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Abstract

Spinal cord injury (SCI) results in lesions that destroy tissue and disrupt spinal tracts, producing deficits in locomotor and
autonomic function. We previously demonstrated that motoneurons and the muscles they innervate show pronounced
atrophy after SCI, and these changes are prevented by treatment with testosterone. Here, we assessed whether the
testosterone active metabolites estradiol and dihydrotestosterone have similar protective effects after SCI. Young adult
female rats received either sham or T9 spinal cord contusion injuries and were treated with estradiol, dihydrotestosterone,
both, or nothing via Silastic capsules. Basso-Beattie-Bresnahan locomotor testing was performed weekly and voiding
behavior was assessed at 3 weeks post-injury. Four weeks after SCI, lesion volume and tissue sparing, quadriceps muscle
fiber cross-sectional area, and motoneuron dendritic morphology were assessed. Spontaneous locomotor behavior im-
proved after SCI, but hormone treatments had no effect. Voiding behavior was disrupted after SCI, but was significantly
improved by treatment with either estradiol or dihydrotestosterone; combined treatment was maximally effective.
Treatment with estradiol reduced lesion volume, but dihydrotestosterone alone and estradiol combined with dihy-
drotestosterone were ineffective. SCI-induced decreases in motoneuron dendritic length were attenuated by all hormone
treatments. SCI-induced reductions in muscle fiber cross-sectional areas were prevented by treatment with either dihy-
drotestosterone or estradiol combined with dihydrotestosterone, but estradiol treatment was ineffective. These findings
suggest that deficits in micturition and regressive changes in motoneuron and muscle morphology seen after SCI are
ameliorated by treatment with estradiol or dihydrotestosterone, further supporting a role for steroid hormones as neu-
rotherapeutic agents in the injured nervous system.
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Introduction

SPINAL CORD INJURY (SCI) experienced by humans is a devas-
tating medical problem with high mortality and long-term
morbidity. According to the National SCI Statistical Center, it is
estimated that the annual incidence of SCI is 17,500 new cases.’
The number of SCI patients in the United States who were alive in
2017 is between 245,000 and 353,000, with an estimated lifetime
cost of $1.6-$4.8 million each.

The pathophysiology of SCI involves both immediate and sec-
ondary effects. After the initial mechanical deformation, a pro-
tracted period of progressive damage occurs, causing spreading of
the lesion and further segmental destruction.” A variety of mech-
anisms contribute to this progressive secondary injury, including
excitotoxicity,” free radical generation,* protease activation,” and
inflammation,*® resulting in the death of motoneurons, interneu-
rons, and glial cells in the spinal cord.>”° Similarly, damage to

spinal nerves resulting in laceration and avulsion of spinal roots
(e.g., cauda equina injury with high impact motor vehicle acci-
dents)'® can lead to the death of motoneurons and pre-ganglionic
autonomic neurons in the spinal cord, resulting in autonomic and
motor dysfunction.'!

Death is not the only outcome for injured spinal moto-
neurons, and importantly, remaining motoneurons after such in-
sults show a variety of morphological and functional changes. For
example, denervation of motoneurons can result in dendritic reor-
ganization'? or atrophy.'>'* Similarly, after peripheral axotomy,
motoneurons show functional and biochemical changes,'>'® as
well as dendritic atrophy.'”"'® We have previously shown that
following SCI, surviving motoneurons innervating the quadriceps
muscles had extensive reductions in dendritic lengths.>*>' The
muscles innervated by these motoneurons were similarly atro-
phic, with reductions in weight and muscle fiber cross-sectional
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The SCl-induced atrophy of motoneuron dendrites and of the
muscles these motoneurons innervate can be prevented by treat-
ment with testosterone,? effects consistent with the wide array of
protective and therapeutic effects of testosterone.*? For example,
testosterone is neuroprotective from oxidative stress,?* and protects
against cell death.>* Testosterone accelerates both axon regenera-
tion and functional recovery following axotomy.*’> Testosterone
treatment attenuates synaptic stripping seen after motoneuron in-
jury, preserving central input to the motoneurons.’® Similarly,
neuronal death induces dendritic atrophy and a concomitant deficit
in excitability in spinal motoneurons, and treatment with testos-
terone attenuates these regressive changes in morphology and
function.”’ 2 Treatment with testosterone improves motor func-
tion in SCI patients. Patients treated with testosterone had higher
American Spinal Injury Association Impairment Scale discharge
motor scores, a result ascribed to either improved strength through
the anabolic effects of testosterone on skeletal muscle or its neu-
roprotective/neuroregenerative effects.>

The neuroprotective/neurotherapeutic effects of testosterone
treatment may not necessarily be through the actions of testosterone
per se, as testosterone is readily converted into its two primary
metabolites, dihydrotestosterone via the enzyme So-reductase or
estradiol by the enzyme aromatase. Both of these testosterone
metabolites have been shown to have neuroprotective/neurother-
apeutic effects after motoneuron injury.>*=>’ For injury after SCI
specifically, treatment with estradiol previously has been reported
to improve motor function, reduce inflammation, reduce apoptotic
cell death, reduce lesion size, increase white matter sparing, and
promote earlier cytokine release and astroglial response.® 52

Given the protective effects of testosterone we have previously
observed, in this experiment we assessed if the active metabolites
of testosterone, estradiol and dihydrotestosterone, have similar
protective/therapeutic effects on the sequelae of SCI.

Methods

Young adult female rats (Sprague-Dawley; Harlan) approxi-
mately 12 weeks old were maintained on a 12:12 light/dark cycle
with food and water freely available. All surgical interventions and
post-operative animal care were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (National Re-
search Council) and were approved by the Indiana University In-
stitutional Animal Care and Use Committee.

Spinal cord contusion and hormone treatment

Rats were anesthetized by injection of ketamine (61.5 mg/kg)/
xylazine (8.6 mg/kg), intraperitoneally. A T9 laminectomy was
performed to expose the underlying thoracic spinal cord seg-
ment(s), and animals received a severe (a 10 g weight dropped from
a height of 25 mm) contusion injury using an NYU impactor. Spinal
cord injury at the T9 vertebra (T10-11 spinal cord) was intended to
preserve central pattern generators at L1-2 required for locomotor
function and the relevant motoneurons for our analysis. The muscle
and skin were then closed in layers using 5-0 suture and stainless
steel wound clips, respectively. Post-operative care followed pre-
vious protocols.*>**

Immediately following contusion injury, rats were implanted
with subcutaneous Silastic capsules (3.18mm O.D., 1.57 mm
LD.)* that were either empty (““SCI”) or filled with hormones.
One group of injured rats were implanted with dihydrotestosterone
(50-androstan-17f -ol-3-one; Steraloids, Newport, RI; 30 mm;
“SCI+D”’). Such implants produce plasma titers of dihydro-
testosterone in the normal physiological range, and have previously
been demonstrated to reduce motoneuron atrophy induced by the
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death of neighboring motoneurons.>*** Alternatively, some injured
rats were implanted with estradiol [1,3,5(10)-estratrien-3, 17 -diol;
Steraloids; 10% in cholesterol; 10 mm; *““SCI+E”’]. Such implants
generate serum levels of estradiol similar to the average peak es-
tradiol levels in intact cycling females in the proestrous phase,*%*’
completely prevent the effect of ovariectomy on uterine weight,*®
and reduce motoneuron atrophy induced by the death of neigh-
boring motoneurons.** Another group of injured rats was implanted
with both dihydrotestosterone and estradiol capsules (“SCI+E+D”’).
The implant design and use followed those of Smith and col-
leagues,*’ who demonstrated empirically that desired plasma levels
of hormone are established within 1 h of implantation, and remain
constant through durations of treatment similar to that used in this
study (4 weeks; see below). An additional group of age-matched,
sham-injured females served as normal controls. Because some of
the animals in the study (overall n=47) were not included in all
analyses due to technical or histological failure, group sizes for
each analysis are reported individually below.

