associated Schwann cells, or target
muscle cells [which are also particularly sensitive to androgens and express high levels of AR
(Herbst and Bhasin, 2004)]. Indeed, in vitro data from these cultured cells may allow to us to
discriminate between cell-autonomous, AR-mediated effects and those mediated by
neighboring cells.

In vivo, afferents, central glial cells, Schwann cells, and target muscle cells may all play
important trophic roles in enhancing the survival and differentiation of motoneurons. In some
cases, these cells may play a role by producing various neurotrophic factors (or their receptors),
which may also be regulated by androgens. For example, skeletal muscle satellite cells produce
brain derived neurotrophic factor (BDNF; Mousavi and Jasmin, 2006), and levels of both
BDNF and its receptor TrkB are controlled by androgens in at least some motoneurons
(Osborne et al., 2007; Ottem et al., 2007). It is thought that BDNF produced by the muscle acts
as a retrogradely transported trophic factor to support motoneurons throughout their lifespan.
In vivo, BDNF can induce axon outgrowth in injured motoneurons (Kishino et al., 1997), and
it interacts with androgen to maintain normal motoneuron dendritic length (Yang et al. 2004).
Furthermore, androgens control the levels BDNF protein in motoneuron dendrites and in their
glutamatergic afferents, many of which express TrkB (Ottem, et al., 2007), suggesting that
androgen-mediated BDNF signaling may support excitatory inputs to motoneurons. Moreover,
BDNF regulates the expression of AR in the motoneuron itself (Al-Shamma and Arnold,
1997; Yang and Arnold, 2000), further increasing the difficulty of disentangling cell
autonomous and non-cell autonomous androgen effects on motoneurons in vivo. In contrast,
the isolated nature of cultured cells allows us to address some of these issues directly.
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2.3 NSC34/mAR cells
In order to identify androgen-regulated genes that may mediate neurite outgrowth in
motoneurons via interaction with structural proteins, we have produced an in vitro model of
highly differentiated motoneuron-like cells. The model is based on the NSC34 line of
immortalized mouse motoneurons (Cashman et al., 1992; Durham et al., 1992). NSC34 cells
are a hybrid of motoneuron-enriched embryonic mouse spinal cord cells and mouse
neuroblastoma cells. NSC34 cells are highly differentiated and display a multipolar
motoneuron-like shape with very long neurites. Moreover, NSC34 cells produce, store, and
release acetylcholine, and can generate action potentials. NSC34 cells have been fully
characterized for their motoneuronal phenotype (Cashman et al., 1992; Durham et al., 1992)
and are widely used to study motoneuron development and differentiation.

We have stably transfected NSC34 cells with mouse AR (NSC34/mAR). As with MN cells,
the fact that NSC34 cells only express AR when transfected allows us to use these cells to
discriminate between AR-dependent and AR-independent androgen effects. In this model,
androgens enhance motoneuron differentiation and neurite outgrowth via activation of the AR
(Marron et al., 2005). In particular, while untreated cells are characterized by short cell
processes, androgen-treated NSC34/mAR cells have a much higher number of cell processes
and display a marked motoneuron-like morphology. Androgen-induced neurites are quite long,
with a mean length ranging from five to ten times the soma size. Interestingly, these neurites
are also immunoreactive for SMI312 (Marron et al., 2005), a cocktail of monoclonal IgG1
antibodies that is specific for phosphorylated medium- and high-molecular weight
neurofilaments, selected to provide a marker for axons (Sternberger et al., 1982). Thus,
androgen treatment results in the differentiation of axon-like cell processes, which normally
do not develop easily in neuron cultures. Moreover, androgens promote the survival and
differentiation of NSC34/mAR cells even when the cells express a toxic AR mutant (ARpolyQ;
see Section 2.4 below).

Testosterone is converted to androgenic metabolite dihydrotestosterone (DHT) by the enzyme
5α-reductase, which is expressed at very high levels in the anterior horn of the spinal cord
(Poletti, 2004; Pozzi et al., 2003), thereby ensuring that motoneurons are exposed to both
testosterone and DHT. We have used NSC34/mAR cells to examine the differential effects of
these two androgens in promoting motoneuron differentiation (Marron et al., 2005). Cells were
treated for 48 hours with either testosterone or DHT, and axon outgrowth was measured by
counting the number of neurites positive for SMI312 (considered a specific marker for axons;
Sternberger et al., 1982; see above). Both testosterone and DHT increased the number of axon-
like processes in NSC34/mAR cells, but DHT treatment led to significantly more axon
outgrowth than did testosterone. Critically, the effects of testosterone were completely
counteracted by the addition of finasteride, a selective inhibitor of 5α-reductase. Thus,
androgen-dependent axon outgrowth in motoneurons may be driven primarily by DHT, rather
than testosterone.

