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Abstract

Spinal cord injury (SCI) causes loss of neurological function and, depending on serverity, may
cause paralysis. The only recommended pharmacotherapy for the treatment of SCI is high-dose
methylprednisolone and its use is controversial. We have previously shown that estrogen treatment
attenuated cell death, axonal and myelin damage, calpain and caspase activities, and inflammation
in acute SCI. The aim of this study was to examine whether post-treatment of SCI with estrogen
would improve locomotor function by protecting cells and axons and reducing inflammation
during chronic phase following injury. Moderately severe injury (40 g.cm force) was induced in
male Sprague-Dawley rats following laminectomy at T10. Three groups of animals were used:
sham (laminectomy only), vehicle (dimethyl sulfoxide or DMSO) treated injury group, and
estrogen treated injury group. Animals were treated with 4 mg/kg estrogen at 15 min and 24 h
post-injury followed by 2 mg/kg estrogen daily for the next 5 days. Following treatment, animals
were sacrificed at the end of 6 weeks following injury, and 1-cm segments of spinal cord (lesion,
rostral to lesion, and caudal to lesion) were removed for biochemical analyses. Estrogen treatment
reduced COX-2 activity, blocked NF-«xB translocation, prevented glial reactivity, attenuated
neuron death, inhibited activation and activity of calpain and caspase-3, decreased axonal damage,
reduced myelin loss in the lesion and penumbra, and improved locomotor function when
compared with vehicle treated animals. These findings suggest that estrogen may be useful as a
promising therapeutic agent for prevention of damage and improvement of locomotor function in
chronic SCI.
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INTRODUCTION

Spinal cord injury (SCI) is a devastating medical problem in young individuals who are
otherwise healthy. The currently available pharmacotherapy is methylprednisolone (Bracken
et al. 1998; Sekhon and Fehlings 2001), which has limited efficacy and is controversial
(Hurlbert 2000; Sribnick et al. 2009b). There are many destructive pathways involved in
secondary damage. Such processes include increases in reactive oxygen species (ROS),
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reperfusion, glutamate concentration, and mitochondrial damage (Barut et al. 1993; Carlson
et al. 1998; Mills et al. 2000). Mitochondrial damage in SCI may not only change the Na*/
K*-ATPase activity, potentiating increase in intracellular [Ca2*], and the activation of
glutamate receptors also facilitate Ca?* influx (Agrawal and Fehlings 1996; Agrawal et al.
2000; Li et al. 2000; Wingrave et al. 2004). Increases in intracellular free [Ca2*] following
SCI leads to activation of the Ca2*-actvated protease calpain and phospholipases (Dhillon et
al. 1999; Ray and Banik 2002). Ubiquitous calpain exists in two forms, p-calpain and m-
calpain, which require uM and mM concentrations of Ca2* for activation, respectively (Ray
and Banik 2002). Increased calpain activity has been found in SCI and traumatic brain injury
(TBI) (Posmantur et al. 1997; Ray and Banik 2002), and activated calpain degrades myelin
basic protein and the cytoskeletal protein a-spectrin (Ray and Banik 2002). Greater calpain
activity also degrades calpastatin, the endogenous specific inhibitor of calpain, leading to
unrestricted proleolysis (Nath et al. 1996; Pang et al. 2003). Calpain activity leads to
apoptosis via the mitochondrial pathway through activation of pro-apoptotic Bax and
calcineurin, leading to release of cytochrome ¢ from mitochondria and thus promoting
activation of caspase-3 (Gao et al. 2000; Wu et al. 2004). Activated caspase-3 also cleaves
calpain inhibitor calpastatin, further upregulating calpain activity leading to apoptosis or
necrosis (Blomgren et al. 2001; Ray et al. 2003).

Since different pathophysiological pathways are activated following SCI, treatment with one
pharmacological agent may not be effective. A combination of pharmacological agents or
one multi-active agent may be more effective. One such muti-active agent is estrogen (17p-
estradiol) and we have recently shown that treatment with estrogen protected neurons and
preserved axons during acute phase (48 h) following SCI (Sribnick et al. 2003; Sribnick et
al. 2005; Sribnick et al. 2009a). Similar findings have also been noted in ischemia and TBI
(Dubal et al. 1999; Roof and Hall 2000a; Roof and Hall 2000b; Dubal et al. 2001; Jover et
al. 2002). A gender difference has also been found in animals with experimental TBI and
female TBI patients recover better than males (Groswasser et al. 1998; Bayir et al. 2004).
However, the neuroprotective effects of estrogen found in vivo have been confirmed in vitro
studies in glia and neurons exposed to free radicals or glutamate excitotoxicity (Sur et al.
2003; Sribnick et al. 2004; Das et al. 2005; Sribnick et al. 2009b). The estrogen mediated
neuroprotective effect may be due to the multi-action characteristics of estrogen. It is a
potent anti-oxidant (Moosmann and Behl 1999) and anti-inflammatory agent (Dimayuga et
al. 2005). It upregulates anti-apoptotic genes and reduces Ca2* influx (Nilsen et al. 2002;
Sribnick et al. 2009a), and reduces calpain activation and activity (Sur et al. 2003; Sribnick
et al. 2004) and apoptosis (Linford and Dorsa 2002; Sribnick et al. 2007). The down
regulation of Ca2* influx by estrogen has been found to be due to modulation of voltage-
gated Ca2* channels (Sribnick et al. 2009a). Because of the many beneficial effects of
estrogen, our studies were designed to use the possible neuroprotective potential of estrogen
in experimental SCI. Our earlier studies on treatment of acute SCI with estrogen (4mg/kg) at
15 min and 24 h post-injury were correlated with varous neuroprotective measures (Sribnick
et al. 2005; Sribnick et al. 2006a). The goal of this study was to assess whether the early
neuroprotection observed in the moderately severe acute SCI (Perot et al. 1987) following
estrogen treatment could translate into long-term functional benefits.

