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Gonadal Steroid Attenuation of Developing Hamster Facial
Motoneuron Loss by Axotomy: Equal Efficacy of
Testosterone, Dihydrotestosterone, and 17-3 Estradiol

Christopher B. Huppenbauer,'2 Lisa Tanzer,' Lydia L. DonCarlos,' and Kathryn J. Jones'?
'Department of Cell Biology, Neurobiology, and Anatomy, Loyola University Chicago, Stritch School of Medicine, Maywood, Illinois 60153, and 2Research
and Development Service, Hines Veterans Affairs Hospital, Hines, Illinois 60141

In the hamster facial nerve injury paradigm, we have established that androgens enhance both functional recovery from facial nerve
paralysis and the rate of regeneration in the adult, through intrinsic effects on the nerve cell body response to injury and via an androgen
receptor (AR)-mediated mechanism. Whether these therapeutic effects of gonadal steroids encompass neuroprotection from axotomy-
induced cell death is the focus of the present study. Virtually 100% of adult hamster facial motoneurons (FMNs) survive axotomy at the
stylomastoid foramen (SMF), whereas, before postnatal day 15 (P15), developing FMNs undergo substantial axotomy-induced cell death.
The first part of the present study focuses on determining when ARs are first expressed in developing hamster FMNs. Using AR immu-
nocytochemistry, it was found that males express ARs by P2 and females by P4, which is the earliest demonstration of AR expression in
mammalian motoneurons reported thus far in the literature. The second half examines the neuroprotective effects of testosterone
propionate, 17-3 estradiol, and dihydrotestosterone on FMNs of P7 hamsters after facial nerve transection at the SMF. The results
demonstrate that androgens and estrogens are equally able to rescue ~20% of FMNs from axotomy-induced cell death, with the effects
permanent. This study is the first to investigate the effects of both androgens and estrogens on axotomy-induced cell death in one system
and, with our previously published work, to validate the hamster FMN injury paradigm as a model of choice in the investigation of both
neurotherapeutic and neuroprotective actions of gonadal steroids.
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Introduction

Work from our laboratory and others has provided a growing
body of literature documenting that gonadal steroids positively
impact the reparative response of injured neurons, thus support-
ing the emerging role of gonadal steroids as potent neurothera-
peutic agents (Yu, 1982; Jones, 1988, 1993a,b; Azcoitia et al.,
1999a,b; Garcia-Segura et al., 2001; Jones et al., 2001; Behl, 2002a;
MacLusky et al., 2003; Fargo and Sengelaub, 2004; Tanzer and
Jones, 2004). Using the adult hamster facial motoneuron (FMN)
as a model, we have established that administration of supra-
physiological doses of exogenous testosterone propionate (TP),
coincident with facial nerve injury at the stylomastoid foramen,
accelerates facial nerve regeneration and functional recovery in
the adult hamster (Kujawa et al., 1989, 1991; Kujawa and Jones,
1990). Recently, numerous studies have been published indicat-
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ing that estrogen (E) can act as a neuroprotective agent to alter
neuronal survival levels in response to injury (Garcia-Segura et
al., 2001; Wise, 2002) through a broad spectrum of mechanisms
that may or may not depend on estrogen receptor (ER) expres-
sion in target neurons. In view of these data, and given that TP
can be metabolized to E, we examined the ability of E to alter the
regenerative properties of injured FMNs in a recent study (Tan-
zer and Jones, 1997) and found that 17-8 estradiol (E,) is as
effective as either TP or dihydrotestosterone (DHT) in enhancing
peripheral nerve regeneration in this model. Although androgens
appear to augment the regenerative properties of injured FMNs
by an androgen receptor (AR)-dependent mechanism (Kujawa et
al., 1995), how E acts in the same system is unclear, because
the presence of ERs has yet to be established in motoneurons.
In the hamster FMN injury paradigm, virtually all adult neu-
rons survive a facial nerve transection at the stylomastoid fora-
men, whereas there is a significant degree of axotomy-induced
loss during early postnatal development (LaVelle and LaVelle,
1984). Whether androgens can rescue mammalian motoneurons
from cell death after injury has not been established. Yu and Cao
(1992) found that axotomized postnatal day 10 (P10) rat FMNs
could not be rescued by androgens but also noted the lack of AR
expression in rat FMNs at that developmental time point. There-
fore, the purpose of the first part of the current study is to deter-
mine at what age developing hamster FMNs begin to express ARs.
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In the second half of the current study, we test the ability of both
androgens and estrogens to rescue developing FMNs from
axotomy-induced cell death at a time point when ARs are found
to be present in FMN cell bodies. The results indicate that devel-
oping hamster FMNs express ARs earlier in development than
previously reported in mammalian motoneurons and that, with
ARs present in the injured cell bodies, both androgens and estro-
gens are neuroprotective. Furthermore, this study validates the
hamster FMN as an ideal injury paradigm in which to elucidate
cellular pathways associated with neuronal survival versus regen-
eration and the underlying distinctions between androgenic and
estrogenic neurotherapeutic actions.