The androgen-dependent differentiation of NSC34/mAR cells into a motoneuron-like
phenotype depends at least in part on AR-mediated changes in gene transcription. We have
used differential display PCR (DD-PCR), confirmed with RT-PCR, to identify several genes
that are either activated or repressed by androgen treatment (Marron et al., 2005). One of the
primary genes upregulated by androgen is neuritin, also known as cpg15 (for candidate
plasticity-related gene 15; Naeve et al., 1997; Nedivi et al., 1993). Neuritin is a small, highly
conserved protein linked to the extracellular membrane through a glycosylphosphatidylinositol
(GPI) anchor, and is known to be associated with neurite elongation in several areas of the
nervous system.
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Neuritin expression peaks during neuronal development (Cantallops et al., 2000; Corriveau et
al., 1999; Nedivi et al., 1996), and is particularly elevated in embryonic proliferative zones
(Putz et al., 2005). Moreover, recombinant neuritin promotes neurite outgrowth and
arborization in primary cultures of embryonic hippocampal and cortical cells (Naeve et al.,
1997). Neuritin expression is also associated with dramatic growth of dendritic arbors (Nedivi
et al., 1998), coordinated development of apposing dendritic and axonal arbors, and synaptic
maturation (Putz et al., 2005). Neuritin expression is highly upregulated by neuronal activity
and the activity-induced neurotrophins BDNF and NT-3 (Naeve et al., 1997), and in cortical
neurons during post-stroke reorganization (Han et al., 2007). Furthermore, neuritin is a key
player in the NGF-directed neuronal differentiation of PC12 cells, where its upregulation is a
critical step in neurite outgrowth and the differentiation of axon-like processes (Cappelletti et
al., 2007). It has therefore been hypothesized that neuritin acts as a downstream effector in
promoting neurite outgrowth (Cantallops et al., 2000; Lee and Nedivi, 2002; Nedivi et al.,
1998).

Interestingly, neuritin is highly expressed in developing motoneurons, where it enhances the
development of axonal arbors by promoting branching and neuromuscular synaptogenesis
(Javaherian and Cline, 2005). Neuritin expression is also affected by motoneuron injury. For
example neuritin is transiently downregulated in the injured spinal cord (Di Giovanni et al.,
2005), and can be upregulated in the brainstem following peripheral motor axon injury (see
Section 3.4). Moreover, an in silico analysis performed using MatInspector
(www.genomatix.de) identified seven putative androgen response elements (AREs) in the
promoter region of the neuritin gene, suggesting that neuritin expression may be under the
direct control of steroid-bound AR. We have used NSC34/mAR cells to study the interaction
between androgens and neuritin in promoting neurite outgrowth in motoneurons (Marron et
al., 2005). NSC34/mAR cells express neuritin at basal levels even in the absence of androgens.
However, the addition of DHT to the culture medium increases the expression of neuritin up
to two-fold in a dose-dependent manner, and this effect can be completely blocked by the AR
antagonist bicalutamide (Casodex). This suggests the hypothesis that androgens may enhance
neurite extension in these cells by upregulating neuritin expression. We tested this hypothesis
using RNA interference. Silencing neuritin mRNA expression with a short hairpin RNA
(shRNA) completely abolished the effect of androgens on neurite outgrowth. Furthermore,
neuritin overexpression enhanced neurite outgrowth, even in the absence of androgens. Taken
together, these data provide strong evidence for the role of neuritin as a downstream effector
molecule mediating the trophic effects of androgens on neurite outgrowth in motoneurons
(Marron et al., 2005). We have also used MN hybrid cells to confirm that androgens regulate
neuritin expression in cultured motoneurons (see section 3.4).

2.4 Models of SBMA
The effects of androgens on neurite outgrowth and neuritin expression may be particularly
relevant in the pathogenesis of SBMA. Typical features of SBMA are the death of motoneurons
in the spinal cord and brainstem, and associated muscular atrophy (Kennedy et al., 1968;
Stefanis et al., 1968, 1975). The disease affects only men, and the age of onset is usually
between 30 and 50 years. Clinical symptoms include muscle cramps and fasciculations, and
progressive weakness and wasting of the muscles of the limbs and face. In many patients, a
partial loss of androgen sensitivity is present and can lead to gynecomastia, infertility, and
testicular atrophy. SBMA is caused by an abnormal elongation of the polyglutamine (polyQ)
tract in the N-terminal transactivation domain of the AR, which confers a toxic gain-of-function
to the mutant AR (Brooks et al., 1998; Poletti, 2004). However, the elongated polyQ tract also
reduces the transcriptional competence of AR (Abdullah et al., 1998; Kazemi-Esfarjani et al.,
1995; Mhatre et al., 1993). It has therefore also been proposed that a loss-of-function of the
receptor may be involved in SBMA pathogenesis, and mice expressing only the mutant SBMA
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AR that does not carry out the normal functions of AR display a more rapid neurodegeneration
(Thomas et al., 2006).