Our current data demonstrated significant increase in survival of the estrogen treated chronic
SCl rats. Also, significant improvement in locomotor function was noted in estrogen trated
rats and this continued from 3 days post-injury until sacrifice at 42 days post-injury. Results
from our study suggest that estrogen treatment improved locomotor function in chronic SCI
and implied that estrogen could be a promising therapy for treating chronic SCI in humans.
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MATERIALS AND METHODS

General Animal Care and Surgical Preparation

Adult male Sprague-Dawley rats (n = 54, weight 250-300 g) were housed in individual
cages and given food and water ad libitum. All care, surgery, and induction of SCI were
conducted in accordance with the “Guide for the Care and Use of Laboratory Animals” of
the US Department of Health and Humans Services (National Institutes of Health, Bethesda,
MD, USA) and approved by the Institutional Animal Care and Use Committee (IACUC) at
the Medical University of South Carolina (Charleston, SC). Injury was induced by a trained
technician using the modified weight-drop method (Perot et al. 1987). Briefly, rats were
anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/Kkg).
Once rats were confirmed to be unconscious by toe-pinch, a laminectomy was performed at
T10. The spine was immobilized stereotaxically and an impounder was gently placed onto
the dura. A clinically relevant, moderately severe injury (40 g.cm force) was induced by
dropping a 5 g weight from a height of 8 cm (Perot et al. 1987). Sham operated animals
underwent laminectomy alone. Upon awakening, rats were evaluated neurologically and
monitored for food and water uptake and urine output. Prophylactic antibiotics or analgesics
were not used, in order to prevent any possible interaction with the experimental therapy.

Animal Care for Chronic SCI Studies

The animals used and the injury induced were the same as described above; however, animal
care also consisted of monitoring the chronically injured rats. Until bladder function was
regained, bladders were massaged three times daily. Animals that did not regain bladder
function were sacrificed. At 42 days post-injury, rats were anesthetized and sacrificed by
decapitation. Following decapitation, the original laminectomy was extended and three 1-cm
segments of spinal cord were removed, representing the lesion segment, the rostral
penumbra, and the caudal penumbra.

Drug Delivery

Rats were divided into three treatment groups. Estrogen was dissolved in the vehicle DMSO.
Sham group animals received a laminectomy alone, vehicle group SCI rats received DMSO
only, and estrogen group SCI animals received estrogen. At 15 min and 24 h post-injury, 4
mg/kg estrogen was delivered intravenously by tail-vein injection to SCI rats. Following
these initial doses, five daily doses of 2 mg/kg estrogen were given intraperitoneally, and
vehicle group SCI rats received equal volumes of DMSO at identical time-points.

Assessment of Locomotor Function

Beginning at 24 h post-injury and twice weekly for 6 weeks, locomotor function was
assessed using the BBB open field locomotor scale, as described previously (Basso et al.
1995). Scoring was performed by two trained technicians who were blinded to treatments.
BBB scores were reported using two methods: counting dead animals or animals that were
sacrificed early at BBB score of O for the assessment days occurring after death or by simply
excluding BBB scores on assessment days after death.

Luxol Fast Blue (LFB) Staining

For LFB staining, samples were harvested and fixed overnight in a 4% paraformaldehyde
solution in phosphate-buffered saline (PBS, pH 7.4). Following fixation, samples were
embedded in paraffin and then thinly sliced sections (10 um) were mounted onto the slides.
LFB staining was performed as reported previously (Tyor et al. 2002). Briefly, slides were
stained overnight at 60°C in 0.1% LFB (Solvent Blue 38, Sigma-Aldrich, St. Louis, MO) in
acidified 95% ethanol. Differentiation and counterstaining were performed with 0.01%
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LioCO3 and incubation in nuclear fast red [0.1% in 5% Al>(SOg4)3] for 5 min. Stained
sections were viewed on an Olympus microscope (BH-2, Melville, NY) at 40x
magnification. Images were captured with a Magna Fire SP CCD camera (Optronics, Goleta,
CA) using Magna Fire SP 2.1 software (Optronics), and the image processing was done
using Photoshop software (Adobe Systems, Seattle, WA).