Materials and Methods

Animals. Male and female golden Syrian hamsters (Mesocricetus auratus),
ranging in age from PO to P10, were used for all studies. Pregnant dams
were housed on a 12 h light/dark cycle and checked for signs of parturi-
tion at the beginning, middle, and end of the daily light cycle. The day of
birth was designated PO. Four hours after the completion of parturition,
the litters were culled, so that each litter consisted of two males and two
females. All surgical procedures and the killing of the animals were per-
formed under National Institutes of Health Guidelines on the Care and
Use of Animals for Research Purposes, and all protocols involving animals
were approved by the appropriate institutional animal care and use
committees.

Androgen receptor immunocytochemistry studies. Gonadally intact PO,
P2, P4, P6, P8, and P10 male and female hamsters were removed from the
nest cage, their body weights were recorded, and gender was determined
by measuring the ano-genital distance with a digital caliper. Pups were
injected subcutaneously with TP in sesame seed oil (PO, 10 ug/0.1 ml; P2
and P4, 15 ug/0.1 ml; P6 and P8, 30 ug/0.1 ml; P10, 40 ng/0.01 ml) in the
dorsum of the back, 30-90 min before perfusion—fixation to ensure nu-
clear localization of the AR (Zhou et al., 1994; Nunez et al., 2003). PO—P7
pups were anesthetized deeply by cryoanesthesia, and pups older than P7
were anesthetized with methyoxyflurane (Medical Developments Aus-
tralia, Springvale, Australia) and then killed by transcardiac perfusion—
fixation with a saline rinse and 4% paraformaldehyde in 25 mm PBS.
Brains were removed immediately and postfixed for 24 h in 4% parafor-
maldehyde, equilibrated for 24 h in 20% sucrose in 25 mm PBS, and
transferred to 30% sucrose at 4°C until sectioning. Postmortem dissec-
tion of the gonads was done to verify sex. Brains were blocked to include
the facial nuclei and rapidly frozen; next, 40 wm sections were collected
into a cryoprotected sucrose solution for storage at —20°C until tissue
processing. There was an n = 4 per time point and sex, for a total of 48
animals.

Free-floating brainstem sections containing facial nuclei were rinsed
five times for 15 min in 25 mm PBS and then incubated in PBS containing
0.02% Triton X-100 (TX) and 4% normal goat serum (NGS) for 1 h at
room temperature (Rt), followed by five 15 min PBS rinses. Subse-
quently, the sections were incubated in primary polyclonal rabbit
anti-AR antisera, PG-21 (1.5 pg/ml final concentration; corresponding
to the first 21 aa of the human and rat AR; gift from Dr. Gail Prins,
University of Illinois at Chicago, Chicago, IL) (Prins et al., 1991; Prins
and Birch, 1993), for 48 h at 4°C in PBS containing 0.02% TX and 4%
NGS, followed by five 15 min rinses in PBS. Sections were then incubated
in biotinylated goat anti-rabbit IgG (1:250; Vector Laboratories, Burlin-
game, CA) for 24 h at 4°C, followed by five 15 min PBS rinses. Sections
were then incubated in avidin—biotin horseradish peroxidase complex
(1:100; Vectastain ABC Elite; Vector Laboratories) for 1 h at Rt, followed
by three 10 min PBS rinses and two 10 min 0.1 M Tris buffer rinses. For
the chromagen reaction, sections were incubated in 25% 3,3'-
diaminobenzadine (DAB; Sigma, St. Louis, MO) in 2.6% nickel-ammo-
nium sulfate-Tris buffer and 0.006% H,O,. The DAB reaction was ter-
minated by three quick Tris buffer rinses. Sections were mounted on
chrom-alum subbed slides, dried, dehydrated in graded ethanols, cleared
in Hemo-De (Fisher Scientific, Houston, TX), and coverslipped with
Permount (Fisher Scientific). As a negative control, adjacent sections
were processed as described above with primary antibody omission. As
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an additional control, sections from P4 and P10 brains were incubated
with PG-21 preabsorbed with either the immunizing peptide AR-21
(MEVQLGLGRVYPRPPSKTYRG; 10X molar excess; gift from Dr. G.
Prins) or a distant unrelated peptide, AR-460 (10X molar excess; amino
acids 460—472 of the human AR; gift from Dr. G. Prins), and subsequent
tissue processing as described above.