It is possible that SBMA may interfere with neuritin-mediated androgenic control of neurite
outgrowth in motoneurons, thereby preventing them from maintaining their normal patterns
of connectivity. In immortalized motoneurons expressing mutant SBMA AR, neurites are short
and dystrophic and display abnormal branching patterns (Poletti, 1999); these alterations in
morphology apparently correlate with toxicity induced by the mutant AR, raising the possibility
that the motoneuron pathogenesis may be initiated in the dendrites and axons (Avila et al.,
2003; Pozzi et al., 2003; Szebenyi et al., 2003). In this view, the loss of connectivity with
afferents or with the target musculature may be responsible for the eventual death of the
motoneuron.

A common feature of polyglutamine diseases, such as Huntington's disease and SBMA, is the
formation of intracellular aggregates of the mutant protein. Aggregates found in cellular
processes, rather than nuclei or perikarya, are referred to as “neuropil aggregates”. In NSC34/
mAR cells expressing mutant SBMA AR, androgen treatment induces the formation of
prominent neuropil aggregates in processes that stain positively for axonal markers (Piccioni
et al., 2002). It is unclear whether these neuropil aggregates are formed in loco or in the cell
body and then transported into the processes (DonCarlos et al., 2003; Pozzi et al., 2003).
Neuropil aggregates could alter motoneuron function by blocking the transport of organelles,
vesicles, and polyribosomes along the axons and dendrites (Nagai et al., 1999; Poletti, 1999).
In fact, in NSC34/mAR cells expressing mutant SBMA AR, neuropil aggregates induced by
testosterone impair kinesin-mediated transport and lead to an accumulation of kinesin protein,
filamentous actin, and mitochondria in the cell processes (Piccioni et al., 2002; Poletti, 2004).
This process leads to altered cellular morphology and may induce axonal strangulation or
reduce the bioavailability of components essential for synaptic functions, resulting in neuronal
dysfunction (Poletti, 2004).

Thus, the SBMA mutation may lead to a two-fold problem for motoneurons. First, the gain-
of-function would lead to aggregates in the cellular processes, which alter trafficking and
connectivity. In this view, it is possible that the selective degeneration of motoneurons in
SBMA is related to the fact that motoneurons have incredibly long axons and dendrites, making
them particularly susceptible to interruptions in axonal or dendritic trafficking (Ellerby et al.,
1999). Second, the loss-of-function conferred by the SBMA AR mutation would interfere with
the normal role of androgens in upregulating neuritin, which might otherwise ameliorate the
effects of the neuropil aggregates and help to maintain or recover normal axonal and dendritic
functionality.

3. Androgen regulation of axonal regeneration in vivo
In mammals, axons in the injured central nervous system generally do not regenerate well. In
contrast, axons in the peripheral nervous system are known for their remarkable regenerative
capacity. As long as the connective tissues of the nerve sheath are left relatively intact, most
peripheral axons readily regrow and reinnervate their original targets with a high degree of
specificity. This is true of both cranial and spinal motoneurons. However, the regenerative
capacity of peripheral motoneuron axons is not limitless. Both severity of the nerve injury and
proximity of the injury to the cell body can lead to relatively poor nerve regeneration
(Sunderland, 1981). It is therefore important to uncover the factors that determine the
regenerative ability of injured neurons, and begin to understand how to enhance these abilities.
In fact, a significant amount of research has been done on these topics (Makwana and Raivich,
2005; Moran and Graeber, 2004). This portion of the review will focus on one of the most
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promising areas of this research, androgen enhancement of nerve regeneration, with particular
attention paid to the hamster facial nerve injury model.

3.1 The facial nerve injury paradigm
One of the most useful in vivo models of androgen regulation of axonal regeneration is the
rodent facial nerve axotomy model (Jones et al., 2001; Moran and Graeber, 2004). Facial nerve
injury at its exit from the skull through the stylomastoid foramen leaves the blood-brain barrier
intact and does not directly damage the cell bodies within the brainstem. Furthermore, the
uninjured side can be used as an internal control for each animal in the experiment. The facial
nerve (cranial nerve VII) innervates most of the muscles of the face and ears. The cell bodies
that give rise to the axons in the facial nerve are located in the facial motor nucleus, in the
ventral portion of the brainstem just caudal to the pontine band and rostral to the trapezoid
body. The facial nerve exits the skull at the stylomastoid foramen before branching into several
trunks. In most rodents, the nerve is easily accessible at this point. In addition to being
surrounded by endoneurium, the axons here are afforded protection against traction
deformation by layers of perineurium and protection against compression injury by a sheath
of epineurium (Sunderland, 1981).