Locomotor behavior

The Basso-Beattie-Bresnahan (BBB) locomotor rating scale®
was used to assess hindlimb locomotor recovery. BBB testing was
performed weekly up to 4 weeks after SCI according to our stan-
dard protocol.50 Briefly, animals (SCI, n=5; SCI+E, n="7; SCI+D,
n=_38; SCI+E+D, n=6) were allowed to freely roam in an open field
(diameter: 42 inches) and observed for 4 min by two trained ob-
servers lacking knowledge of the experimental groups. The scores
were assigned on a scale of 0-21, which is based on movements
including joint movement, hindlimb movements, stepping, fore-
limb and hindlimb coordination, trunk position and stability, paw
placement, and tail position.

Metabolic cage test

At 3 weeks after SCI, measurement of micturition patterns was
performed using metabolic cages according to methods described
previously.’! Briefly, animals (SCI, n=>5; SCI+E, n=7; SCI4+D,
n=7; SCIH+E+D, n=35; an additional group of normal animals
served as naive controls, n=8) were placed in a metabolic cage
(Braintree Scientific, Braintree, MA) for measurement of voiding
patterns. The voided urine was collected by a computerized system
to record micturition volume and frequency. Animals were kept in
this cage for 16 h with ample water and food during the period of
urine collection and measurement. The micturition pattern analysis
included void frequency (voids/h) and void volume (mL/void). The
total volume of expelled urine was not included because of varia-
tions in water intake between individual animals.

Histological and histochemical processing

Four weeks after injury, a length of time sufficient to observe
SCl-induced effects on motoneuron morphology,”®?' animals were
re-anesthetized, and the left vastus lateralis muscle of the quadri-
ceps was exposed and injected with horseradish peroxidase con-
jugated to the cholera toxin B subunit (BHRP; 2 ul., 0.2%; List
Biological, Inc.). BHRP labeling permits population-level quanti-
tative analysis of motoneuron somal and dendritic morpholo-
gies.”>> Forty-eight hours after BHRP injection, a period that
ensures optimal labeling of motoneurons,”>>* animals were weighed,
re-anesthetized, and were then perfused intracardially with saline
followed by cold fixative (1% paraformaldehyde/1.25% glutaral-
dehyde).

Lesion reconstruction

To assess potential effects on lesion volume and tissue sparing,
spinal cords were carefully dissected to preserve the surrounding
dura mater, and 15 mm thoracic spinal cord segments including the
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lesion epicenter were removed, post-fixed overnight in the same
fixative as used for perfusion, and transferred to sucrose phosphate
buffer (30% w/v, pH 7.4). Thoracic segments were then embedded
in gelatin, frozen, and sectioned transversely at 40 um; alternate
sections were collected into two series, and mounted on gelatin-
coated slides. One series was stained for myelin using Luxol fast
blue and the other series was stained with cresyl violet and eosin
for assessing lesion and spared tissue volume as described previ-
ously.?® The cross-sectional areas of lesion or spared white and
gray matter for each animal (SCI, n=11; SCI+E, n=7; SCI+D,
n=38; SCI+E+D, n=6) were measured in sections located 400 um
apart and spanning the entire rostrocaudal extent of the lesion us-
ing a video-based morphometry system (Stereo Investigator; MBF
Bioscience, Williston, VT) at a final magnification of 202x. An
unbiased estimation of the percentage of spared tissue was calcu-
lated using the Cavalieri method.>* The total volume of spared
white and gray matter was calculated by summing their individ-
ual subvolumes.” Individual subvolumes of spared tissue were
calculated by multiplying the cross-sectional area A Xd, where d
represents the distance between sections (400 um). Septae or fi-
brous bands of tissue observed within and/or spanning areas of
cystic cavitation were not considered to represent spared tissue.
The percent total volume of spared white and gray matter was
calculated by dividing the total volume of spared white and gray
matter by the total tissue volume of the corresponding region
(x 100), respectively. Estimation of total and percent total lesion
volume (which included areas of cavitation and fibrosis) was de-
termined using identical procedures.

Motoneuron number and morphology

The vastus lateralis muscle is innervated by motoneurons lo-
cated in column 3 of the lateral motor column in the L2 spinal
segment.’*~>® Following perfusion, the lumbar portion of the spinal
cord of each animal (sham, n="7; SCI, n=11; SCI+E, n=6; SCI+D,
n=6; SCI+E+D, n=6) was removed, post-fixed 5h in the same
fixative as used for perfusion, then transferred to sucrose phosphate
buffer (10% w/v, pH 7.4) overnight for cryoprotection. Spinal cords
were then embedded in gelatin, frozen, and sectioned transversely
at 40 um; all sections were collected into four alternate series. One
series was stained with thionin for use in cell counts. For visuali-
zation of BHRP, the three remaining series were immediately re-
acted using a modified tetramethyl benzidine protocol,>® mounted
on gelatin-coated slides, and counterstained with thionin.

Motoneuron counts

To assess potential effects on motoneuron loss after SCI, counts
of motoneurons in the quadriceps motor pool were performed.
Motoneurons innervating the quadriceps muscles do not form a
discrete nucleus, but instead are contained within the large con-
tinuous populations of motoneurons located within the lateral
motor column. Thus, to identify the appropriate area within the
lateral motor column for motoneuron counts in the unreacted series,
we used a method similar to that of Byers and colleagues.?® Briefly,
for each animal, the range of sections in which motoneurons la-
beled with BHRP after injection into the vastus lateralis muscle
were present in the reacted series was identified, then motoneuron
counts were performed in the appropriate matching sections in the
unreacted series. For each animal, estimates of the total number of
motoneurons in the left and right lateral motor columns were ob-
tained using the optical dissector method as previously described.!
Counts were made at 937.5 X under brightfield illumination. Mo-
toneurons are easily recognizable as large, darkly staining, multipolar
cells. A counting frame (110 umx 80 pm) was moved systemati-
cally throughout an area of each ventral horn (approximately
500 um x 500 um, defined by the actual distribution of BHRP-
labeled somata from all of the animals used in the study) in each
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section within the identified range. Only motoneurons in which
there was a clear nucleus and nucleolus were counted, provided
they did not contact the forbidden lines of the counting frame;
motoneuron nucleoli were counted as they appeared while focusing
through the z axis, and nucleoli in the first focal plane (i.e., “‘tops’’)
were excluded to avoid double counting. The length of the dissector
was approximately 16 um, which was adequate for visualizing
nucleoli in multiple focal planes. Motoneuron counts were derived
from a mean of 7.8 sections spaced 480 um apart and distributed
uniformly through the entire rostrocaudal extent of the quadriceps
motoneuron pool range. This sampling scheme produced an overall
average estimated coefficient of error of 0.09. Cell counts for each
animal were corrected for the proportion of sections sampled.
Using similar methods, the number of BHRP-labeled moto-
neurons was assessed in all sections of the reacted series through
the entire rostrocaudal extent of their distribution for all ani-
mals. Counts of labeled quadriceps motoneurons were made under
brightfield illumination, where somata could be visualized and
cytoplasmic inclusion of BHRP reaction product confirmed.