The hamster facial nucleus is a compact group of cells with well de-
fined boundaries located ventrolaterally in the brainstem. Facial mo-
toneurons are a homogenous population of large multipolar neurons,
varying in size, which are morphologically distinct from surrounding
glial cells. No other motoneuron or interneuron is present in the facial
nucleus, except FMNs. Numerous studies have documented the reliable
identification of FMNs by morphology in many different species via Nissl
staining, retrograde labeling, and immunohistochemistry (Papez, 1927;
Huppenbauer et al., 2001; Atobe et al., 2004; Moran and Graeber, 2004).
For AR-immunocytochemistry analysis, experimental slides (+PG-21)
and negative control slides (—PG-21) were paired together and qualita-
tively evaluated at the light microscopic level for the presence or absence
of androgen receptor immunoreactivity (AR-IR) by an observer “blind”
to the experimental conditions. AR-IR was determined by comparing the
adjacent sections of the +PG-21 slide with the —PG-21 slide. Labeled
FMNs were identified by the following morphological criteria: location,
size, and shape. Because there are no interneurons or other motoneurons
in the facial nucleus, all labeled cells meeting the correct criteria could
only be FMNSs. Therefore, sections containing FMNs were classified as
follows: AR-IR not present in the cell, AR-IR present in the cytoplasm
only, or AR-IR present in the cytoplasm plus the nucleus. Representative
sections containing bilateral facial motor nuclei through the nuclear
group were chosen from each animal from all time points for computer-
ized camera lucida tracing using the Neurolucida Brain Mapping system
(MicroBrightField, Cochester, VT).

Nerve injury paradigm and hormone administration. On P7 during
mid-light cycle, gonadally intact male and female pups were removed
from the nest cage and placed in a separate cage on a heating pad; a
collodion-soaked cotton ball was then put in the nest in place of the
absent pups. Pups were anesthetized by cryoanesthesia, and the right
facial nerve was exposed and transected immediately distal to its exit
from the stylomastoid foramen, with the left facial nucleus serving as
intact control. To prevent reinnervation, an ~2-3 mm distal section of
nerve was removed. At the time of injury, separate litters of axotomized
animals were implanted with a subcutaneous time-release pellet (Inno-
vative Research of America, Sarasota, FL) containing the following: low-
dose TP (0.25 mg daily), high-dose TP (0.48 mg daily), DHT (0.83 mg
daily), sham (matrix only) TP/DHT pellet, E, (0.042 mg daily), or sham
(matrix only) E, pellet in the dorsum of the back. Separate litters of
axotomy-only animals (no pellet) were included as an additional set of
controls. After wound closure with collodion, the pups were revived on a
heating pad and returned to the dam. All pups in a given litter received
the same injury and hormone treatment to prevent hormone cross-
contamination. Postaxotomy survival time points were 1 or 4 weeks.
There was an n = 3—6 per group, for a total of 106 animals.

To rule out any effects of TP on normal cell numbers, additional
nonaxotomized, normal animals were included in the study. There were
eight groups of nonaxotomized controls: no pellet, sham TP pellet, and
low-TP or high-TP pellets implanted on P7, which were killed at P14 or
P35. There was an n = 4 per group, for a total of 32 nonaxotomized
animals.

To determine whether potential neuroprotective effects of TP on axo-
tomized developing hamster FMNs were permanent, six pups (three
males and three females) were axotomized on P7 as described above and
implanted with low-dose TP at the time of injury. After 1 week of con-
tinuous hormone exposure, TP implants were removed on P14, and the
postaxotomy survival time point was extended 93 d to P100.

FMN cell-counting procedures. As described previously (Kujawa et al.,
1989), signs of facial nerve axotomy include loss of eyeblink, complete
loss of vibrissa movement, and abnormal vibrissa orientation with fibers
flattened in a posterior direction against the head. At the appropriate
time points, the animals were removed from the nest cage, sex verified by
ano-genital distance measurement, checked for positive axotomy signs,



4006 - J. Neurosci., April 20, 2005 - 25(16):4004 — 4013

weighed, deeply anesthetized with methyoxyflurane, and killed by decap-
itation. Postmortem dissection was performed to verify gender and pres-
ence of hormone implant. The brains were removed and rapidly frozen.
Serial 25 wm cryostat sections were collected throughout the caudal-
rostral extent of the facial motor nucleus, and the sections were fixed in
4% paraformaldehyde and stained with thionin.

A traditionally used counting method in neuronal regeneration re-
search has been the Abercrombie counting method, in which a mathe-
matical formula is used to convert object counts in a section into an
estimate of object numbers (Hedreen, 1998). This method provides a
relative percentage change per histological section, not a count of abso-
lute neuronal numbers, when the injured and intact control nuclear
groups are both at the same level in the brain. This method has been
proven to be a reliable and reproducible method for obtaining relative
percentage changes in neuronal survival and regeneration studies. There-
fore, the Abercrombie counting method was used to determine the rela-
tive number of surviving FMNs after a facial nerve axotomy. As described
previously, animal groups were coded by one investigator and subse-
quently analyzed under blind conditions by a second investigator who
was unaware of the group divisions. The abducens nuclei and internal
genu of the facial nerves were used to precisely match the location of the
left (control) and right (transected) sides. Cell profile counts were per-
formed on every 25 wm section, and the percentage change between the
left and right sides was calculated and compared between groups. Only
surviving FMN’s containing a clearly visible nucleus were counted (Serpe
etal., 1999, 2000, 2003, 2005; Byram et al., 2003, 2004). The Abercrombie
correction factor (N = n X T/T + D), where N is the actual number of
cells, n is the number of nuclear profiles, T is the section thickness (25
pum), and D is the average diameter of nuclei (12 wm at P14; 14 wm at P35
and older) (Coggeshall, 1992), was used to compensate for double count-
ing in adjacent sections. FMN nuclear diameters were obtained by sam-
pling 10 random nuclei per animal and obtaining one average, combin-
ing males and females, per group. Additionally, the average number of
FMNs per section in the left, unoperated nuclear group displaying a
prominent nucleus and nucleolus (average nucleolar diameters, 3 wm at
P14 and 5 wm at P35 and older) were sampled every fourth section
through the extent of the facial nucleus to determine whether there were
differences in neuronal numbers as a result of different hormone treat-
ments. Statistical analysis was accomplished using a one-way ANOVA
followed by the Student—-Newman—Keuls post hoc test (Sokal and Rohlf,
1981).