Facial nerve damage can vary in severity. The typical injury in an experimental study of nerve
regeneration consists of a crush axotomy. Briefly, the nerve is exposed at its exit from the
stylomastoid foramen, and is subjected to two 30-second crushes with fine forceps. In rodents,
complete recovery of gross motor movements is nearly always observed within three weeks.
In adult hamsters specifically, almost all facial motoneurons survive facial nerve crush (Lavelle
and Lavelle, 1984); this fact makes hamster facial nerve crush a particularly informative model
for axon regeneration studies because it is not confounded with issues related to cell death or
survival.

3.2 Androgen-enhanced regeneration of the hamster facial nerve
The first indication that androgens might regulate axonal regeneration in the facial nerve was
in a series of experiments published in 1989 (Kujawa et al., 1989). In this paper, the authors
reported experiments in which adult male Syrian hamsters were subjected to unilateral facial
nerve crush, then treated with various regimens of an ester of testosterone—testosterone
propionate (TP)—and evaluated for the length of time until recovery of facial motor function.
In the first experiment, TP was injected subcutaneously every other day in a sesame oil vehicle
(5 mg/ml, 0.1 ml per injection) following the crush injury. In the second experiment, TP was
delivered daily and at a higher dose. In the third experiment, TP was delivered by either
subcutaneous injection or Silastic implants (see Smith et al., 1977, for technical details on
Silastic implants). Additionally, in order to determine the effects of endogenous testosterone,
all animals were castrated in the third experiment. The results demonstrated that testosterone
exerts a dramatic effect on the speed of functional recovery, with every testosterone-treated
group experiencing an acceleration of recovery. Furthermore, the experiments revealed a dose-
response relationship, with higher doses and more frequent treatments producing better results;
a continuous dose achieved by Silastic implants yielded the best results. Finally, the castrated
animals were no worse off than the gonadally intact, untreated animals, suggesting that normal
endogenous levels of testosterone have little to no effect on functional recovery rates.

The initial finding that testosterone accelerates functional recovery following facial nerve
injury led to the hypothesis that testosterone might exert its beneficial effect by increasing the
temporal rate of regeneration of the injured axons. To test this hypothesis, Kujawa and
colleagues (1991) injected tritiated amino acids into the facial motor nuclei of male and female
hamsters with facial nerve crush injuries. Because these radiolabeled amino acids were
incorporated into protein and transported to the growing tips of the axons by fast axonal
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transport, it was then possible to measure the distance traveled by the fastest growing axons
within the facial nerve. Testosterone administration led to a 26-30% increase in the rate of
regeneration in males (Figure 3); this increase was apparent regardless of whether or not the
animals had been previously castrated, indicating that endogenous levels of testosterone in
males had little effect on this process. Interestingly, baseline axonal regeneration rates were
higher in females than in males. Testosterone also increased axonal regeneration rates in
females, but to a lesser degree than in males. There is a corresponding sex difference in speed
of functional recovery following facial nerve crush, with females recovering before males
(Jones, 1993); and testosterone treatment speeds functional recovery in males, but has no
significant effect on speed of recovery in females (Jones, 1993).

This finding of a sex difference in testosterone-enhanced axonal regeneration suggests that the
facial motoneurons of male and female hamsters may be differentially responsive to androgens,
perhaps due in part to an inherent sex difference in basal AR levels. This hypothesis is
strengthened by the fact that administration of flutamide, a potent AR blocker, completely
abolishes the ability of testosterone to enhance facial nerve regeneration rates, indicating that
the effect of testosterone is indeed AR dependent (Kujawa et al., 1995). Additionally, DHT,
which is a more potent ligand for AR than testosterone, induces a greater accelerative effect
than testosterone (Tanzer and Jones, 1997). Drengler and colleagues (1996) provided evidence
for a sex difference in AR levels by demonstrating that female hamsters express AR mRNA
in their facial motoneuron somata at only about half the levels that male hamsters do. It is
unknown whether this difference in message is translated into a difference in protein, but if so,
this could account for the reduced effect of testosterone on axonal regeneration rates in females.
There is a known sex difference in AR protein in rat facial motoneuron somata, with males
having more (Yu and McGinnis, 2001). Interestingly, while testosterone treatment of castrated
males increases AR mRNA in facial motoneuron somata, this effect is completely blocked by
axotomy (Drengler et al., 1997; Larkowski et al., 2000). Axotomy-induced downregulation of
AR has also been found in spinal motoneurons (Lubischer and Arnold, 1995; Yang and Arnold,
2000). These findings suggest that the regulation of AR levels in motoneuron somata depends
at least in part on a peripherally-derived factor. More importantly, however, they suggest that
the accelerative effects of testosterone on axonal regeneration do not depend on increased
transcription of AR message in the regenerating motoneuron.