Soma area

To assess potential atrophic changes in motoneurons after SCI,
soma areas were measured. The area of quadriceps motoneuron
somata was assessed in at least one set of alternate sections (160 um
apart) using the Nucleator method.®® A set of four rays emanating
from a point randomly chosen within each BHRP-labeled moto-
neuron soma was drawn and oriented randomly. Soma areas of an
average of 22.4 motoneurons were measured for each animal using
Stereo Investigator at a final magnification of 780 x. The overall
average estimated coefficient of error was 0.02. Soma areas within
each animal were then averaged for statistical analysis.

Dendritic length

To assess potential atrophic changes in motoneurons after SCI,
dendritic lengths and distributions were measured. For each animal,
dendritic lengths in a single representative set of alternate sections
were measured under darkfield illumination. Beginning with the
first section in which BHRP-labeled fibers were present, labeling
through the entire rostrocaudal extent of the quadriceps motoneu-
ron dendritic field was assessed in every third section (480 um
apart) in three dimensions using a computer-based morphometry
system (Neurolucida; MBF Bioscience, Williston, VT) at a final
magnification of 250X . No attempt was made to identify BHRP-
labeled fibers as either dendrites or axons. Average dendritic length
per labeled motoneuron was estimated by summing the measured
dendritic lengths of the series of sections, multiplying by three to
correct for sampling, then dividing by the total number of labeled
motoneurons in that series. This method does not attempt to assess
the actual total dendritic length of labeled motoneurons,®’ but has
been shown to be a sensitive and reliable indicator of changes in
dendritic morphology in normal development,*°*% after changes
in dendritic interactions®” and afferent input,lz’ﬁ“’65 and after in-

jury®*~*? including SCL.>%!

Dendritic distribution

To assess potential redistributions of dendrites across treatment
groups, for each animal the composite dendritic arbor created in the
length analysis was divided using a set of axes oriented radially
around the center of the collective labeled somata. These axes di-
vided the spinal cord into 12 bins of 30° each. The portion of each
animal’s dendritic arbor per labeled motoneuron contained within
each location was then determined. This method provides a sen-
sitive measure of dendritic redistribution in response to changes in
dendritic interactions,®” afferent input,'>®* and SCI.>°
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Dendritic extent

The comparability of BHRP labeling across groups was assessed
by quantifying both the rostrocaudal and the radial extent of
quadriceps motoneuron dendritic arbors. The rostrocaudal extent of
the dendritic arbor was determined by recording the rostrocaudal
distance spanned by quadriceps motoneuron dendrites for each
animal. The maximal radial extent of the arbor in the transverse
plane also was measured for each animal, using the same radial
axes and resultant 30° bins used for the dendritic distribution
analysis. For each bin, the linear distance between the center of the
quadriceps motor pool and the most distal BHRP-filled process was
measured. Radial dendritic extent is independent of overall den-
dritic length and reflects the maximal linear distance (in the
transverse plane) of BHRP transport to the most distal dendritic
processes.

Muscle fiber morphology

To assess potential atrophic changes in muscle after SCI, the
target musculature of the quadriceps motoneurons also was ex-
amined (sham, n=7; SCI, n=11; SCI+E, n=7; SCI+D, n=8;
SCI+E+D, n=06). The right vastus lateralis muscles were removed
immediately after perfusion, weighed, post-fixed overnight in the
same fixative as used for perfusion, and then transferred to sucrose
phosphate buffer (10% w/v, pH 7.4). Muscles were then rinsed in
distilled water and flash-frozen in 2-methylbutane. Segments from
the middle of the body of the muscle were then sectioned (45 um)
on a cryostat at —20°C transversely for examination of muscle fiber
cross-sectional area and thaw-mounted onto glass slides. Muscle fi-
ber cross-sectional area, a correlate of muscle strength, was assessed
after staining with Milligan’s trichrome stain. Cross-sectional mus-
cle fiber areas were measured under brightfield illumination using
Stereo Investigator at a final magnification of 510 x. Muscle fiber
cross-sectional areas were derived from five sections spaced
450 um apart and distributed uniformly through the muscle seg-
ment. A counting frame (200 um X 200 pm) was placed randomly
over each section and the cross-sectional area of muscle fibers
falling within the area of interest was measured using the Nucleator
method.®® To obtain accurate measures of muscle fiber cross-
sectional area, only en face profiles were traced. An average of 41.4
muscle fibers was measured for each animal. This sampling scheme
produced an overall average estimated coefficient of error of 0.01.
Fiber areas within each animal were then averaged for statistical
analysis.

All data were analyzed by analyses of variance (ANOV As; one-
way or repeated measures as appropriate) followed by post hoc
analyses using Fisher’s least significant difference (LSD). Digital
light micrographs were obtained using an MDS 290 digital camera
system (Eastman Kodak Company, Rochester, NY). Brightness and
contrast of these images were adjusted in Adobe Photoshop (Adobe
Systems, San Jose, CA).

Results
Locomotor behavior

SCI reduced locomotor performance as measured by the BBB
rating scale (Fig. 1). At 1 week post-injury, rats in the untreated SCI
group showed occasional weight-supported plantar steps, but no
forelimb-hindlimb coordination. The BBB scores improved over
the 4 post-injury weeks [F(3,66)=62.30, p<0.0001; Fig. 1]. BBB
scores plateaued at 3 weeks post-injury with rats regaining some
function, typically showing consistent weight-supported plantar
steps and forelimb-hindlimb coordination. Treatment with estradiol
or dihydrotestosterone, either alone or in combination, had no ef-
fect on BBB score over the post-injury period, compared with the
SClI-only group [group X treatment F(9,66)=1.38, nonsignificant
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(ns)], and BBB scores did not differ across groups at 4 weeks post
injury [F(3,22)=0.28, ns].

Micturition behavior

Differences in void frequency were present across groups
[F(4,27)=16.08, p<0.0001; Fig. 2A]. Void frequency in the un-
treated SCI group (0.51+0.02 voids/h, mean * standard error of the
mean) was significantly reduced (53%), compared with that of
normal animals (1.08 £0.05 voids/h; LSD, p<0.0001). Void fre-
quency also was reduced in SCI animals treated with estradiol
(30%, 0.76 £0.07 voids/h) or dihydrotestosterone (22%, 0.84
0.05 voids/h; LSDs, p<0.01), compared with that of normal an-
imals, but not to the degree seen in untreated SCI animals.
Compared with untreated SCI animals, void frequency in animals
treated with either estradiol or dihydrotestosterone after SCI was
increased by 50% and 65%, respectively (LSD; p<0.005).
Treatment with estradiol combined with dihydrotestosterone after
SCI further increased void frequency by 107% (1.06£0.07 voids/h)
compared with untreated SCI animals (LSD, p <0.0001), and was
significantly greater than the void frequency seen in animals treated
with either hormone alone (an average of 32%; LSDs, p<0.02).
Void frequency in animals treated with estradiol combined with
dihydrotestosterone after SCI did not differ from that of normal
animals (LSD, ns).