Results

ARs first appear in developing hamster FMNs by P2 in males
and by P4 in females

To determine when androgen receptors first appear in hamster
FMNs, an AR immunocytochemistry time-course study using
PG-21, an anti-AR antibody that has been well documented in
the hamster (Wood et al., 1992; Wood and Newman, 1993, 1995,
1999; Romeo et al., 2000), was performed on brainstem tissue
sections from males and females ranging in age from PO to P10.
The AR is a steroid receptor that resides in the cytoplasm in an
unliganded state and, after ligand binding, translocates to the
nucleus (Kumar and Thompson, 1999; Aranda and Pascual,
2001). For light microscopic analysis of AR-IR, a commonly used
method of concentrating dispersed amounts of cytoplasmic AR
into the nucleus is ligand injection shortly before the animals are
killed (Zhou et al., 1994; Nunez et al., 2003). Therefore, all ani-
mals were injected with TP a minimum of 30 min before perfu-
sion—fixation. At P10, FMNs from both male and female ham-
sters displayed AR-IR (Fig. 1a; only data from males are shown).
In control experiments in which the primary antibody was either
omitted (Fig. 1b) or preabsorbed with the immunizing peptide
AR-21 (Fig. 1c), AR-IR was abolished. As a final control, the
primary antibody was preabsorbed with a nonimmuninizing
peptide, AR-460, and in this case, AR-IR is not affected (Fig. 1d).
As illustrated at high power in the light micrographs in Figure 2,
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Figure 1. P10 hamster FMNs express AR. a, A low-power (original magnification, 20 <)
composite photomicrograph of brainstem sections from P10 hamsters containing bilateral fa-
cial nuclei (white arrows) and processed for AR immunocytochemistry using the anti-AR anti-
body PG-21. Control experiments include omission of PG-21 primary antibody (b), preab-
sorption of PG-21 primary antibody with the immunizing peptide AR-21 (c), and
preabsorption of PG-21 primary antibody with an AR peptide that is distant and unrelated
to immunizing peptide (d).

when AR-IR was present in FMNs, it was observed either in the
cytoplasm only (Fig. 2a) or in both the cytoplasm and nucleus
(Fig. 2b). Both types of AR-IR were abolished with immunizing
peptide preabsorption (Fig. 2¢,d).

The developmental time course of AR expression in male
hamster FMNs is illustrated in Figure 3. No AR-IR was observed
at PO (Fig. 3a). Cytoplasmic-only AR-IR was first observed at P2
(Fig. 3b), with cytoplasmic plus nuclear AR-IR first appearing at
P4 (Fig. 3¢) and continuing through P6 and P8 (Fig. 3d,e, respec-
tively). All AR-IR, both cytoplasmic only and cytoplasmic plus
nuclear, was abolished by omitting primary antibody (Fig. 3f—j).

The developmental time course of AR expression in female
hamster FMN:ss is illustrated in Figure 4. No AR-IR was observed
at PO or P2 (Fig. 4a,b, respectively). Cytoplasmic-only AR-IR was
first observed at P4 (Fig. 4c), with cytoplasmic plus nuclear AR-IR
first appearing at P6 (Fig. 4d) and continuing through P8 (Figs.
4e). All AR-IR, both cytoplasmic only and cytoplasmic plus nu-
clear, was abolished by omitting primary antibody (Figs. 4f—j).

In Figure 5, Neurolucida computerized tracings of represen-
tative early postnatal hamster brainstem sections containing
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Figure2. ARimmunocytochemistry demonstrates that early cytoplasmic-only AR immuno-

reactivity is specific and not artifact. High-power photomicrographs (original magpnification,
400X) of FMNs from P4 hamsters processed for AR immunocytochemistry using the anti-AR
antibody PG-21 are shown. Photomicrographs illustrate cytoplasmic FMN labeling (a, white
arrows; asterisk denotes a nucleus that is devoid of label) as well as cytoplasmic plus nuclear
labeling (b, arrowheads). Control experiments include preabsorption of PG-21 primary anti-
body with the immunizing peptide AR-21 (¢, d).