Tissue was stained so that myelin appeared blue and grey matter counterstained red.
Pathology in the cross sections was readily apparent: demyelinated tissue appeared
blanched, areas of hemorrhage appeared dark green, and areas with myelin damage appeared
darker than areas of normal myelin. Using Photoshop software, an automated system was
used to determine the percentage of pathology within spinal cord samples. The total area of
the spinal cord section was selected and the number of pixels determined. The area of
pathology was then selected, and these pixels were quantified as previously described
(Sribnick et al. 2005). Analysis was blinded by having one individual conduct the surgeries
and another examine and analyze the samples.

Immunohistolabeling

Spinal cord tissues were collected, immediately placed into frozen tissue embedding media
(Histo Prep, Fisher, Fairlawn, NJ), and stored at —70°C. Prior to cutting, samples were
warmed to —18°C and thin sections (5 um) were cut using a Reichart-Jung cryostat (Cryocut
1800, Leica, Wetzlar, Germany). Sections were fixed in 95% ethanol and stored in PBS. For
immunohistolabeling, sections were blocked for 1 h in 2% horse and 2% goat sera (Sigma-
Aldrich) in PBS. Sections were then incubated with a primary IgG antibody against ED-2
(BMA Biomedicals, Switzerland) at 1:100, OX-42 (Biosource, Camarillo, CA) at 1:100,
glial fibrillary acidic protein (GFAP) at 1:400, NeuN at 1:100 (Chemicon), calpain (Banik et
al. 1983) at 1:100, or SMI1311 (Sternberger Monoclonals, Lutherville, MD) at 1:5000 for 2 h.
We used SMI311 antibody for detection of dephosphorylated neurofilament protein (dNFP)
in the spinal cord sections. Before analysis of dFNP, samples were placed in a 10 mM citrate
buffer solution (pH 6.0), autoclaved for 5 minutes, cooled to room temperature, and then
washed in PBS.

Following incubation with the primary antibody, sections were washed three times in PBS
for 5 min and then incubated at a 1:100 dilution for 1 h with secondary antibody [(anti-
mouse IgG conjugated with fluorescein isothiocyanate (FITC)] (Vector, Burlinghame, CA)
for single labeling and also with anti-rabbit 1gG conjugated with Texas Red for double
labeling. Following incubation with the secondary antibody, sections were washed twice in
PBS and once in distilled water for 5 min each. Further processing of samples and imaging
were done as described previously (Sribnick et al. 2006a).

Western Blot Analysis

Spinal cord tissues were collected and stored at —70°C until homogenization. Each tissue
segment was placed in 1 ml of homogenizing buffer containing 50 mM Tris-HCI (pH 7.4), 1
mM phenylmethylsulfonyl fluoride (PMSF) (Bethesda Research Laboratories, Gaithersburg,
MD) and 5 mM EGTA (Sigma-Aldrich) and homogenized with a Polytron batch
homogenizer (Kinematica, Cincinnati, OH). The homogenized samples were then
centrifuged in an Optima LE-80K Ultracentrifuge (Beckman Coulter, Fullerton, CA) for 1 h
at 100,000x g to form a cytosolic supernatant and a pellet containing the nuclear fraction.
Following centrifugation, protein concentration in each sample was determined using
Coomassie Plus Reagent (Pierce, Rockford, IL) and spectrophotometric measurement at 595
nm (Spectronic, Rochester, NY). Samples were then diluted (1:1) in a sample buffer (62.5
mM Tris-HCI, pH 6.8, 2% SDS, 5 mM B-mercaptoethanol, 10% glycerol), boiled for 5 min,
and stored at —20°C. Samples were loaded onto 4-20% gels and electrophoresed at 200 V
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for 30 min. The resolved proteins were then transferred to nylon membrane (Millipore,
Billerica, MA) using the transfer apparatus Genie (Idea Scientific, Minneapolis, MN). The
nylon membranes were then blocked for 1 h in 5% non-fat milk in Tris/Tween buffer (20
mM Tris-HCI, pH 7.6, and 0.1% Tween 20 in saline). Membranes were incubated overnight
with an appropriate dilution of a primary IgG antibody such as (1:5000) B-actin (clone
AC-15) (Sigma Chemical, St. Louis, MO), (1:500) Bax, (1:500) Bcl-2 (Santa Cruz
Biotechnology), (1:500) NF-«B, (1:500) IxB-a, (1:2000) caspase-3 (Santa Cruz
Biotechnology, Santa Cruz, CA), (1:500) active calpain isoform (raised in our laboratory),
or (1:5000) a-spectin (Affinity, Exeter, UK). Membranes were then incubated for 1 h with a
horseradish peroxidase-conjugated secondary antibody (ICN Biomedicals, Aurora, OH)
such as (1:2000) goat anti-mouse 1gG for detecting monoclonal primary 1gG antibody or
(1:2000) goat anti-rabbit IgG for detecting polyclonal primary IgG antibody. Between each
step, membranes were washed three times with Tris/Tween buffer. Membranes were then
incubated with enhanced chemiluminescent (ECL) reagent (Amersham, Piscataway, NJ) and
exposed to X-OMAT AR films (Kodak, Rochester, NY), as described before (Sribnick et al.
2006a; Sribnick et al. 2006b). Films were then scanned on a UMAX PowerLook Scanner
using Photoshop software (Adobe Systems), and the optical density (OD) of each band was
determined using Quantity One software (Bio-Rad).