Similarly, differences in void volume were present across groups
[F(4,27)=23.59, p<0.0001; Fig. 2B]. Average void volume in the
untreated SCI group (3.16+0.36 mL/void) was significantly in-
creased (338%), compared with that of normal animals (0.72%
0.03 mL/void; LSD, p <0.0001). Void volume also was increased
in SCI animals treated with estradiol (239%, 2.45+0.19 mL/
void) or dihydrotestosterone (179%, 2.02+0.22 mL/void),
compared with that of normal animals (LSDs, p <0.0001), but
not to the degree seen in untreated SCI animals. Compared with
those of untreated SCI animals, void volumes in SCI animals
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FIG. 1. Spinal cord injury (SCI) reduced locomotor perfor-

mance in all groups, with improvement plateauing at 3 weeks
post-injury. Treatment with hormones had no effect on locomotor
performance. SCI, n=5; SCl+estradiol (SCI+E), n=7; SCI+di-
hydrotestosterone (SCI+DHT), n=38; SCI+ estradiol and dihy-
drotestosterone (SCI+E+DHT), n=6. The dashed line represents a
perfect Basso-Beattie-Bresnahan (BBB) score of 21.
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treated with either estradiol or dihydrotestosterone were de- p<0.0001), and was lower than the void volume seen in animals
creased by 23% and 36% respectively (LSDs, p<0.015). treated with either hormone alone (an average of 33%; estra-
Treatment with estradiol combined with dihydrotestosterone diol combined with dihydrotestosterone vs. estradiol; LSD,
after SCI further decreased void volume by 53% (1.49%+ p<0.003; estradiol combined with dihydrotestosterone vs. di-
0.10mL/void), compared with untreated SCI animals (LSD, hydrotestosterone; LSD, marginal p <0.075). Void volume in
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FIG. 2. (A) Following spinal cord injury (SCI), void frequency decreased in untreated animals. Treatment with either estradiol
(SCI4E) or dihydrotestosterone (SCI+D) improved voiding frequency; treatment with both hormones (SCI+E+D) improved voiding
frequency to normal levels. (B) Following SCI, untreated animals had the highest volume per void. Treatment with either estradiol or
dihydrotestosterone reduced void volume with the greatest decrease in animals treated with both hormones. Bar heights represent
means # standard error of the mean. *indicates significantly different from normal; "indicates significantly different from untreated SCI;
# indicates significantly different from SCI+E and SCI+D; "findicates significantly different from SCI+E. Normal (naive), n=8; SCI,
n=5; SCI+E, n=7; SCI+DHT, n=7; SCI+E+DHT, n=5. (C) Representative smoothed metabolic cage traces illustrating micturition
patterns. Normal (naive) animals typically have short latencies and small void volumes. Three weeks post-injury, untreated SCI animals
have long latencies and high void volumes resulting in a step-like pattern. Animals that received either estradiol (SCI+E) or dihy-
drotestosterone (SCI+D) have a smoother pattern; treatment with both hormones (SCI+E+D) resulted in a micturition pattern that
closely approximated the normal pattern.
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animals treated with estradiol combined with dihydrotestoster-
one after SCI was significantly increased, compared with that of
normal animals (106%; LSD, p<0.01).

The changes in void frequency and volume resulted in altered
micturition patterns. Normal (naive) animals typically have short
latencies between voids and small void volumes, resulting in a
linear cumulative pattern (Fig. 2C). Three weeks after SCI, the
micturition pattern in untreated animals showed long latencies
between voids and concomitant increases in void volumes, com-
pared with those of normal animals, resulting in a pronounced step-
like pattern. The changes in void frequency and void volume in SCI
animals treated with either estradiol or dihydrotestosterone de-
scribed above resulted in smoother cumulative micturition patterns;
treatment with estradiol combined with dihydrotestosterone re-
sulted in micturition patterns that closely approximated the nor-
mal pattern.
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Lesion volume and white matter sparing

Contusive SCI resulted in large, centrally-located cystic cavities,
with thin rims of spared tissue surrounding the cavity (Fig. 3A, 3B).
In SCI groups, faint staining with Luxol fast blue indicated that
contusion injury resulted in areas of demyelination immediately
surrounding the lesion cavity. ANOVA revealed a significant main
effect of group on lesion volume [F(3,28) =2.97, p <0.05; Fig. 3C].
Lesion volumes in estradiol-treated animals (4.35+0.47 mm?)
were significantly smaller than those of all other groups (LSDs,
p<0.05). Lesion volumes in blank-implanted animals (6.30+
0.44 mm?) did not differ from those of dihydrotestosterone (6.02 +
0.63 mm?) or estradiol combined with dihydrotestosterone-treated
animals (6.050.39 mm?>; LSDs, 75). Importantly, despite the large
size of the lesions, they did not extend into the L2 level, and thus did
not compromise the quadriceps motoneuron populations directly.

LESION VOLUME (cu mm)
F -9

SCl SCI+E

SCI+D SCIHE+D

FIG. 3. Histological and stereological analysis of spinal cord spared tissue and lesion volume after contusive spinal cord injury (SCI)
with or without hormone treatment. (A) Representative sections through the lesion epicenter of an untreated animal (SCI) and an
estradiol-treated animal (SCI+E) stained with cresyl violet and eosin, showing large centrally located cystic cavities with rims of spared
tissue surrounding the cavity. Scale bar=500 um. (B) Stereo Investigator drawings from the same sections showing the lesion area
(including regions of cavitation and fibrosis), residual white matter (WM), and spared gray matter (GM). (C) Lesion volume was
reduced in SCI animals treated with estradiol. Bar heights represent means * standard error of the mean. *indicates significantly different
from untreated SCI; SCI, n=11; SCI+estradiol (SCI+E), n="7; SCIl+dihydrotestosterone (SCI+DHT), n=8; SCI+ estradiol and dihy-

drotestosterone (SCI+E+DHT), n=6.
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To correct for changes in spinal cord contour that were associ-
ated with cavitation after spinal cord contusion, the percent lesion
volume and spared tissue were also determined (Fig. 4). Estradiol-
treated SCI animals had smaller percent lesion volumes (12.42+
1.54%) and concomitantly larger percentages of spared tissue
(87.58£1.53%), compared with those of untreated SCI animals
[17.18+1.22% and 82.82+1.22% respectively; Fs(1,16) > 5.92,
ps<0.03]. In contrast, compared with untreated SCI animals, no
differences in percent lesion volumes or percentages of spared tissue
were present in dihydrotestosterone- [16.94+2.74% and 83.06
2.74% respectively; Fs(1,17) < 0.01, ns] or estradiol-combined-
with-dihydrotestosterone—treated animals [17.71+£2.04% and 82.29 +
2.04% respectively; Fs(1,15) < 0.06, ns].

Motoneuron counts

In sham animals, the number of motoneurons within the iden-
tified quadriceps range averaged 1913.14 (£ 290.83). Contusive
SCI with or without hormone treatment had no effect on the number
of quadriceps motoneurons [SCI, 2434.91 £219.71; SCl+estradiol,
1900.00 £ 130.49; SCI+dihydrotestosterone, 1848.00 + 325.14; SCI+
estradiol and dihydrotestosterone, 1772.00+348.48; F(4,31)=
1.24, ns].

Motoneuron morphometry

Injection of BHRP into the left vastus lateralis successfully la-
beled ipsilateral quadriceps motoneurons in all groups (Fig. 5).
Labeled motoneurons were located in the lateral motor column in
the L2 spinal segment.®">® Dendritic arbors were strictly unilat-
eral, with extensive ramification along the ventrolateral edges of
the gray matter and in the lateral funiculus, as well as throughout
the ventral horn. An average of 38.04 £4.88 motoneurons per
animal were labeled with BHRP, and did not differ by group
[F(4,31)=0.57, ns].
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Soma area

In sham animals, quadriceps motoneuron somata were typical
in size (1131.59+121.23 ,umz), and did not differ from those of
SCI (976.67+54.70 um?), SCl+estradiol (996.89£26.47 um?),
SCl+dihydrotestosterone (1094.00+£46.31 ,umz), or SCl+estradiol
and dihydrotestosterone animals [1072.96%105.57 ,urnz; F@4,31)=
0.78, ns].

