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Abstract
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Spinal cord injury (SCI) is a debilitating condition with neurological deficits and loss of motor
function that, depending on the severity, may lead to paralysis. The only treatment currently
available is methylprednisolone, which is widely used and renders limited efficacy in SCI.
Therefore, other therapeutic agents must be developed. The neuroprotective efficacy of estrogen in
SCI was studied with a pre-clinical and pro-translational perspective. Acute SCI was induced in
rats that were treated with low doses of estrogen (1, 5, 10, or 100 µg/kg) and compared with
vehicle-treated injured rats or laminectomy control (sham) rats at 48 hours post-SCI. Changes in
gliosis and other pro-inflammatory responses, expression and activity of proteolytic enzymes (e.g.,
calpain, caspase-3), apoptosis of neurons in SCI, and cell death were monitored via Western blot
and immunohistochemistry. Negligible pro-inflammatory responses or proteolytic events and very
low levels of neuronal death were found in sham rats. In contrast, vehicle-treated SCI rats showed
profound pro-inflammatory responses with reactive gliosis, elevated expression and activity of
calpain and caspase-3, elevated Bax:Bcl2 ratio, and high levels of neuronal death in lesion and
caudal regions of the injured spinal cord. Estrogen treatment at each dose reduced proinflammatory and proteolytic activities and protected neurons in the caudal penumbra in acute
SCI. Estrogen treatment at 10 µg was found to be as effective as 100 µg in ameliorating the above
parameters in injured animals. Results from this investigation indicated that estrogen at a low dose
may be a promising therapeutic agent for treating acute SCI.
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Introduction
Spinal cord injury (SCI) is a devastating debilitating trauma that affects mostly young adults,
causing neurological deficit, and loss of sphincter function. Also, depending on the severity
of the injury, SCI often leads to paralysis and death. No effective pharmacotherapy is
currently available except for methylprednisolone (MP), which is controversial due to
limited efficacy and many unwanted side effects (Bracken et al. 1984, Hurlbert 2000,
Dumont et al. 2001). Thus, development of new therapeutics with maximal capacity that can
improve locomotor and sensory function after SCI is critical and essential.
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Because of the multiple destructive mechanisms that are responsible for cellular and tissue
damage in secondary injury, development of a single therapeutic agent or drug that can
promote or improve function following SCI has been difficult. Alternatively, identification of
a multi-active drug or combination therapy that will affect several pathways in secondary
injury in order to protect cells and their processes and promote functional recovery is
crucial. Such beneficial neuroprotective effects of the multi-active steroidal hormones
estrogen and progesterone have been demonstrated in animal models of ischemia and stroke
(Sakurai et al. 2003, Alkayed et al. 2001, Roof & Hall 2000, Dubal et al. 1999, Dubal et al.
2001). In addition, progesterone at higher dose (4 mg/kg body weight) has been found to be
neuroprotective in rat following SCI (Thomas et al. 1999, Gonzalez et al. 2005, Gonzalez et
al. 2009). Over the years, our laboratory and others have demonstrated that pharmacological
doses of estrogen (4 mg/kg) ameliorated secondary injury progression, including glial
activation, inflammation, lesion volume, and cell death in acute SCI (Yune et al. 2004,
Sribnick et al. 2005, Sribnick et al. 2010, Kachadroka et al. 2010, Ritz & Hausmann 2008).
Subsequently, administration of such doses of estrogen has been found to promote
improvement in the locomotor function in chronic SCI in rats (Yune et al. 2004, Sribnick et
al. 2010, Lee et al. 2012, Elkabes & Nicot 2014, Hu et al. 2012, Kwon et al. 2011).
Although a substantial number of pre-clinical studies on the estrogen effect in SCI have
found administration of estrogen to be beneficial and neuroprotective, the potential for use in
the treatment of SCI remains limited. Among the issues that make unlikely for estrogen to be
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taken into the clinic are factors such as very high non-physiological doses (100 µg – 4
mg/kg) of estrogen (17β-estradiol) and the route and time of drug delivery that have been
used in almost all studies (Yune et al. 2004, Sribnick et al. 2005, Lee et al. 2012, Elkabes &
Nicot 2014, Hu et al. 2012). Administration of high doses of estrogen by intravenous route
will have many unwanted side effects, including deep vein thrombosis and cancer (Nelson et
al. 2002, Manson et al. 2013). In order to circumvent these adverse effects, our laboratory
has recently published pilot studies that estrogen treatment at significantly lower doses (1–
10 µg/kg) that are closer to physiological levels are anti-inflammatory and neuroprotective in
acute SCI in rats, irrespective of time or route of delivery (Samantaray et al. 2011, Cox et al.
2015). The encouraging results obtained earlier from the pilot acute studies have now been
expanded to assess more parameters in acute injury. Determination of the effectiveness of
the low dose of estrogen on several detrimental parameters is important for long-term studies
following SCI. In support of estrogen as a potential therapy for SCI, we report that estrogen
administration at low dose (1, 5, 10 or 100 µg/kg) attenuated inflammation and calpain and
caspase activation; upregulated estrogen receptors and angiogenic factor vascular endothelial
growth factor (VEGF); and protected neurons, which are important for restoring/improving
locomotor function following SCI. These findings may help investigate whether
administration of low doses of estrogen will help restore or improve locomotor function in
chronic estrogen efficacy studies in spinal cord following injury. Such studies are in progress
in our laboratory.