Determination of NF-kB Translocation and IkB-a Degradation

Western blotting was also used to determine the levels of NF-xB and IkB-a. in the cytosolic
and nuclear fractions isolated from the spinal cord samples using a fractionation kit
(BioVision, Mountain View, CA).

Colorimetric Assay for Cyclooxygenase-2 (COX-2) Activity

A COX-2 activity assay kit (Cayman Chemical, Ann Arbor, MI) was used according to the
manufacturer’s protocol. Tissues were immediately removed and stored at —70°C until
homogenization. Each tissue segment was then placed in homogenizing buffer (0.1 M Tris-
HCI, pH 7.8, 1 mM EDTA). A cytosolic supernatant was obtained by centrifugation at
10,000x g for 15 min. Approximately 100 pl of supernatant was mixed with 280 pl of assay
buffer, 20 pul of heme, and 20 pl of the COX-1 inhibitor, SC-560, in 1.5 ml Eppendorf tubes.
The total volume of each tube was then adjusted to 1 ml. Tubes were mixed by inversion
and incubated for 10 min at 25°C. Colorimetric substrate (40 ul) and 40 pl arachidonic acid
solution were added sequentially, mixed by inversion, and incubated at 37°C for 10 min. The
absorbance for each sample was read at 590 nm using a spectrophotometer (Spectronic). All
colorimetric assays for COX-2 activity were conducted in triplicate.

Statistical Analysis

RESULTS

Results obtained from different treatments were analyzed using StatView software (Abacus
Concepts, Berkeley, CA). Data were expressed as mean = standard error of the mean (SEM)
of separate experiments (n>3) and compared by one-way analysis of variance (ANOVA)
followed by Fisher’s post hoc test. The difference between two treatments was considered
significant at P < 0.05.

Assessment of Locomotor Function

After SCI, locomotor function was assessed in animals at 1 day post-injury and then twice
weekly until 42 days post-injury when the rats were sacrificed (Fig. 1). In general,
improvements in motor function tended to occur in the 3" week following injury with little
change noted thereafter. In assessing the BBB scale by scoring dead animals as 0, significant
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improvements were noted in estrogen treated animals, when compared with vehicle treated
animals. This significant difference was seen as early as 3 days post-injury (P = 0.024) and
remained until the day the animals were sacrificed (P = 0.021). By 42 days, the final average
scores were approximately 13 for estrogen treated rats and approximately 9 for vehicle
treated rats. Functionally, these scores indicate that estrogen treated rats, on average, were
supporting their own body weight, making weight-supported steps using the plantar surface
of the hind paw, and coordinating hindlimb/forelimb stepping more often than not. Vehicle
treated rats, on average, were able to use the plantar surface of the hind paw for weight-
support but were not able to perform normal plantar stepping.

Post-Injury White Matter Integrity

In order to examine the histology of chronic SCI animals, tissue samples from the lesion and
both penumbra were removed following sacrifice at 42 days post-injury, and all histological
studies were conducted using 6-week post-injury tissue (Fig. 2). In the weeks following a
contusion SCI (e.g. injury by weight drop), the cyst that forms is maximal at the lesion and
narrows as it extends into the penumbra (Fig. 2A). This was seen in the current study when
evaluating spinal cord stained with LFB. Damage in all sham segments was negligible (i.e.
less than 0.05%), and any abnormalities in the sham tissue may be attributed to handling
during dissection or the fixation/drying process for staining (Fig. 2B). Compared with sham,
both vehicle treated and estrogen treated animals showed non-significant increases in tissue
damage in the rostral and caudal penumbra, and the damaged tissue in these penumbra
regions was less than 3%. At the lesion, damage was generally noted as a central cystic area
surrounded by abnormal myelin. This abnormal myelin contained readily apparent spots,
known as “microcysts” (Basso et al. 1996). Surrounding the abnormal myelin was a
periphery of normal appearing myelin. While this general observation was seen at the lesion
in samples from both vehicle treated and estrogen treated animals, the percentage of
damaged spinal cord was significantly greater in the vehicle treated rats (P < 0.0001 and P =
0.0011, respectively), when compared with sham or estrogen treated rats. A significant
increase in spinal cord damage was also noted when comparing the lesion segment of
estrogen treated animals with sham (P = 0.008).

Estrogen Treatment Ameliorated Astroglial Reactivity in SCI

Astroglial reactivity was examined in chronic SCI tissue sections by immunostaining with
GFAP antibody (Fig. 3). Increased astroglial reactivity was seen in the gray matter (ventral
horn) as well as in the white matter of the lesion of SCI sections. Qualitatively, GFAP
immunoreactivity was reduced by estrogen treatment in both gray matter and white matter of
spinal cord (Fig. 3). The reduced GFAP immunoreactivity was seen in the lesion ventral
horn and white matter following estrogen treatment, indicating restoration of normal
morphology of the white matter (Fig. 3). No astroglial reactivity was seen in the caudal
penumbra from SCI animals following estrogen treatment (data not shown), indicating that
the inflammatory response was almost eliminated with estrogen treatment.