Dendritic length

Following contusion injury, quadriceps motoneurons under-
went marked dendritic atrophy (Fig. 6). Dendritic length decreased
by 51% (4033.97£639.19 um in SCI animals, compared with
8199.59+1053.87 um for sham animals; LSD, p<0.001; overall
test for the effect of group on arbor per cell F(4,31)=4.12, p<0.01].
Treatment with hormones attenuated SCI-induced dendritic atro-
phy, and dendritic lengths in hormone-treated SCI groups did not
differ from those of sham animals (LSDs, ns). Dendritic lengths in
hormone-treated SCI groups were longer than those of untreated
SCI animals (SCl+estradiol, 6337.89+729.18 um, 57% longer;
SCl+dihydrotestosterone, 6696.20+939.62 um, 66% longer; SCI+
estradiol and dihydrotestosterone, 6531.30+801.19 um, 62% lon-
ger; LSDs, p<.05).

The distribution of dendrites was nonuniform across radial bins,
and a repeated-measures ANOVA revealed a significant effect of
radial location on dendritic length [F(11,341)=18.50, p<0.0001;
Fig. 7B]. Consistent with the results of the arbor per cell analysis,
there was also a significant effect of group [F(4,341)=4.08,
p<0.01]. Reductions in dendritic length occurred throughout the
radial distribution in SCI animals, compared with sham animals
(an average of 46%, 0° to 300°), and were especially pronounced
ventromedially (60%; 300° to 360°), resulting in a significant
group X location interaction [F(1,176)=2.89, p <0.002]. Treatment
with hormones attenuated SCl-induced reductions in dendritic
length per bin, and there were no group differences [F(3,231)=
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FIG. 4. Percent total volumes of lesion and spared white and gray matters across groups. Bar heights represent means + standard error
of the mean. Spinal cord injury (SCI; white bars), n=11; SCl+estradiol (SCI+E, light gray bars), n=7; SCIl+dihydrotestosterone
(SCI+DHT, medium gray bars), n=_38; SCI+ estradiol and dihydrotestosterone (SCI+E+DHT, dark gray bars), n=6.



sham

FIG. 5. Darkfield digital micrographs and matching computer-generated composites of transverse hemisections through the lumbar
spinal cords of a sham animal (A, F), an injured animal given a blank implant (spinal cord injury [SCI]; B, G), an estradiol-treated
injured animal (SCI+E; C, H), a dihydrotestosterone-treated injured animal (SCI+D; D, I), and an injured animal treated with both
hormones (SCI+E+D; E, J), after BHRP injection into the left vastus lateralis muscle. Computer-generated composites of BHRP-labeled
somata and processes were drawn at 480 um intervals through the entire rostrocaudal extent of the quadriceps motor pool; these
composites were selected because they are representative of their respective group average dendritic lengths. Scale bar =500 um.
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FIG. 6. Dendritic lengths of quadriceps motoneurons of sham
animals (n=7) and injured animals that were either untreated
(spinal cord injury [SCI]), n=11, or treated with estradiol
(SCI4+E), n=6; SCl+dihydrotestosterone (SCI+DHT), n=6; or
estradiol and dihydrotestosterone combined (SCI+E+DHT), n=6.
Following contusion injury, surviving quadriceps motoneurons
lost over 50% of their dendritic length. Treatment with hormones
attenuated this dendritic atrophy. Bar heights represent means+
standard error of the mean. *indicates significantly different from
sham animals, Tindicates significantly different from untreated SCI.

1.27, ns] and no group X location interaction [F(33,231)=0.61, ns]
between hormone-treated SCI animals and sham animals. The
pronounced reduction in dendritic length seen ventromedially in
untreated SCI animals was particularly attenuated in hormone-
treated SCI groups, with dendritic lengths from 300° to 360° being
longer than those of untreated SCI animals by an average of almost
80% [Fs(1,15) > 5.45, ps<0.04].

Dendritic extent

Consistent with the nonuniform dendritic distribution of quadri-
ceps motoneurons apparent in Figure 5, radial dendritic extent dif-
fered across bins (Fig. 7C), and repeated-measures ANOVA revealed
a significant effect of location [F(11,341)=41.35, p<0.0001].
However, radial dendritic extent did not differ across groups
[F(4,341)=0.16, ns; Fig. 7C]. Rostrocaudal dendritic extent also
did not differ across groups [F(4,31)=1.55, ns], spanning
4480.00£447.13 pum in sham animals, 4305.45 £434.42 ym in SCI
animals, 3653.33 £ 86.82 um in SCl+estradiol animals, 3386.67 =
358.76 um in SCl+dihydrotestosterone animals, and 3226.67
606.34 um in SCl+estradiol and dihydrotestosterone animals.

Muscle fiber size

Overall body weight was not affected: animals weighed an av-
erage of 259.36+4.6 g at the perfusion, and this did not differ
between groups [F(4,34)=3.47, ns]. This lack of difference is
important, as body weight can influence muscle fiber cross-
sectional area. Muscle fiber size was affected by contusion injury
(Fig. 8). Cross-sectional area of vastus lateralis muscle fibers de-
creased by 25% [974.03+67.18 um? in SCI animals, compared
with 1295.12+47.51 ym? for sham animals, LSD, p <0.03; overall
test for the effect of group on muscle fiber area F(4,34)=4.22,
p<0.007]. Similarly, muscle fiber area was decreased in SCI+
estradiol animals by 26% [958.10£89.33 pum?, LSD p<0.04).
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However, treatment with dihydrotestosterone, either alone or in
combination with estradiol, attenuated SCI-induced muscle fi-
ber atrophy. Cross-sectional area of vastus lateralis muscle fibers
in SCI+dihydrotestosterone animals (1441.01 +178.24 um?) were
47.9% larger than those of SCI animals (LSD p<0.002), and did
not differ from those of sham animals (LSD, ns). Similarly, cross-
sectional area of vastus lateralis muscle fibers in SCl+estradiol and
dihydrotestosterone animals (1178.53£74.59 umz) were 21.0%
larger than those of SCI animals, but this difference did not reach
statistical significance; muscle fiber area in SCl+estradiol and di-
hydrotestosterone animals did not differ from those of sham ani-
mals (LSD, ns).

Discussion

Testosterone treatment protects motoneurons and the muscles
they innervate from SCl-induced atrophy.?° In this experiment, we
assessed if the active metabolites of testosterone, estradiol and
dihydrotestosterone, have similar protective/therapeutic effects on
the sequelae of SCI. We found that treatment with estradiol and
dihydrotestosterone, alone or in combination, had differential ef-
fects in ameliorating SCl-induced deficits. In some cases, both
metabolites were protective after SCI, for example, reversing def-
icits in voiding behavior as well as attenuating motoneuron den-
dritic atrophy. In contrast, only estradiol was effective in reducing
lesion volume, but only dihydrotestosterone attenuated muscle fi-
ber atrophy. These diverse effects may provide new targets for
therapeutic interventions aimed at enhancing recovery of function
after SCL.