FMNess illustrate not only the topographical distribution of AR-IR
within the facial nuclear groups, but also the first appearance of
cytoplasmic-only AR-IR (red dots), the shift to cytoplasmic plus
nuclear AR-IR (blue dots), and the temporal 2 d delay in the
appearance of AR-IR in females compared with males. By P6,
both male and female hamster FMNs expressed nuclear AR-IR
after pretreatment with TP.

Testosterone is neuroprotective after facial nerve axotomy on P7
Previous work using the developing hamster facial nerve injury
paradigm has established that significant cell death occurs as a
result of injury during the first postnatal week (LaVelle and
LaVelle, 1958, 1984; Jones and LaVelle, 1985, 1986, 1987; Clark et
al., 1992, 1993). Based on that work and the results of the AR
immunocytochemistry time-course study presented above, P7
was chosen as the best age to test the ability of gonadal steroids to
rescue injured developing FMNs from axotomy-induced cell
death. In non-hormone-treated male and female animals (no
pellet or sham pellet), extensive FMN loss was observable at both
1 and 4 weeks after axotomy on P7. In hormone-treated animals,
TP administered at the time of injury, with continuous exposure
throughout the survival period, significantly reduced FMN cell
loss (Figs. 6, 7, respectively; only data from males are shown).

As graphed in Figure 8, quantitative analysis corroborated the
qualitative results described in the preceding paragraph. At 1
week after axotomy on P7, FMN survival was 57 = 1.3% in non-
hormone-treated (no pellet) males and 56 * 2.9% in non-
hormone-treated (no pellet) females (Fig. 8a,b, respectively). For
pups that received a sham testosterone pellet at the time of axo-
tomy on P7, FMN survival was 59 * 3.5% in males and 59 *
3.0% in females (Fig. 84,b, respectively). For pups that received a
TP pellet that released at a rate of 0.25 mg/d, FMN survival was
84 = 1.7% in males and 83 % 1.9% in females (Fig. 8a,b, respec-
tively). For pups that received a TP pellet that released at rate of
0.48 mg/d, FMN survival was 83 * 1.1% in males and 82 = 1.1%
in females (Fig. 8a,b, respectively).
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Figure 3.  ARs first appear in developing hamster FMNs by P2 in males. High-power pho-
tomicrographs (original magnification, 200X) of developing male hamster FMNs at PO (a, f),
P2 (b, g), P4 (c, h), P6 (d, i) and P8 (e, j) are shown. Left, Sections incubated with anti-AR
antibody PG-21. Right, Adjacent sections processed without primary antibody.

Four weeks after axotomy on P7, FMN survival was 62 + 1.0%
in non-hormone-treated (no pellet) males and 62 * 1.8% in
non-hormone-treated (no pellet) females (Fig. 8¢,d, respec-
tively). For pups that received a sham pellet at the time of axo-
tomy on P7, FMN survival was 59 * 1.8% in males and 61 *
4.3% in females (Fig. 8¢,d, respectively). For pups that received a
TP pellet that released at a rate of 0.25 mg/d, FMN survival was
82 * 3.2% in males and 82 * 3.0% in females (Fig. 8¢,d, respec-
tively). For pups that received a TP pellet that released at rate of
0.48 mg/d, FMN survival was 82 * 1.2% in males and 84 = 1.8%
in females (Fig. 8¢,d, respectively). Thus, within 1 week after axo-
tomy, both low and high doses of TP, administered at the time of
injury, significantly increased FMN survival to maximal levels in
both male and female hamsters ( p < 0.05). Moreover, levels of
FMN survival at 1 and 4 weeks after axotomy were not statistically
different, indicating that no additional cell death or neuroprotec-
tion by TP was occurring later than 1 week postoperative.

The neuroprotective effects of TP on FMN survival after facial
nerve axotomy on P7 are both androgenic and estrogenic

Because TP can be converted to estrogen via aromatase, and given
that aromatase levels are at their highest during development
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Figure4.  ARs first appear in developing hamster FMNs by P4 in females. High-power pho-
tomicrographs (original magnification, 200 X ) of developing female hamster FMNs at PO (a, f),
P2 (b, g), P4 (c, h), P6 (d, i), and P8 (e, j) are shown. Left, Sections incubated with anti-AR
antibody PG-21. Right, Adjacent sections processed without primary antibody.

(Toran-Allerand, 1984; Stoffel-Wagner, 2001), the possibility
that TP exerts its neuroprotective effects via conversion to estro-
gen was tested. Because the experiment with TP indicated that the
amount of steroid rescue of injured FMNs from axotomy-
induced cell death was equivalent at both 1 and 4 weeks after
injury, only the 1 week postaxotomy survival time point was used
for the remaining experiments. For pups that received an E, pellet
at the time of axotomy on P7, FMN survival was 84 * 4.8% in
males (Fig. 9a) and 80 * 4.2% in females (Fig. 9b) at 1 week after
axotomy, with both values significantly higher ( p < 0.05) than
the sham E, pellet controls (61 * 1.7 and 58 * 6.0; males and
females, respectively). No differences in FMN survival were ob-
served between the sham E,, sham testosterone pellet, or no pellet
control groups (Fig. 8).