Androgen enhancement of facial nerve regeneration has important temporal requirements. An
early study of the effects of testosterone on the recovery of facial motor function following
crush injury suggests that the first week following injury represents a “critical period” (Kujawa
and Jones, 1990). If TP treatment is delayed until 6 days after the injury, it has no accelerative
effect. However, if TP treatment is given immediately, it is beneficial even if withdrawn after
7 days, well before full behavioral recovery. In fact, the effective temporal window of
testosterone is much shorter than this (Tanzer and Jones, 2004). Administration of testosterone
for only 6 hours post-injury has the same effectiveness on both functional recovery and axonal
regeneration rates as does continuous administration of testosterone throughout the full
recovery phase. Moreover, delaying administration of testosterone until 6 hours after injury
completely eliminates its effectiveness, even if it is administered continuously from that point
forward.

3.3 Other models
While the hamster facial motor nerve injury model has been the most fruitful model of
peripheral nerve regeneration, it is not the only model. Androgen treatment also accelerates
functional recovery from facial nerve crush in mice (Tetzlaff et al., 2006). Early studies by Yu
and colleagues demonstrated a sex difference in the rates of axonal regeneration (males
regenerating faster) following axotomy of the hypoglossal nerve in rats (Yu, 1982), and that
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androgen treatment enhances axonal regeneration rates in both male (Yu, 1982; Yu and Yu,
1983) and female (Yu and Srinivasan, 1981) rats. Facial and hypoglossal motoneurons are both
cranial motoneurons, but androgens also have beneficial effects for spinal motoneurons. For
example, testosterone has been shown to accelerate functional recovery from hind limb
paralysis following sciatic nerve crush in rats (Brown et al., 1999), and to enhance sciatic axon
regeneration rates (Kujawa et al, 1993). Interestingly, the sciatic nerve is known to express AR
(Magnaghi et al., 1999), apparently in the endoneurium (Jordan et al., 2002), raising the
possibility that androgens exert some of their beneficial effects by acting in the periphery.

3.4 Cellular and molecular mediators
To paraphrase the poet John Donne, “no neuron is an island, entire of itself”. Indeed, one of
the essential features of motoneurons is their connectivity with, and dependence on, other
neurons, glia, and their target muscles. It is therefore important to examine the effects of
androgens on glial activity and neuronal connectivity in motor pools following axotomy. In
the case of the facial motor nucleus, axotomy is known to result in a process known as synaptic
stripping, in which the synaptic input to the injured motoneurons is dramatically reduced, and
neuron-neuron contacts are replaced by glia-neuron contacts (Jones et al., 1997b). This is
accompanied by an upregulation in the facial motor nucleus of the glial marker GFAP at both
the mRNA (Jones et al., 1997c) and protein (Coers et al., 2002) levels. However, androgen
treatment attenuates the process of synaptic stripping, preserving central input to the
motoneurons (Jones et al., 1997b), as well as attenuating the axotomy-induced upregulation of
GFAP (Coers et al., 2002; Jones et al., 1997c; for a more in-depth review of glial mediation of
androgen effects in nerve regeneration, see Jones et al., 1999a). Similar effects have also been
observed in the rat (see Moran and Graeber, 2004, for a review). Finally, there is some evidence
that androgens may work at the muscle in promoting axon regeneration (Yu and Cao, 1991),
though this has not been tested in hamster facial motoneurons.

Of course, androgen treatment following axotomy also alters some processes that are thought
to be cell-autonomous. In order to mount an effective regeneration program, the injured
motoneuron must rapidly increase synthesis of regeneration-associated proteins, driven by
increased levels of ribosomal RNA (rRNA). However, the neuron must also deal
simultaneously with the stress of the injury itself. We have hypothesized that androgen
treatment alleviates initial motoneuron stress, allowing the cell to shunt its metabolic energy
toward reparative processes (Jones et al., 2000). One of the primary features of the stress
response is an increase in heat shock protein (HSP) levels. HSPs normally complex with, and
are therefore sequestered by, unbound AR in the cytoplasm. Treatment with androgen liberates
these stored HSPs, obviating the need for the cell to produce more for at least 10 hours following
axotomy (Tetzlaff et al., 2007b). This delay in the stress response is accompanied by an
enhanced early regeneration response. In untreated hamsters, facial nerve axotomy causes an
upregulation of rRNA by 24 hours following injury; however, androgen treatment results in
rRNA upregulation as early as 6 hours following injury (Kinderman and Jones, 1993), the same
point in time after which delayed androgen treatment is no longer effective in accelerating
axonal regeneration. Thus, it is likely that the effect of androgen in creating an enhanced early
cellular regeneration response underlies its ability to enhance axonal regeneration rates
following axotomy.