Locomotor behavior

Due to a naturally recovering reflex in rats, spinal cord injured
rats regain some ability to walk within the weeks following injury.
For this reason, BBB scores typically improve for the first few
weeks after SCI, plateauing at a score that indicates the extent of
permanent damage. In the present study, BBB scores improved
post-injury, with rats regaining some function, typically showing
consistent weight-supported hindpaw plantar steps and forelimb-
hindlimb coordination. Treatment with estradiol, dihydrotesto-
sterone, or both hormones combined had no effect on locomotor
performance. Several previous studies have reported improved
locomotor performance after SCI in animals treated with estradi-
01.8:38:41,42,06-68 However, others have failed to find such effects,®
or when using low doses of estradiol.>***? The lack of effect on
BBB scores in estradiol-treated animals in our study could be the
result of the low dosage of estradiol we delivered, which was de-
signed to be in the normal physiological range. Other differences in
factors such as timing (pre- vs. post-treated) or route of hormone
treatment (single injection vs. continuous infusion by pellets, os-
motic pumps, or Silastic implants), type of injury (contusion vs.
crush injury), sex, or animal substrains across studies also could be
contributing to the inconsistencies seen with estradiol treatment.”®

Micturition behavior

The storage and elimination of urine requires the spinal cord to
integrate information from the brain, bladder, and urethra.”'™73 The
micturition reflex is mediated by a bulbospinal pathway passing
through the pontine micturition center (Barrington’s nucleus) in the
rostral brainstem.”* SCI disrupts connections between the bladder
and brainstem areas involved in micturition, leading to reduced
void frequency and an accompanying increase in void volume.” In
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FIG.7. (A) Drawing of spinal gray matter divided into radial sectors for measure of quadriceps motoneuron dendritic distribution and
maximal radial extent. (B) Quadriceps motoneuron dendritic arbors display a non-uniform distribution, with the majority of the arbor
located between 300° and 120°. Following contusion injury, surviving quadriceps motoneurons in untreated animals (spinal cord injury
[SCI]) had reduced dendritic lengths throughout the radial distribution, especially ventromedially (60%, 300° to 360°). Treatment with
hormones attenuated these reductions. *indicates significantly different from sham animals, 'indicates significantly different from
untreated SCI. (C) Following contusion injury, dendritic extent measures of surviving quadriceps motoneurons did not differ across
groups, demonstrating a comparable degree of dendritic labeling. For graphic purposes, measures of dendritic length and extent have
been collapsed into six bins of 60° each. Bar heights represent means * standard error of the mean. Sham animals (n=7); untreated SCI
(white bars), n=11; SCl+estradiol (SCI+E, light gray bars), n=6; SCl+dihydrotestosterone (SCI+DHT, medium gray bars), n=6; SCI+
estradiol and dihydrotestosterone (SCI+E+DHT, dark gray bars), n=6.
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FIG. 8. Digital micrographs of cross-sections through vastus lateralis muscles fibers from a sham animal (A), and injured animals that
were either untreated (B), or treated with estradiol (C), dihydrotestosterone (D), or estradiol and dihydrotestosterone (E). Scale
bar=100 um. (F) Following contusion injury, muscle fiber size in untreated animals was reduced 25%, and by 26% in animals treated
with estradiol. Treatment with dihydrotestosterone, either alone or in combination with estradiol, attenuated reductions in fiber area. Bar
heights represent means *standard error of the mean. *indicates significantly different from sham animals, Tindicates significantly
different from untreated spinal cord injury (SCI). Sham animals (n=7); untreated (SCI), n=11, SCl+estradiol (SCI+E), n=7; SCI+—
dihydrotestosterone (SCI+DHT), n=28; SCI+ estradiol and dihydrotestosterone (SCI+E+DHT), n=6.

the current study, treatment with estradiol reduced lesion volume
and thus it is possible that the beneficial effects on voiding be-
havior we observed could potentially reflect estradiol-mediated
tissue sparing or protection of descending tracts. However, similar
treatment effects on voiding were present after treatment with di-
hydrotestosterone alone or in combination with estradiol, despite
there being no reductions in lesion size or increases in tissue sparing
in these groups. Thus, it is unlikely that the beneficial effects of
steroid treatment on voiding we observed are likely a result of
differential, long-term tissue or tract sparing.

Voiding also requires the integration of autonomic and so-
matic pathways within the lumbosacral cord,”® and the SCI-induced
bladder areflexia recovers through a slow re-emergence of invol-
untary reflex micturition mediated by these spinal reflex path-
ways.”” Treatment with hormones resulted in improvement in both
void frequency and void volumes after SCI, resulting in micturi-
tion patterns that more closely approximated the normal pattern.
Because these improvements were seen in groups with lesions
comparable to those of untreated animals (and thus with similar
disruptions in descending tracts), it is possible that the hormones
could be acting locally on the autonomic and somatic pathways
within the lumbosacral cord. For example, our results showing
protective effects of gonadal hormone treatment on the somatic
motoneurons innervating the quadriceps muscle suggest that one
possible explanation for the protective effects we observed on
micturition could be through a similar hormonal protection of the
autonomic motoneurons controlling urethral sphincter function. In
fact, testosterone has been demonstrated to have potent effects on
the size of autonomic neuron somata in the pelvic ganglia that
control the bladder.”” Alternatively, changes in estrogen exposure
can influence bladder innervation or ;;1ctivity,78’79 and the dorsal
root ganglia innervating the bladder,®° as well as the bladder itself,

express estrogen receptors o and .3! Void frequency and volume in
SCI animals treated with either estradiol or dihydrotestosterone
were significantly improved over that of untreated SCI animals,
and SCI animals treated with both hormones showed the best im-
provement. This suggests that estradiol and dihydrotestosterone
might act additively, perhaps through action at different compo-
nents of the lumbosacral reflex pathway. These results suggest that
the best treatment strategy might include a combinatorial approach
using both estradiol and dihydrotestosterone.

Spinal cord lesions

Following contusion, the focal injuries delivered to the T9 spinal
cord developed into large lesions that spanned multiple thoracic
spinal segments. Treatment with estradiol or dihydrotestosterone
produced dramatically different effects on SCI lesions. Four weeks
of treatment with dihydrotestosterone had no effect on lesion vol-
ume or tissue sparing, a result similar to what we previously found
after treatment with testosterone.?® Thus, it appears that treatment
with androgenic hormones is not effective in reducing lesion vol-
ume after SCL

Following SCI, female mice show better recovery than males,
an effect thought to be due to the neuroprotective effects of es-
trogens. In the present study, treatment with estradiol was effective
in reducing lesion volume, a result consistent with previous find-
ings.338-40:42.66-68 Thig reduction in lesion size is thought to be the
result of reducing inflammation, reactive astrogliosis, decreased
immune response, apoptotic cell death, or reductions in oxidative
stress, 5:38:39:42.67.68

Importantly, the reduction in lesion size we observed was pro-
duced through a physiological dose of estradiol, a result similar
to that reported by Samantary and colleagues® with low doses of

82,83
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estradiol. The efficacy of low dosages indicates that estradiol could
be a promising therapeutic agent for treating SCI.>° Further, in the
present study, estradiol was administered after trauma, modeling a
clinically relevant situation.