The nonaromatizable form of testosterone, dihydrotestoster-
one, was used to determine whether the effects of TP on FMN
survival after axotomy at P7 were solely estrogenic or partially
androgenic as well. For pups receivinga DHT pellet at the time of
axotomy at P7, FMN survival was 84 * 1.2% in males (Fig. 9a)
and 84 * 1.0% in females (Fig. 9b) at 1 week after axotomy, with
both values significantly higher (p < 0.05) than the sham E,

Huppenbauer et al.  Steroid Hormone Neuroprotection after Axotomy

Postnatal Females
Day

0

Males

Figure 5.

AR expression first occurs in male hamster FMNs by P2 and is delayed by 2 d in
females. Neurolucida tracings of brainstem sections containing bilateral facial nuclei from an AR
immunocytochemistry developmental time-course study in PO, P2, P4, P6, and P8 male and
female hamsters are shown. Red dots represent cytoplasmic-only FMN labeling. Blue dots rep-
resent cytoplasmic plus nuclear FMN labeling. Scale bars, 300 m.
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Figure6. TP treatmentrescuesdeveloping hamster FMNs from axotomy-induced cell death.
Low-power (original magnification, 40 X) photomicrographs of thionin-stained sections con-
taining contralateral control and axotomized facial nuclei 1 week postoperative from male
hamsters injured on P7 are shown.

pellet controls (61 * 1.7 and 58 = 6.0; males and females,
respectively).

Finally, comparison of the data from all hormone treatment
groups indicated that there were no differences between TP,
DHT, or E, administration on FMN survival in either males or
females at 1 week after axotomy (compare Figs. 8, 9). Also, there
were no differences in the average number of FMNs counted per
section in the contralateral control (nonaxotomized) sides of any
of the hormone treatment groups at either P14 or P35 (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material). Pup weight was unaffected by hormone treatment



Huppenbauer et al.  Steroid Hormone Neuroprotection after Axotomy

i'Covnt’rqlqte_(al Control ___Axotomy

Sham TP :
Pellet [

TP
Pellet

Figure7. TPtreatmentrescuesdeveloping hamster FMNs from axotomy-induced cell death.
Low-power (original magnification, 40X ) photomicrographs of thionin-stained sections con-
taining contralateral control and axotomized facial nuclei 4 weeks postoperative from male
hamsters injured on P7 are shown.

(supplemental Table 2, available at www.jneurosci.org as supple-
mental material).

Hormone administration alone does not alter normal

FMN numbers

Additional, unoperated male and female hamsters were included
in the study to verify that steroid treatment did not influence
numbers of FMN, either by impacting programmed cell death or
through neurogenesis. As illustrated in Figure 10 and docu-
mented in supplemental Table 3 (available at www.jneurosci.org
as supplemental material), there were no differences in the aver-
age number of FMNs counted per section in the right or left facial
nucleus of either P14 or P35 male or female hamsters, with or
without TP administration.

Nuclear diameter is not affected by hormone administration
or axotomy

When applying the Abercrombie correction factor, changes in
cell volume induced by either steroid hormone treatment and/or
axotomy can potentially introduce a source of bias in the count-
ing procedure. Therefore, in the present study, only FMNs con-
taining a clear nucleus were counted, in which the average nu-
clear diameter for each group was determined to apply the
Abercrombie correction factor and used to monitor potential
volume changes. It was found that the average nuclear diameters
of transected FMNss (P7, 12.0 = 1.1; P35, 14.0 = 1.5 in the non-
hormone-treated group) were not significantly different from
those in the contralateral control FMNs (P7, 12.8 *= 1.5; P35,
14.2 = 1.1 in the non-hormone-treated group); thus, left and
right nuclear diameters at each age and for each treatment group
were combined for formula use. Moreover, steroid hormone
treatment not did affect the combined average FMN nuclear di-
ameter when comparing the different steroid hormone treatment
groups. The combined average FMN nuclear diameters for the
different steroid hormone treatment groups in P14 animals were
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as follows: nonhormone treated, 12.4 = 1.3 wm; TP treated,
12.6 = 1.1 um; DHT treated, 12.2 £ 1.0 wm; and E, treated =
11.9 = 1.5 wm. The average FMN nuclear diameters for P35
animals were 14.2 = 1.6 wm for non-hormone-treated and
14.1 = 1.4 pm for TP-treated animals.

The neuroprotective effects of TP on FMN survival after
short-term hormone exposure are permanent

To determine whether the neuroprotective effects exerted by TP
were permanent, pups were axotomized on P7 and implanted
with low-dose TP at the time of injury. One week after axotomy,
TP implants were removed (P14), and animals survived for an
additional 93 d (100 d postaxotomy). FMN survival levels were
81 * 1.5% in males and 80 = 1.1% in females, statistically com-
parable with survival levels 7 d after axotomy on P7 and indicative
of permanent rescue.