Estrogen Attenuated Macrophage and Microglial Activation in SCI

Activation of macrophages and microglia is a common feature in the inflammatory process
following SCI. We examined the efficacy of estrogen in reducing the extent of activated
macrophages and microglia by immunostaining of tissue sections with antibodies to OX-42
(Fig. 4) and ED-2 (Fig. 5), markers for microglia and activated macrophages, respectively.
Our results indicated prominent increases in OX-42 and ED-2 immunoreactivity in the
lesion and caudal penumbra of the chronic SCI animals. The extent of activation of
microglia and macrophages was substantially reduced in both lesion and caudal penumbra of
the spinal cord following treatment with estrogen.
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Estrogen Attenuated Inflammatory COX-2 Activity in SCI

We colorimetrically determined the COX-2 activity in the lesion and penumbra of chronic
SClI tissues from sham-vehicle and sham-estrogen as well as from injury-vehicle and injury-
estrogen treated animals (Fig. 6). No changes were observed between sham-vehicle and
sham-estrogen treated rats. In contrast, COX-2 activity was significantly increased in the
lesion (4-fold) and penumbra (over 3-fold) in the injury-vehicle treated rats, compared with
sham-vehicle animals. This increase in COX-2 activity in chronic SCI was markedly
reduced following estrogen treatment, compared with untreated injury animals (Fig. 6).

Estrogen Attenuated NF-kB Translocation and IkB-a Degradation Following SCI

The levels of 65 kD NF-xB and 40 kD IxB-a. in the lesion and caudal penumbra samples
were determined in both cytosolic and nuclear fractions by Western blot analysis (Fig. 7).
Experiments were conducted in triplicates and representative Western blots were shown
(Fig. 7A). Our results indicated a significant 35% decline in cytosolic NF-«kB in vehicle
treated injury animals in the lesion as well as in caudal penumbra, compared with sham
animals. This was reversed in the estrogen treated injury animals (Fig. 7B). The levels of
NF-«xB from nuclear fractions of both segments showed a significant 2-fold increase in the
vehicle treated injury animals, compared with sham. Estrogen treated injury animals showed
a significant reduction in nuclear NF-xB. Cytosolic 1xB-a in the lesion and caudal penumbra
samples from vehicle treated injury animals showed a significant (around 40%) decrease,
compared with those samples from sham animals, and it was reversed in the estrogen treated
injury animals. These results indicated that estrogen treatment attenuated NF-xB
translocation and IkB-adegradation in the lesion and caudal penumbra following chronic
SCI.

Estrogen Maintained Neuron Density Following SCI

Neuron density was examined in SCI sections by immunohistolabeling using an antibody
specific for neuronal nuclei (NeuN) and an antibody recognizing calpain (Fig. 8).
Qualitatively, no apparent change in calpain expression was noted in different treatment
groups or different spinal cord segments. Neuron density was decreased in both the lesion
and caudal penumbra sections of vehicle treated animals, when compared with
corresponding sections of sham animals. Also, cystic areas in the tissue were evident in
vehicle treated animals. Neuron density in estrogen treated animals was comparable to sham
animals; however, cystic areas were still noted in both the lesion and caudal penumbra.

Estrogen Attenuated Increase in Bax:Bcl-2 Ratio in SCI

Activation of apoptotic process may be involved in decreasing neuron density in both the
lesion and penumbra of tissue sections from SCI animals. Western blot analysis was carried
out to determine the levels of expression of apoptosis regulatory proteins such as Bax (pro-
apoptotic) and Bcl-2 (anti-apoptotic) in the vehicle treated and estrogen treated animals (Fig.
9). Increased expression of pro-apoptotic marker Bax was noted following injury in both the
lesion and caudal penumbra, concomitant with a decrease in expression of anti-apoptotic
marker Bcl-2 (Fig. 9A). There was an increase in Bax:Bcl-2 ratio in SCI tissues from
animals treated with vehicle only (Fig. 9B), indicating activation of the apoptotic process.
Estrogen was found to attenuate the increase in Bax:Bcl-2 ratio in SCI tissues (Fig. 9),
suggesting that neuroprotective effect of estrogen was associated with prevention of
apoptotic cell death.