Materials and Methods
Induction of SCI and estrogen treatment
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A moderately severe (40g•cm) injury model was used, as described earlier (Perot et al. 1987,
Samantaray et al. 2011). This model of SCI is clinically relevant in that it more closely
mimics the type of impact injury that occurs following automobile and other accidents. Male
Sprague-Dawley rats (Harlan Laboratories, Dublin, VA) weighing 200–250 grams were used
for the studies. Rats were anesthetized with ketamine (Ketaset 80 mg/kg, Pfizer, New York,
NY) and xylazine (AnaSed 10 mg/kg, Lloyd laboratories, Shenadoah, IA), and a
laminectomy was performed at T10. After immobilizing the spine with a spinal stereotactic
device, SCI was induced by a modified method by Perot of dropping a constant weight (5
gm) from a height of 8 cm onto an impounder (0.3 cm in diameter) gently placed on the
spinal cord (Perot et al. 1987). Sham animals received laminectomy only. Buprenorphine
(0.01–0.05 mg/kg) was administered for post-operative pain. Water-soluble estrogen, in the
form of 17β-estradiol (10 µg/kg, Sigma, St. Louis, MO), was dissolved in saline, and
vehicle-treated animals received an equivalent volume of saline. All animals received a bolus
tail vein injection of the respective low dose estrogen or vehicle at 15 min post-injury and a
second at 24 h. Rats were sacrificed by decapitation under anesthesia at 48 h post-injury. A 1
cm section of spinal cord centered on the lesion site as well as a 1 cm rostral section
(starting 0.5 cm rostral from the impact site) and a caudal penumbra section (starting 0.5 cm
caudal to the impact site) were taken for all groups so that the location and size remain the
same for quantitative analysis, i.e., to determine the effects of estrogen on
pathophysiological changes. A total of 30 rats were utilized in this study with n = 3 for sham
+ vehicle or sham + estrogen groups and n = 6 for injury + vehicle or injury + respective
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estrogen treatment groups. ARRIVE experimental guidelines were followed along with
institutional approval (AR#2079, Medical University of South Carolina, SC) for care and
handling of experimental animals during the course of this study.
Immunofluorescent labeling