It has been noted that some regeneration-associated proteins are expressed in the peripheral
but not central nervous system, and that these differences may be related to the well known
advantage of the peripheral nervous system in regenerative potential (Sanes and Jessell,
2000). One such protein is GAP-43, which is a cytoskeletal protein associated with the
membranes of axons but not dendrites. GAP-43 is expressed at high levels in both central and
peripheral nervous tissues during development, but only in the peripheral nervous system
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during adulthood. Furthermore, GAP-43 is upregulated by axotomy in the peripheral nervous
system, but this response is muted in the central nervous system (Tetzlaff et al., 1991). Injury
of the facial motor nerve increases GAP-43 mRNA and protein in the facial nucleus, and
androgen treatment augments this response (Coers et al., 2002; Jones et al., 1997a).

Other cytoskeletal proteins are also involved in androgen enhanced nerve regeneration. The
primary cytoskeletal structures in axons are microtubules, which are composed of tubulin
proteins. Tubulin mRNAs are upregulated in facial motoneurons as the axons regenerate
following axotomy (Jones and Oblinger, 1994; Jones et al., 1999b; Tetzlaff et al., 1991); and
androgen treatment, which enhances axon regeneration rates, causes an additional upregulation
of tubulin mRNAs above axotomy alone (Jones and Oblinger, 1994; Jones et al., 1999b).
Importantly, tubulin mRNAs are upregulated by androgen treatment selectively. While αI-
tubulin, βII-tubulin, and βIII-tubulin are all upregulated by axotomy, only βII-tubulin has been
shown to be under the control of androgen in this model (Jones and Oblinger, 1994; Jones et
al., 1999b). Tubulin genes are also regulated by androgen in axotomized sciatic motoneurons
(Brown et al., 2001) and rubrospinal motoneurons (Storer et al., 2002; DeLucia et al., 2007),
and in the spinal nucleus of the bulbocavernosus (SNB; Matsumoto et al., 1993, 1994), a group
of motoneurons whose dendritic extension and retraction is under the control of androgens
(Fargo and Sengelaub, 2007b; Kurz et al., 1986), raising the possibility that this may be a
general phenomenon in motoneurons.

Androgenic enhancement of axon regeneration may also be under the control of neuritin. As
discussed in Section 2, neuritin is a critical downstream mediator of the ability of androgens
to increase neurite outgrowth in cultured NSC34/mAR cells (Marron et al. 2005). We have
confirmed this finding in MN hybrid cells. We treated MN cells, either expressing AR (AR+)
or not expressing AR (AR−), with either 100 nM DHT or vehicle control for 48 hours. For each
group, three samples of approximately 5 × 105 cells each were harvested from separate wells.
Total mRNA was extracted by guanidinium-thiocyanate extraction (Chomczynski and Sacchi,
1987), and neuritin mRNA levels were assessed by reverse transcription and real-time PCR.
GAPDH served as the reference gene. PCRs were run in triplicate for each sample, with the
average result serving as the sample score. Neuritin mRNA levels were determined with the
ΔΔCT method, using vehicle-treated AR− cells as the control. DHT caused neuritin mRNA
levels to double in AR+ MN cells [see Figure 4; F(2, 6) = 14.96, p < .01; post hoc analysis,
Fisher's LSD, p < .01, compared to vehicle-treated AR+ cells]. However, DHT had no effect
on neuritin mRNA levels in AR− MN cells, again indicating that the effect of androgen on
neuritin mRNA expression is AR-dependent.

We have also examined the in vivo expression of neuritin mRNA in the hamster facial motor
nucleus following facial nerve injury and testosterone treatment. Facial motoneurons were
axotomized by severing the right facial nerve at its exit from the stylomastoid foramen in adult,
male hamsters. At the same time, some of the animals were given subcutaneous, interscapular
implants of Silastic capsules containing testosterone propionate (3.18 mm OD, 1.57 mm ID,
10 mm long). Postoperative survival times were 6 hours, or 1, 2, 4, 6, or 7 days. Based on initial
results, another group of animals was axotomized and treated with testosterone as described,
but also given daily subcutaneous injections of flutamide (15 mg in 0.2 ml of a 50:50 v/v
solution of ethanol and propylene glycol); this group had a postoperative survival time of 2
days. Tissue punches containing the facial nucleus were harvested from both sides of the brain
stem according to the method of Yu (1989). Tissue punches were homogenized with Lysing
Matrix D, and mRNA was extracted and quantified as described in the preceding paragraph,
with the left side serving as an internal control for each animal (n = 3-6 animals per group).