Estrogen Inhibited Activation and Activity of Calpain and Caspase-3 in SCI

Increases in cysteine protease activities such as calpain and caspase-3 have been implicated
in the neurodegenerative mechanisms in SCI (Blomgren et al. 2001; Ray et al. 2003). The
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effect of estrogen treatment was examined on calpain and caspase-3 activity in the lesion
and caudal penumbra tissue sections from sham and vehicle treated injury animals (Fig. 10).
The degradation of a-spectrin to calpain-specific 145 kD spectrin breakdown product
(SBDP) and caspase-3-specific 120 kD SBDP formation, as analyzed by Western blot, was
taken as a measure of the activities of the respective enzymes (Fig. 10A). Analysis of
Western blots showed significant increases in generation of active calpain and caspase-3
fragments as well as significant increases in the formation of calpain-specific 145 kD SBDP
and caspase-3-specific 120 kD SBDP in the lesion and caudal penumbra tissues (Fig. 10B).
The activation and activities of calpain and caspase-3 were significantly reduced in the
estrogen treated SCI animals, compared with vehicle treated animals (Fig. 10B). Inhibition
of these cysteine proteases by estrogen could contribute to survival of neurons in chronic
SCI animals.

Examination of Axonal Integrity Using dNFP Antibody

In order to examine the integrity of axons in the white matter (Fig. 11), spinal cord sections
were stained with an antibody that specifically binds dNFP (Sternberger and Sternberger
1983). Ventral and dorsal white matter was examined in the lesion and caudal penumbra
spinal cord sections of the three treatment groups of animals (Fig. 11A). A basal level of
dNFP fluorescence was noted in both the lesion and caudal penumbra of sham animals and,
in general, dNFP levels were greater in the caudal penumbra than in the lesion of SCI
animals. Quantitative analysis by NIH Image and pixel counting (Fig. 11B) showed that
within the lesion, vehicle treated rats had significant increases in dNFP levels, compared
with sham or estrogen treated rats (P < 0.0001 for both), and there was no significant
difference (P = 0.46) in dNFP fluoresecence between estrogen treated rats and sham
animals. In caudal penumbra, dNFP fluorescence in vehicle treated rats was significantly
greater than that seen in sham or estrogen treated animals (P < 0.0001 and P = 0.0091,
respectively). Estrogen treatment decreased dNFP in the lesion, indicating that estrogen
partly preserved axonal integrity in chronic SCI rats.

DISCUSSION

Estrogen treatment has been previously shown to be effective in reducing pathogenesis in
TBI (Roof and Hall 2000b), ischemia (Dubal et al. 1999; Jover et al. 2002) and SCI models
(Yune et al. 2004; Sribnick et al. 2005). While earlier work from our laboratory focused on
estrogen in acute SCI, the current study involves a chronic SCI model and examines
functional outcome in animals when the injury is comparatively static. In general, significant
improvement in locomotor function occurred in the chronic SCI rats due to estrogen
treatment. This investigation further demonstrated that estrogen treatment attenuated
inflammation, protected neurons, and decreased axonal damage to promote functional
recovery in chronic SCI.

Increased calpain activity has been implicated in many neurodegenerative processes,
including damage to neurons and axons in SCI (Schaecher et al. 2004), experimental auto-
immune enceahalomyelitis (EAE) (Guyton et al. 2005), TBI (Posmantur et al. 1997),
ischemia (Bartus et al. 1994), and Parkinson’s disease (Samantaray et al. 2007). In SCI,
infiltration of inflammatory cells in the lesion occurs following injury (Popovich et al. 1997;
Carlson et al. 1998), and these cells have been found to produce and release chemokines,
cytokines, ROS, COX-2, and others factors involved in the inflammatory process
(Miyamoto et al. 1999; Aronica et al. 2004). Compared with vehicle treated rats, estrogen
treated acute SCI rats showed significantly less edema and markedly fewer macrophages
and microglia in the lesion and penumbra (Sribnick et al. 2006b). Similar changes were
found in chronic SCI following estrogen treatment, as marked attenuation of astroglial
reactivity was seen in ventral horn and white matter in the lesion and caudal penumbra.
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Activated microglia/macrophages in the lesion and penumbra were also reduced in chronic
SCI following estrogen treatment, suggesting that estrogen showed anti-inflammatory
effects. Such effects were also demonstrated in the decrease in COX-2 activity in the
estrogen treated animals, compared with vehicle treated chronic SCI rats.

The activation of NF-«xB, a pro-inflammatory transcription factor, is an important step in the
development of inflammation, and estrogen treatment has been found to block activation of
NF-xB in vitro in thymocytes (Xie et al. 2002) as well as in acute SCI (Sribnick et al. 2005).
Calpain has an important role in NF-xB activation: IxB, the endogenous inhibitor of NF-xB,
is a calpain substrate (Schaecher et al. 2004) and the cleavage of 1kB by calpain facilitates
translocation of NF-xB from cytosol to nucleus. Activation of NF-xB has been previously
demonstrated in SCI (Bethea et al. 1998) and estrogen treatment significantly attenuated NF-
kB activation and decreased the level of nuclear NF-xB in acute SCI (Sribnick et al. 2005)
as well as in chronic, as reported in the present study. The prevention of activation or
translocation of NF-xB has been shown to be neuroprotective in ischemia in vivo (Schneider
etal. 1999). In agreement with our SCI studies, estrogen treatment of rats following
ischemia was found to inactivate NF-xB (Wen et al. 2004). These in vivo findings of
decreased NF-xB activation by estrogen have been complemented by in vitro studies (Dodel
etal. 1999; Xie et al. 2002). Whether the inhibition of NF-xB activation is estrogen receptor
mediated or not is unclear, but upregulation of both ERa and ERp in the penumbra of
estrogen treated acute SCI suggests a possible link (Sribnick et al. 2006b). This has been
recently confirmed in our studies with low dose estrogen treatment of acute and chronic SCI
(Samantaray et al. 2009). Thus, there is a possibility that such a mechanism may exist in
estrogen mediated attenuation of inflammation in chronic SCI. Nonetheless, the
supraphysiologic dose of estrogen that we used in this study suggests that the
neuroprotection may also have been due to anti-oxidant effects. Estrogen receptors have
been found to be both anti-inflammatory and neuroprotective following estrogen treatment
in ischemia, TBI, and EAE, and multiple sclerosis (Dubal et al. 2001; Vegeto et al. 2003;
Morales et al. 2006). In the in vitro studies using microglia, estrogen treatment has been
shown to upregulate both estrogen receptors and estrogen receptor agonists can reverse their
levels (Smith et al. 2009).