Discussion

Over the past decade, we have established a neurotherapeutic role
for gonadal steroids in neural injury and repair (Kujawa et al.,
1989, 1991; Jones, 1993b). Adult hamster peripheral and central
motoneurons respond with enhanced regenerative properties
when steroids are exogenously administered, in supraphysiologi-
cal levels, at the time of injury (Storer et al., 2002; Storer and
Jones, 2003). After facial nerve injury in the adult hamster, both
androgens and estrogens accelerate the rate of facial nerve regen-
eration (Tanzer and Jones, 1997). More recently, the concept of
gonadal steroids as neuroprotective agents has emerged (Garcia-
Segura et al., 2001), with estrogens being the primary focus. With
regard to axotomy-induced cell death and potential rescue by
gonadal steroids, analysis of androgenic versus estrogenic effects
in one system has, heretofore, not been accomplished and is im-
portant to determine. From the results of the present study, we
have (1) identified early postnatal expression of androgen recep-
tors in hamster facial motoneurons and (2) established that both
androgens and estrogen have the capacity to rescue immature
hamster FMNs from axotomy-induced cell death, with the rescue
effects apparently permanent.

Because testosterone propionate has been shown to augment
neuronal regeneration and functional recovery, through an AR-
mediated mechanism in an adult injury paradigm, the initial fo-
cus of this study was to examine whether TP impacts neuronal
survival in a developmental injury paradigm. Because 100% of
adult hamster FMNs survive facial nerve axotomy (LaVelle and
LaVelle, 1984), this question could only be addressed in early
postnatal animals, in which a significant amount of axotomy-
induced cell death occurs. A postnatal developmental time course
of AR expression was, therefore, undertaken to identify an appro-
priate time point for axotomy. We discovered that hamster
FMNs of both sexes begin to express ARs earlier in development
that had been previously documented for mammalian motoneu-
rons. Male hamster FMNs express cytoplasmic AR immunoreac-
tivity by P2 and nuclear AR-IR by P4, with female FMN AR-IR
offset in both categories by 2 d.

In the unbound state, ARs reside in the cytoplasm and, after
ligand binding, the receptor-ligand dimer is translocated to the
nucleus to act as a transcription factor (Kumar and Thompson,
1999; Aranda and Pascual, 2001). In accordance with protocols
for AR distribution studies in brain, animals were pretreated with
TP shortly before perfusion to translocate dispersed cytoplasmic
ARsinto the nucleus, to produce a readily detectable signal (Zhou
et al., 1994; Nunez et al., 2003). Despite pretreatment with TP,
however, only cytoplasmic AR-IR was found in FMNs of both
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In the hamster, axotomy within the 10 101
first postnatal week produces substantial i v
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tential gonadal steroid rescue of FMN
from axotomy-induced cell death, because
AR was present in both sexes at this age.
The results indicated that TP is capable of
reducing axotomy-induced cell death in
both males and females and at first glance
contradicts several studies in which testosterone was not found to
be neuroprotective. For example, in the developing rat FMN in-
jury paradigm, in which the injury time point preceded AR ex-
pression in the motoneuron cell body (Yu and Cao, 1992; Tao
and Aldskogius, 1998), no neuroprotection by testosterone was
observed and can be ascribed to the lack of functional AR within
injured motoneurons. Likewise, Tao and Aldskogius (1998) ex-
amined the effects of testosterone administered intramuscularly
on avulsion-induced adult hypoglossal motoneuron cell death
and found no effect. It is hypothesized that androgen binding to
its receptor in muscle stimulates neurotrophic factor production
within the muscle, and in turn, these neurotrophic factors are
retrogradely transported to the cell body. Because avulsion injury
physically disconnects innervating motoneurons from their tar-
get muscle, the neurotrophic factors produced by testosterone in
the muscle were unable to reach the injured cell bodies to pro-
duce any appreciable neuroprotective effect. Moreover, andro-
genic rescue of motoneurons from cell death after injury have
been shown in both avian and Xenopus systems (Perez and Kelley,
1996; Gould et al., 1999), with AR implicated in the mechanism
of action. And finally, testosterone-mediated neuroprotection
was also demonstrated in a human primary neuron culture sys-
tem (Hammond et al., 2001), in which AR antagonists eliminated
neuroprotective effects.

Substantial evidence exists in the literature for estrogens as
neuroprotective agents in the brain after injury (Behl, 2002a,b;
Rau et al., 2003). Because TP can be metabolized to either estro-
gen or DHT, thereby potentially exerting either androgenic, es-
trogenic, or both types of effects on target cells, additional exper-
iments were done to examine the effects of TP metabolites on
EMN survival after axotomy on P7. Importantly, we have shown
previously that both estrogen and DHT are capable of positively
impacting on the regenerative properties of adult FMNs (Tanzer
and Jones, 1997), even in the absence of estrogen receptors (Tan-
zer et al., 1999). The results of the present study indicate that the

Figure 8.
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TP exerts a significant neuroprotective effect on axotomized developing hamster FMNs. The average percentage of FMN
survival == SEM from the right (axotomized) side at 1 and 4 weeks postoperative from male (a, ¢, respectively) and female (b, d, respec-
tively) hamsters axotomized on P7, relative to the left (contralateral control) side are shown. *Significant differences at p << 0.01.
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Figure 9.  Estrogen and the nonaromatizable form of testosterone, DHT, equally reduce the
amount of axotomy-induced cell death analogous to that of TP. Average percentage of FMN
survival = SEM from the right (axotomized) side at 1 week postoperative from male (a) and
female (b) hamsters axotomized on P7, relative to the left (contralateral control) side are
shown. *Significant differences at p < 0.01.
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Figure 10.