In the present study, the effect of estradiol on decreasing lesion
volume was not present when estradiol was co-administered with
dihydrotestosterone. This negation of the protective effect of es-
tradiol is similar to that reported by Hauben and colleagues,®
wherein treatment of female rats with dihydrotestosterone prior to
SCI impaired recovery. Given that androgens have been demon-
strated to regulate many of the same neuroprotective effects seen
with estradiol treatment—such as protecting against cell death,?*
upregulating GFAP**® or mediating the central glial response
after injury®®—this negation with combined treatment after SCI
warrants further study. One plausible mechanism for this negation
with combined treatment could be through an androgen-mediated
immunosuppression.?” Regardless, given that testosterone is rou-
tinely metabolized into both estrogenic and androgenic metabo-
lites, this negation could underlie the failure of testosterone
treatment to affect SCI lesion volume we previously reported.>®

Changes in motoneuron morphology
are not direct effects of lesion

While extensive, spinal lesions did not extend into the lumbar
spinal cord, thus sparing the gray matter and resident motoneurons.
Counts of either Nissl-stained or BHRP-labeled motoneurons in
SCI animals did not differ from those of sham animals, confirming
the protection of quadriceps motoneurons from direct damage due
to SCI-induced lesions. Similarly, soma size of quadriceps moto-
neurons was not significantly affected by SCI. Soma size regresses
after direct insult to motoneurons, for example after axotomy®®5
or death of neighboring motoneurons,”®® and thus the lack of
significant effects on soma size suggests that the quadriceps mo-
toneurons were not directly damaged by SCI-induced lesions. Di-
rect insult to motoneurons, for example through axotomy® or
induced death of neighboring neurons,”’ can result in dendritic
atrophy in surviving motoneurons. However, as described above,
because the lesion did not infiltrate the L2 level and the number of
Nissl-stained or BHRP-labeled quadriceps motoneurons was not
affected by SCI, we do not believe the reductions in dendritic length
we observed reflect such direct effects.

Dendritic atrophy after SCI

Afferent input to motoneurons is important for the mainte-
nance of dendritic morphology, and deafferentation often results
in dendritic retraction. Following deafferentation via damage to
the dorsal horn,” spinal cord hemisection,”! or cortical ablation,"*
spinal motoneurons undergo dendritic atrophy. Activity in affer-
ent pathways is an important factor in maintaining dendritic mor-
phology. For example, cold block of the spinal cord causes dendritic
morphological changes to develop within 4 h.

It is likely that the dendritic atrophy we observed following SCI
in untreated animals reflects deafferentation resulting from the loss
of descending motor and propriospinal tracts. In rats, the majority
of corticospinal tract axons terminate dorsomedially, principally in
laminae ITI-VI,”*** while those of the rubrospinal tract terminate in
laminae V and VI.°>® In contrast, reticular formation projec-
tions to lumbar levels of the spinal cord, especially from the re-
ticularis pontis oralis, terminate ventromedially, principally in
lamina VIIL?"°® Propriospinal projections into the lumbar levels
also terminate ventromedially, extending into both laminae VII and
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VIIL” Following SCI, quadriceps motoneurons in untreated ani-
mals showed dendritic atrophy in all of these locations. Interest-
ingly, while reduced dendritic length was present throughout the
dendritic distribution, it was particularly pronounced in the ven-
tromedial region, where quadriceps motoneuron dendrites nor-
mally have a dense ramification into lamina VIII. This pattern of
dendritic atrophy after SCI is similar to what we observed previ-
ously.?® Because both reticulospinal and propriospinal projections
are concentrated in this area, the extensive lesions present after SCI
could have produced a major denervation of dendrites in this area,
resulting in the pronounced dendritic atrophy we observed. We
have previously reported that following spinal transection and
the concomitant loss of descending pathways, spinal motoneurons
undergo marked local reductions in dendritic arbor, especially in
this same region of the ventral horn.'* This loss is of particular
significance after SCI, as descending reticulospinal fibers course
through the ventral and lateral funiculi,””'°° and disruption of these
tracts results in hindlimb motor deficits.'?"'*

Protection of motoneuron dendrites with estradiol
and dihydrotestosterone

SCl-induced atrophy of quadriceps motoneuron dendrites
was attenuated in estradiol-treated, dihydrotestosterone-treated,
and estradiol-combined-with-Odihydrotestosterone—treated animals.
Hormone treatment could have attenuated dendritic atrophy by
increasing the number of spared or regenerating axons that traverse
the lesion. Such axon sparing has been reported previously with
trophic factor treatment (e.g., glia cell line—derived neurotrophic
factor),'® and both androgens and estrogens have been shown to
regulate trophic factors such as brain-derived neurotrophic fac-
tor (BDNF).“M"O5 After SCI, treatment with estradiol resulted in
significant reductions in lesion volume, and thus the attenuation in
motoneuron dendritic atrophy present in these animals could reflect
a sparing of propriospinal and supraspinal axons. However, similar
effects on dendritic length were present after treatment with di-
hydrotestosterone alone or in combination with estradiol, despite
there being no reductions in lesion size or increases in tissue
sparing in these groups (see above). Thus, it is unlikely that the
beneficial effects of steroid treatment on the morphology of quad-
riceps motoneurons we observed are a result of differential, long-
term tissue or tract sparing.

We have previously speculated that the attenuation in SCI-
induced dendritic atrophy we observed could have been produced
by a hormone-mediated sprouting of quadriceps motoneuron den-
drites locally onto remaining afferents.”® Sprouting could poten-
tially maintain motor activation, supporting exercise training
effects on locomotor function after SCL'*'% Such an effect of
hormones on attenuating dendritic atrophy and supporting moto-
neuron activation has in fact been directly demonstrated.>”*! The
mechanisms responsible for this sprouting are not clear, but go-
nadal hormones have been shown to regulate the expression of
cytoskeletal proteins (e.g., f-tubulin,'®~" actin and microtubule-
associated protein RE l), as well as neuritin, a critical downstream
mediator of the ability of gonadal hormones to increase neurite
outgrowth.''*™"'* Sprouting could be driven by direct action on
the motoneurons or via indirect action on afferents. Thus, as for
the effects seen with micturition (see above), it is possible that a
hormone-mediated protection of local spinal circuitry below the le-
vel of the lesion could be responsible for the motoneurons dendritic
protection we observed. One possible protected spinal population
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could be the short axon propriospinal neurons, which provide the
largest source of input to lumbar spinal motoneurons.' ">~

Changes in these afferents could underlie the regressive changes
we have observed in motoneurons after SCI. Afferent input to
motoneurons is important for the maintenance of their dendritic
morphology, and deafferentation of motoneurons results in den-
dritic retraction.'***°! Activity in afferent pathways is also an
important factor in maintaining motoneuron dendritic morphology,
and regressive changes rapidly develop after its inhibition.”? The
number of propriospinal neurons proximal to an SCI is severely
depleted after a thoracic SCI, but short axon propriospinal neurons
within the lumbosacral enlargement show no qualitative loss at 2
weeks.!'® We have demonstrated dendritic changes in propriosp-
inal neurons after SCI,119 and such changes could result in alter-
ations in the activity of these neurons, leading to the atrophy we
observed in lumbar motoneurons. Should such potential reductions
in propriospinal neurons be prevented by hormonal treatment, the
rescue of the major afferent source to motoneurons could underlie
the beneficial effects of hormone treatment on motoneuron dend-
rities we have observed. Electrophysiological and anatomical
tracing studies could begin to address this question.

Compatrability of BHRP labeling

Previous studies have demonstrated that neither axonal trans-
port'?® nor dendritic transport as demonstrated by the rostrocaudal or
radial extent of dendritic labeling®>!6>%* of BHRP are affected by
hormone levels. Thus, in the present study, we believe that the dif-
ferences we observed across treatment groups reflect true dendritic
atrophy in quadriceps motoneurons of untreated SCI animals, which
is attenuated by treatment with hormones. The possibility that con-
founds arising from SCI could affect retrograde transport is also an
important consideration, as such an artifact could potentially result in
apparent alterations in dendritic morphology. However, no differ-
ences in either radial or rostrocaudal extents of quadriceps moto-
neuron dendrites in the SCI groups, compared with normal values,
were observed. Therefore, because BHRP was transported equiva-
lently to the most distal, highest order dendritic processes across
groups, we believe that the dendritic labeling across groups was
comparable and that the shorter dendritic lengths we observed in the
untreated SCI animals reflect true dendritic atrophy.