As illustrated in Figure 5, a two-way ANOVA revealed a main effect of time point [F(5, 28)
= 7.67, p < .001], a main effect of testosterone treatment [F(1, 28) = 8.17, p < .01], and an

Fargo et al. Page 10

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



interaction between time point and testosterone treatment [F(5, 28) = 12.64, p < .001]. Post
hoc analysis indicated that neuritin mRNA levels were significantly higher in testosterone-
treated animals two days post-axotomy than in any other group (Fisher's LSD, ps < .001),
increasing by approximately 300% above the uninjured control side. In contrast, no such
increase occurred in untreated animals (Tetzlaff et al., 2006). Because testosterone treatment
increases the rate of axon regeneration in injured hamster facial motoneurons (Kujawa et al.,
1991), these data demonstrate a relationship between neuritin expression and androgen-
enhanced axon regeneration in vivo. This relationship is further supported by the fact that
blocking AR with flutamide, which is known to block the effects of testosterone on axon
regeneration rates (Kujawa et al., 1995), completely abolished the effect of testosterone on
neuritin mRNA expression in the injured hamster facial nucleus.

The time course of androgenic regulation of neuritin expression in the hamster facial motor
nucleus, with the most pronounced effect of testosterone occurring at two days post-injury, is
particularly interesting for two reasons. First, extrapolation of hamster facial motoneuron axon
regeneration data indicates that axon sprouting occurs at about two days post-injury (see Figure
3; Kujawa et al., 1991). Second, androgen treatment enhances axotomy-induced upregulation
of βII-tubulin expression between two days and seven days post-injury (Jones and Oblinger,
1994;Jones et al., 1999b). Considered together with the fact that neuritin is an essential mediator
of androgen-induced axon outgrowth in NSC34/mAR cells (Marron et al., 2005), these data
suggest the hypothesis that neuritin may be involved in coordinating androgen-enhanced axon
regeneration in the injured facial nerve.

4. Future directions
It is now possible to begin to make some connections between what in vitro and in vivo studies
tell us about the effects of androgens on the growth of motoneuron processes. For example, it
has long been established that androgens can increase soma size and dendritic arborization in
spinal motoneurons (Breedlove and Arnold, 1981; Forger and Breedlove, 1987; Kurz et al.,
1986). The fact that androgens increase cell size and process outgrowth in MN hybrid cells,
but only in those expressing AR, provides evidence that androgens are capable of acting directly
on motoneurons to affect these properties in a cell autonomous fashion in vitro (Brooks et al.,
1998). In accordance, a series of experiments using rats with mosaic androgen insensitivity (in
which a portion of motoneurons do not express functional AR) has demonstrated that androgen
can regulate motoneurons in a cell autonomous manner in vivo as well (Monks et al., 1999;
Monks and Watson, 2001; Watson et al., 2001).

Similarly, androgens promote the survival of AR-expressing MN hybrid cells in low-serum
conditions in a cell autonomous manner in vitro (Brooks et al., 1998). In vivo, androgens also
promote the survival of motoneurons in both the spinal cord (SNB motoneurons; Breedlove
and Arnold, 1983a,b; Nordeen et al., 1985) and brainstem (facial motoneurons; Huppenbauer
et al., 2005; Tetzlaff et al., 2006). While the androgen-dependent survival of SNB motoneurons
during development is traditionally thought of as being mediated by their target muscles (Kurz
et al., 1992; Johansen et al., 2004), androgens are capable of preventing the death of facial
motoneurons that have been disconnected from their target muscles by axotomy (Huppenbauer
et al., 2005; Tetzlaff et al., 2006).

Furthermore, in vitro studies of NSC34/mAR cells have indicated that androgens can act
directly on motoneurons to drive process outgrowth, and that this effect is AR-mediated
(Marron et al., 2005). In vivo studies have shown that androgens are also responsible for process
outgrowth in motoneurons, for example maintaining appropriate adult dendritic length (Kurz
et al., 1986; Sasaki and Arnold, 1991; Rand and Breedlove, 1995, Fargo and Sengelaub,
2007a,b) and enhancing axon regeneration after peripheral nerve axotomy (Kujawa et al.,
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1991). Additionally, AR is present in both motoneurons and muscles in vivo (Matsumoto,
1997; Yu and McGinnis, 2001; Tetzlaff et al., 2007a; Monks et al., 2004), and blocking
androgen receptors with flutamide or hydroxyflutamide abolishes the ability of androgens to
maintain dendritic length (Rand and Breedlove, 1995) and enhance axon regeneration (Yu and
Cao, 1991; Kujawa et al., 1995). However, one possible difference between in vitro and in
vivo studies of androgen regulation of process outgrowth in motoneurons relates to the question
of whether androgens act directly on motoneurons to affect changes in cellular morphology.
While in vitro studies of motoneuron-like cells indicate that androgens can drive cell-
autonomous increases in process outgrowth (Brooks et al., 1998; Marron et al., 2005), there is
evidence that androgenic control of the maintenance of dendritic length and axon regeneration
in vivo may be mediated by the target muscles (Rand and Breedlove, 1995; Yu and Cao,
1991), or other central or peripheral factors, as discussed above.