TP administration alone does not alter the number developing hamster FMNs.
Low-power (original magnification, 40 X) photomicrographs of thionin-stained sections con-
taining left and right facial nuclei from unoperated P35 male hamsters are shown. Normal,
Unoperated controls; TP pellet, testosterone propionate pellet implanted on P7.

neuroprotective effects of TP can be ascribed to both estrogenic
and androgenic actions, with mechanisms of action being recep-
tor mediated for androgens and receptor independent estrogens.
These data are in agreement with studies showing ovarian steroid
rescue of developing rat FMN’s from axotomy-induced cell death
(Yu, 1989; MacLusky et al., 2003).

Given that both androgens and estrogens rescue developing
FMNs from axotomy-induced cell death, several questions can be
raised. How do steroids prevent neuronal cell death from occur-
ring after injury? Are the mechanisms of action by the different
steroids on the same cell type similar or distinct? What is the role
of the specific receptors? Much of the available literature con-
cerning gonadal steroids as neuroprotective agents involves es-
trogen and its actions through both receptor-independent and
-dependent processes (Garcia-Segura et al., 2001; Behl, 2002b).
Estrogenic effects on oxidative stress, neurotrophic factor expres-
sion, heat shock proteins, intracellular signaling cascades, and
apoptosis have all been described (Azcoitia et al., 1999a,b; Dubal
etal., 1999; Zhang et al., 2001, 2004; Cordey et al., 2003; Wang et
al., 2003). Less is known about androgens as neuroprotective
agents, with most of the literature suggesting that an AR-
dependent pathway is involved in the regulation of neurotrophic
factor expression (Rasika et al., 1999; Xu et al., 2001), intracellu-
lar calcium levels (Perez and Kelley, 1997), and Bcl-2 expression
(Park et al., 2002; Zup and Forger, 2002; Zup et al., 2003). Thus,
either steroid could affect similar cellular pathways or gene ex-
pression in a given cell type, with androgens acting primarily
through steroid receptor activation, and estrogens acting via clas-
sical receptor activation as well as novel nonreceptor pathways.
Using steroid hormone autoradiography, we have not found es-
trogen receptor in adult hamster FMNs (Tanzer et al., 1999),
although transient estrogen receptor expression has been found
in the developing rat FMN (Hayashi, 1994; Orikasa et al., 1995).
These studies predate the discovery of alternative forms of the estro-
gen receptor (Kuiper et al., 1996; Mosselman et al., 1996), necessi-
tating a reexamination of ER expression in hamster FMNs.

In summary, the hamster FMN injury paradigm has proven to
be a comprehensive model in which to study the neurotherapeu-
tic actions of gonadal steroids. In the adult, the regenerative
properties of injured FMNs are significantly enhanced by both
androgenic and estrogenic steroids (Tanzer and Jones, 1997).
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Although adult hamster FMN data demonstrate that the andro-
genic effects occur via a steroid receptor-mediated mechanism
(Kujawa et al., 1995), the effects of estrogen on facial nerve regen-
eration remain to be determined. In the early postnatal animal,
both androgens and estrogens rescue a subset of FMNs from
axotomy-induced cell death. Again, the presence of ARs in im-
mature FMNs implicates the steroid receptor in mediating the
actions of androgens on FMN survival, whereas the mechanism
by which estrogen rescues immature FMNs from axotomy-
induced cell death remains to be determined. Historically, it has
not been clear whether pathways leading to neuronal survival
versus regeneration after axonal disconnection from target are
linked. However, recent studies of motoneuron diseases in the
mouse indicate that axonal defects in growth and maintenance,
such as microtubule assembly, RNA processing, and axonal trans-
port, have profound implications on motoneuron viability (Jab-
lonka et al., 2004). The work that we have accomplished to date
demonstrates that steroid regulation of neuronal injury and repair
involves ribosomal RNA processing (Kinderman and Jones, 1993;
Storer and Jones, 2003) and tubulin expression (Jones and Oblinger,
1994; Storer et al., 2002), which, together with the results of the
present study, link the pathways for survival and axonal elongation
after direct trauma. Future directions include investigation of ER-«
and ER-f expression in developing hamster FMNs using both im-
munocytochemistry and Western blot techniques and utilization of
this model system for the investigation of cellular mechanisms re-
lated to motoneuron disease.
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