Muscle atrophy after SCI

The regressive changes we observed in fiber diameter are typical
after SCI in muscles innervated by motoneurons below the level of
the lesion, especially in weight-bearing muscles such as the
quadriceps.'>""'?* This atrophy can result from either denervation
due to loss of motoneurons or damage to the ventral roots, or disuse
consequent to decreases in muscle activation potentially due to the
loss of synaptic input to remaining motoneurons.'?* In the current
study, the atrophy we observed cannot be ascribed to an effect of
denervation, as we observed no changes in quadriceps motoneuron
number, or the number of BHRP-labeled quadriceps motoneurons
between sham animals and untreated SCI animals. Thus, the de-
creased fiber size we observed most likely reflect a disuse atrophy,
potentially resulting after damage to descending and propriospinal
projections and/or the reductions in quadriceps motoneuron den-
dritic length we observed. Such reductions in quadriceps moto-
neuron dendritic length result in attenuation of motor activation,
reducing response amplitudes in the femoral nerve generated by
dorsal root afferent stimulation.>' Alternatively, disuse atrophy
also may result from changes in muscle length or loading condi-
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tions that could decrease protein synthesis and increase protein
degradation.'**!»

Protection of muscle with dihydrotestosterone

In the current study, estradiol treatment was ineffective in pre-
venting the atrophy in fiber size seen after SCI. This lack of effect
was expected, as previous work in our laboratory has not found
estrogenic effects on quadriceps muscle size.** Although estrogens
have a variety of effects in skeletal muscle (e,g., downregulation of
proinflammatory cytokines, enhancing insulin-like growth factor 1,
expression, or satellite cell activation and proliferation'?®), their
effects on muscle fiber cross-sectional area vary in different mus-
cles and in different directions. For example, ovariectomy increases
the size of muscle fibers in the extensor digitorum longus,'>” has no
effect in the plantaris,128 and can either increase,127 decrease,129 or
have no effect'*® on soleus muscle fibers. Estradiol replacement
after ovariectomy has been reported to increase muscle fiber size in
the gastrocnemius,’*® decrease it in the extensor digitorum
longus'?” and plantaris,'*® or either increase'? or decrease'?’ fiber
size in the soleus. Differences in factors such as muscle-specific
effects, route of hormone treatment (injection vs. Silastic implants),
frequency of treatment or dosage, duration of treatment, or animal
substrains across studies likely contribute to the inconsistencies
seen with estradiol treatment. As with locomotor performance, the
lack of effect on muscle fiber size in estradiol-treated animals in our
study could be the result of the low dosage of estradiol we deliv-
ered, which was designed to be in the normal physiological range.

In contrast, treatment with dihydrotestosterone, either alone or in
combination with estradiol, attenuated SCI-induced muscle fiber
atrophy. As estradiol had no effect on muscle fiber size when ad-
ministered alone, the effect seen in animals treated with estradiol
combined with dihydrotestosterone is likely simply due to dihy-
drotestosterone. This effect on muscle fiber size is similar to what
we observed previously with treatment with testosterone following
SCI?® and is consistent with the known protein anabolic effects of
androgens general skeletal muscle tissue.'*"132 Thus, treatment
with dihydrotestosterone might have supported muscle protein
synthesis and decreased protein degradation, and the resultant de-
crease in protein turnover could have prevented muscle atrophy.

Alternatively, dihydrotestosterone could have potentially altered
mobility or activity in the treated animals, resulting in the preser-
vation of both muscle and the related spinal cord circuitry and
motoneuron dendritic morphology. This is quite plausible, as limb
exercise after spinal cord transection during postnatal development
has in fact been shown to prevent dendritic atrophy in spinal mo-
toneurons. ' Further, exercise is known to elevate the expression of
neurotrophic factors (e.g., BDNF) that can promote dendritic and
axonal regrowth.'*® Further studies utilizing behavioral or elec-
trophysiological methods could address this hypothesis directly.

Neuroprotective mechanisms of androgens
and estrogens

Androgens and estrogens have been shown to have powerful
neuroprotective effects.™'** For example, both testosterone and
estradiol protect against cell death,>**> promote functional recov-
ery,”* and stimulate motoneuron axonal growth after peripheral
nerve injury.'*'*® The mechanisms through which androgens and
estrogens act are multiple, and include regulation of apoptosis, >
injury-induced upregulation of GFAP,**® and mediation of the
glial response.®3® Proteins thought to be involved in neuroprotec-
tion also are regulated by androgens and estrogens, including
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proteins with antioxidant or pro-inflammatory functions,®**'*” and

the neurotrophin BDNE.'**19 Ag discussed above, gonadal hor-
mones also have been shown to be powerful regulators of cyto-
skeletal elements crucial to dendrites and dendritic spines,
mediated through the expression of proteins such as f-tubulin,
actin, and microtubule-associated protein 2.'97-!!!

Estrogens and androgens have protective/therapeutic effects
after SCI, but additional questions remain. The protective effects
we observed are in some cases ‘‘tissue specific.”” For example,
motoneuron dendrites are protected by treatment with either es-
tradiol or the androgens testosterone and dihydrotestosterone, but
protective effects in lesion size and spared tissue appear to be es-
trogenic, while effects in the quadriceps muscle are strictly an-
drogenic. Such tissue specificity could arise through local
differences in metabolic enzymes or differences in receptor sub-
types.132 Blocking the aromatase or Sa-reductase enzymes in-
volved in the production of estradiol and dihydrotestosterone,
respectively,'*® could help determine if the conversion of testos-
terone to its active metabolites is required to see the protective
effects of hormone treatment. Alternatively, if the neuroprotective
effects of testosterone, dihydrotestosterone, and estradiol are de-
pendent on receptor-mediated mechanisms, this could be addressed
by blocking the androgen or estrogen receptors.**'*> The actions of
testosterone and dihydrotestosterone are mediated by the same
receptor,'*13%140 byt estrogens can act through several receptor
subtypes,'"" requiring ultimately targeting these receptor subtypes
and their downstream pathways as sites of action. Non-genomic
actions of gonadal steroids also have also been identified, and go-
nadal steroids and their cognate receptors may exert their effects
through signaling pathways that do not directly or immediately
involve transactivation of genomic DNA."*>!*1=144 Finally, even
receptor-independent effects have been identified (e.g., antioxidant
effects after SCI through downregulating the formation of reactive
oxygen species in the lesioned and adjacent segments of the spinal
cord).%” Establishing which of these mechanisms, proteins, and
pathways are involved in the hormone-mediated protection of
behavioral function and motoneuron dendrites from SCI-induced
atrophy will be valuable contributions to developing new neu-
rotherapeutic strategies.

Conclusion

The present results indicate that treatment with estradiol or di-
hydrotestosterone attenuates deficits in micturition and regressive
changes in motoneuron and muscle morphology seen after SCI.
Because these effects were seen independent of lesion size, our
results suggest that these hormonal effects could potentially be the
result of local action on spinal circuitry below the level of the
lesion. Together, these results indicate that the use of gonadal
hormones is an effective treatment after SCI, directed by the par-
ticular therapeutic goals.
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