Estrogen treatment has been correlated with changes in calpain content and activity in acute
SCI (Sribnick et al. 2006a). The finding that estrogen prevents post-traumatic increases in
calpain activity was also replicated in the in vitro studies. In C6 cells treated with H,O, (Sur
et al. 2003) or glutamate (Sribnick et al. 2006b), estrogen treatment significantly attenuated
increases in formation of 145 kD calpain-specific SBDP. In the acute SCI rats, estrogen
treatment significantly decreased the formation of 145 kD calpain-specific SBDP in caudal
penumbra (Sribnick et al. 2006b). Calpain expression in vehicle treated chronic SCI rats was
decreased in the lesion and penumbra. This might be due to phagocytosis of cells that died
due to apoptosis and necrosis and were removed during this long time following injury.
Estrogen treatment protected neurons in the lesion and caudal penumbra of chronic SCI rats.
This is supported by significant decrease in Bax:Bcl-2 ratio, which is a commitment to cell
death, following estrogen treatment. Neuronal death in chronic SCI could be associated with
increases in activation and activity of calpain and caspase-3, which were significantly down
regulated due to estrogen treatment. Also, axonal degeneration was prevented following
estrogen treatment. The attenuation of post-traumatic neuronal death and the preservation of
axons and myelin may explain the overall improvements seen in tissue histology and
locomotor function.

The LFB staining indicated that while there were some changes in the caudal penumbra of
SCI animals at 6-weeks post-injury, these were relatively small, compared with the damage
seen at the lesion epicenter. When comparing damage seen in acute phase (i.e. 2 days post-
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injury) with that seen chronic phase (i.e. 42 days post-injury), the striking difference is that
while pathology in the penumbra becomes negligible over time, pathology at the lesion
center is reduced (by approximately 10%) but still present. The LFB staining results from
the chronic SCI also correlate well with the TUNEL staining from the acute SCI (Sribnick et
al. 2005). These findings suggest that areas with high levels of TUNEL staining days after
the injury are more likely to be damaged at 42 days post-injury.

Neuron density at 6 weeks post-injury also correlated with LFB staining. This finding
suggests that, while there was little co-staining of NeuN and TUNEL in the acute injury
(Sribnick et al. 2006a), neurons are dying as the injury evolves. Axonal integrity was
examined by immunohistolabeling of dNFP. Dephosphorylation accelerates calpain
mediated degradation of NFP (Pant 1988). Past studies showed that dNFP was rapidly
degraded following SCI, and calpain inhibitors limited this degradation (Schumacher et al.
2000). The current study showing substantially higher level of dNFP in the caudal penumbra
than that in the lesion is puzzling; however, there are possible explanations for this finding.
If calpain activity in the lesion is elevated, compared with caudal penumbra, there will be
increased calpain mediated degradation of NFP in the lesion, causing decreases in dNFP
content as well. In support of this explanation, at 6 weeks post-injury, prominent damage to
the white matter was noted in the LFB staining of the lesion, whereas only areas of focal
pathology were noted in the caudal penumbra. In general, the estrogen treated rats showed
significant recovery starting at 3 days post-injury, as assessed by locomotor scoring.
Estrogen treatment significantly increased the locomotor function in the injured animals
over the 42 day post-injury period, compared with vehicle treated chronic SCI rats.

In conclusion, estrogen treatment protected neurons and axons and also attenuated
inflammation in chronic SCI so as to significantly improve locomotor function and survival
of the animals. Although the focus of this study was to investigate the efficacy of high dose
estrogen in chronic SCI, studies with low or physiologic doses of estrogen would be ideal
and clinically relevant. Such studies are in progress in our laboratory and preliminary results
indicate that low dose estrogen can be promising for treating acute as well as chronic SCI
(Samantaray et al. 2009). All in all, estrogen is a promising therapeutic agent for treatment
of chronic SCI.
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Assessment of locomotor function in chronic SCI. The BBB scale was used to examine
locomotor function in estrogen treated animals (closed circles) and vehicle treated (open
diamonds) SCI animals at day 1 and then twice a week thereafter. Sacrifice occurred on day
42. Significant difference between vehicle and estrogen was indicated by *P < 0.05 (h > 20).
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Fig. 2.