Another connection between in vitro and in vivo studies on androgen regulation of process
outgrowth in motoneurons lies in the fact that both lines of inquiry point to DHT as an important
steroid in these effects. For example, both testosterone and DHT increase the growth of axon-
like processes in NSC34/mAR cells in vitro, but DHT has a larger effect (Marron et al.,
2005). In vivo, DHT produces a greater acceleration of motoneuron axon regeneration than
does testosterone (Tanzer and Jones, 1997), and DHT is at least as effective as testosterone in
maintaining dendritic length (Fargo and Sengelaub, 2007a). Finally, both in vitro and in vivo
studies point to the importance of cytoskeletal proteins in mediating androgenic control of
process outgrowth. Testosterone upregulates α-tubulin, βII-tubulin, and βIII-tubulin in cultured
SH-SY5Y cells in an AR-dependent manner (Butler et al., 2001). In vivo, βII-tubulin expression
is upregulated during androgen-enhanced nerve regeneration in axotomized facial (Jones and
Oblinger, 1994; Jones et al., 1999b) and sciatic (Brown et al., 1999, 2001) motoneurons, and
androgens regulate levels of both β-actin and β-tubulin in SNB motoneurons (Matsumoto et
al., 1992, 1993, 1994).

Androgens enhance neurite extension in vitro and axonal regeneration in vivo by a variety of
mechanisms. While progress has been made in illuminating the cellular and molecular events
involved in these effects, much more work is needed. Further elucidation of the mechanisms
by which androgens promote axonal elongation will contribute to understanding aspects of
several key neuropathological situations. For example, the androgen-upregulated protein
neuritin could be an important mediator of enhanced recovery from traumatic nervous system
injuries, as well as playing a role in attenuating the effects of neurodegenerative diseases such
as SBMA and ALS. We have begun exploring the possibilities of using androgens as an
adjuvant therapy in several experimental paradigms with translational implications. We have
combined testosterone treatment with other therapies, including grafting of peripheral nerves
into the injured spinal cord, to enhance the expression of cytoskeletal genes in injured
rubrospinal motoneurons (Storer et al., 2002; DeLucia et al., In press). We have also shown
that testosterone treatment enhances the ability of electrical stimulation to increase peripheral
axon regeneration rates (Lal et al., 2007; Hetzler et al., 2007), and are applying that to clinical
situations in which the facial nerve is damaged following acoustic neuroma formation. These
studies provide the foundation for future work that will further our understanding of the
neurotherapeutic roles of androgens in neural repair, with the goal of finding novel strategies
for enhancing recovery from injury and overcoming the debilitating effects of
neurodegenerative diseases.
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Figure 1.
Differential interference contrast photomicrograph of MN hybrid cells transfected with AR
and treated for 48 hours with either 100 nM DHT or vehicle control. Note that DHT-treated
cells have longer neurites (arrows). (After DeLucia et al., 2007.)
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Figure 2.
Confocal microscopy image of NSC34/mAR cells expressing the mutant SBMA AR and
treated with testosterone. Several SBMA AR neuropil aggregates have formed (green), along
with an accumulation of the motor protein kinesin (red). Scale bar = 20 μm. Inset: closer view
of a neurite. (After Piccioni et al, 2002.)
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Figure 3.
Outgrowth distances from the point of nerve crush to the leading edge of the growing axons
at 4 days, 5 days, and 7 days following injury in castrated male hamsters and castrated male
hamsters given systemic testosterone treatment. Circles represent means and vertical lines
represent SEMs. * = p < .05. Diagonal lines represent extrapolation of the data. Note that the
data extrapolate to approximately 2 days post-injury for the zero outgrowth distance. This time
point corresponds both to the androgen-induced spike in neuritin mRNA levels (see Section
3.4) and to the earliest time point at which androgen treatment augments tubulin upregulation
following axotomy (Jones and Oblinger, 1994; Jones et al., 1999b). (After Kujawa et al.,
1991.)

Fargo et al. Page 22

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 4.
Neuritin mRNA levels in AR− and AR+ cultured MN cells, treated with either 100 nM DHT
(filled bars) or vehicle only (open bars). DHT treatment doubled neuritin mRNA levels, but
only in AR+ cells. Bars heights represent means (± SEM).
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Figure 5.
Neuritin mRNA levels in axotomized hamsters (open bars) and axotomized hamsters treated
with testosterone (black bars) at 6 hours and 1, 2, 4, 6, and 7 days post-axotomy. Also shown
are axotomized hamsters treated with both testosterone and flutamide for 2 days following
axotomy (gray bar). Neuritin mRNA levels are displayed as the percent difference between the
axotomized side and the control side within each animal. Testosterone caused a dramatic
increase in neuritin mRNA levels 2 days post-axotomy; however, this increase was completely
prevented by flutamide treatment. Bars heights represent means (± SEM).
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