Assessment of myelin integrity using LFB staining. Thin (10 um) sections were cut from
paraffin-embedded spinal cord tissues. A: Representative samples are shown (at 40x
magnification). Focal areas of pathology in the penumbra are indicated with red arrows. B:
From each spinal cord segment, sections were taken at 500 um intervals and were assessed
for damage. Significant difference from sham values was indicated by *P <0.05 or **P <
0.0001. Significant difference between vehicle and estrogen was indicated by TP < 0.05 (n >
3).
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Examination of astrogliosis in chronic SCI. Thin frozen sections (5 um) of the lesion and
caudal penumbra spinal cord tissues (6 weeks post-injury) were stained with GFAP antibody
as a marker for astrogliosis. Representative images from lesion spinal cord are presented (at
200x magnification). Caudal penumbra images are omitted because there were no significant
differences among different groups after 6 weeks (n > 3).
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Fig. 4.

Activated macrophage infiltration in chronic SCI tissues. Thin frozen sections (5 um) of the
lesion and caudal penumbra spinal cord tissues (6 weeks post-injury) were stained with
ED-2 antibody as a marker for activated macrophages (at 200x magnification). Estrogen
treatment attenuated the activated macrophage infiltration in chronic SCI tissues in rats
(n=3).
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Examinantion of microgliosis in chronic SCI tissues. Thin frozen sections (5 um) of the
lesion and caudal penumbra spinal cord tissues (6 weeks post-injury) were stained with
OX-42 antibody as a marker of microgliosis (at 200x magnification). Restored microglial
morphology, similar to that seen in control, was noted in SCI spinal cords treated with
estrogen (n = 3).
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Estrogen attenuated COX-2 activity in chronic SCI. The activity of the inflammatory
enzyme COX-2 was determined by colorimetric assay in chronic SCI lesion and penumbra
tissues. Treatment with estrogen significantly reduced COX-2 activity both in the lesion and
caudal penumbra (n>3).
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Estrogen treatment attenuated translocation of NF-«xB to nucleus in chronic SCI. Western
blot analysis was used to assess the translocation of NF-kB from the cytosol to the nucleus
and also the degradation of IxB-a in both lesion and caudal penumbra. A: Representative
Western blots show NF-«xB and IkB-a in the cytosolic fractions and NF-«kB in the nuclear

fractions.p-Actin was used as a loading control. B: Densitometry of the Western blots.
Significant difference from sham and vehicle values was indicated by *P < 0.05 and

significant difference between estrogen and vehicle was indicated by #P < 0.05.
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Fig. 8.

Immunofluorescent labeling for neurons and calpain. Thin frozen sections (5 um) were
obtained from the lesion and caudal penumbra spinal cord tissues (6 weeks post-injury).
Sections were incubated with antibodies recognizing NeuN (a nuclear marker specific for
neurons) and calpain. Representative images are shown (at 200x magnification) using the
lesion and caudal penumbra (n > 3). Due to the secondary antibodies used, neurons appeared
red and calpain appeared green. Labeling of calpain expression was indicated by an arrow.
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Fig. 9.

Western blotting of the apoptosis regulatory Bax and Bcl-2 proteins in chronic SCI tissues.
A: The lesion and caudal penumbra spinal cord tissues were used in Western blotting of Bax
and Bcl-2 proteins. B-Actin expression was monitored for equal loading. B: Quantification
of OD of protein bands for determining Bax:Bcl-2 ratio (n > 3). Significant difference was
noted in Bax:Bcl-2 ratio between sham and injured animals (*P < 0.05). Significant
difference between vehicle treated animals and estrogen treated animals was indicated by #P
< 0.05.
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Western blotting to determine activation and activity of calpain and caspase-3 in chronic
SCI tissues. A: The lesion and caudal penumbra spinal cord tissues were used in Western
blotting to examine active forms and activities of calpain and caspase-3. B-Actin expression
was monitored for equal loading. B: Quantification of OD of protein bands for determining
levels of calpain and caspase-3 active forms and their proteolytic activities in generation of
145 kD SBDP and 120 kD SBDP, respectively (n=3). Significant difference between sham
and injured animals was indicated by *P < 0.05. Significant difference between estrogen
treated animals and vehicle treated animals was indicated by #P < 0.05.
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Fig. 11.
Assessment of axonal integrity by immunohistolabeling for dNFP. Thin frozen sections (5

um) were obtained from lesion and caudal penumbra spinal cord tissues (6 weeks post-
injury). Sections were stained with antibody recognizing dNFP. A: Representative images
are shown from the three treatment groups (at 200x magnification). B: Quantitation of dNFP
fluorescence for determination of axonal damage (n>3). Pixels were counted using the NIH
Image software. Significant difference from control values was indicated by *P < 0.05 or
**P < 0.0001, and significant difference between vehicle treated animals and estrogen
treated rats was indicated by tP < 0.05 or 1P < 0.0001.
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