Author Manuscript

Rat spinal cord samples embedded in Tissue-Tek OCT freezing media were warmed to
−20°C, and 5 µm thick sections were sliced using a Leica CM1850 cryostat (Leica,
Deerfield, IL, USA). Tissue sections were fixed in 95% ethanol, rinsed in phosphatebuffered saline (PBS, containing 137 mM NaCl, 2.7 mM KCl, 11.9 mM phosphates, pH
7.4), and stored in the same buffer at 4°C for further studies within a week. Sections were
blocked in PBS containing 2% appropriate serum (horse or sheep) then incubated with
respective primary IgG antibodies. Single immunofluorescent staining was performed to
detect glial fibrillary acidic protein (GFAP, 1:400 dilution). Terminal deoxynucleotidyl
transferase recombinant–mediated dUTP nick-end labeling (TUNEL) was performed
following the manufacturer’s protocol (Promega, Madison, WI, USA). Sections prefixed in
95% ethanol were immersed in 4% methanol-free formaldehyde, washed in PBS,
equilibrated in buffer, and incubated with digoxigenin labeled nucleotides (Roche,
Indianapolis, IN, USA) and recombinant TdT enzyme (Promega) using a humidified Hybaid
OmniSlide Thermal Cycler (Hybaid Ltd., Teddington, UK). TUNEL reaction was terminated
with 2× NaCl/Na-citrate solution, and unincorporated nucleotides were removed by three
rinses in PBS. Spinal cord sections were double stained with primary antibodies, to detect
co-localization of TUNEL with neuronal nuclei marker (NeuN, 1:100 dilution) overnight at
4°C, and images were captured as described earlier (Samantaray et al. 2007). GFAP
immunoreactive pixels and TUNEL positive neurons in dorsal and ventral horn were
estimated following our previously poblished methods (Samantaray et al. 2007).
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Western blotting
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Approximately 50–100 mg samples were prepared as follows: spinal cords were
homogenized in an ice-cold homogenizing buffer (50 mM Tris-HCl, pH 7.4; 5 mM EGTA)
with phenylmethylsulfonyl fluoride (1 mM); protein concentration was estimated with
Coomassie PlusTM Protein Assay Reagent (Pierce, Rockford, IL, USA) at 595 nm. Samples
were equilibrated (1:1 v/v) in a sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% sodium
dodecyl sulfate, 5 mM β-mercaptoethanol, 10% glycerol), boiled, and briefly spun before
sodium dodecyl sulfate soluble supernatant was collected. Samples were diluted to a final
protein concentration of 1.5 mg/mL with mix (1:1 v/v) of homogenizing and sample buffers
containing bromophenol blue dye (0.01%). Proteins were resolved in a 4–20% pre-cast
gradient gel (Bio-Rad Laboratories, Hercules, CA, USA) at 100 V for 60 min and
transferred to ImmobilonTM-P polyvinylidene fluoride microporous membranes (Millipore,
Bedford, MA, USA). Western blotting was carried out according to Samantaray et al.
(Samantaray et al. 2007). Calpain was detected with rabbit polyclonal antibody [1: 500
dilution; (Banik et al. 1983, Samantaray et al. 2007)]. Spectrin breakdown products (SBDP),
caspase-3, Bax, Bcl2, ER-α, ER-β and VEGF were detected (antibody specifications in
Table S1). Blots, except those for spectrin, were re-probed for β-actin, as a protein loading
control. Quantification of the immunoblots were conducted following our previously
published methods (Samantaray et al. 2007).
J Neurochem. Author manuscript; available in PMC 2017 March 31.

Samantaray et al.

Page 5

Statistical analysis

Author Manuscript

Optical density (OD) of protein immunoreactive bands obtained from Western blotting was
analyzed with NIH Image J 1.45 software. Results were assessed in Stat View software
(Abacus Concepts, Piscataway, NJ, USA) and compared by using one-way ANOVA with
Fisher’s protected least significant difference post hoc test at 95% confidence interval. Data
were expressed as mean ± SEM (n = 3–6). The difference in SCI or sham spinal cords with
or without estrogen treatment was considered significant at p < 0.05.

Results
Estrogen attenuates inflammatory events following acute SCI
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One of the aims of this investigation has been to pinpoint the lowest dose of estrogen
required to reduce secondary pathophysiological events in spinal cord following acute injury.
Since inflammatory events are a major source of secondary damage, activation of cells that
respond to inflammation were examined in the injured spinal cord. Activation of
macrophages and glial cells (microglia, astrocytes) is a common feature in the inflammatory
process following SCI. Thus, the efficacy of low dose estrogen in reducing microgliosis was
previously examined in our laboratory via immunostaining with OX-42 antibody, which was
significantly attenuated, as shown earlier (Samantaray et al. 2011). In addition, astroglial
reactivity was examined in spinal cord following acute SCI using GFAP-immunostaining.
Increased astroglial reactivity was seen in the lesion ventral horn as well as in the white
matter from SCI animals, as compared to the sham-vehicle group. Estrogen therapy (10–100
µg/kg) reduced astroglial GFAP reactivity in gray matter (ventral horn, Figure 1) and white
matter of the lesion (data not shown). Astrogliosis was also increased in caudal penumbra
SCI tissue from acute SCI rats, and 17β-estradiol also decreased astrogliosis at each of the
doses employed, indicating that the glial reactivity was decreased with estrogen treatment.
These data suggest an estrogen mediated anti-inflammatory effect following acute SCI.
Estrogen treatment reduces calpain expression and activity following acute SCI

Author Manuscript

Since calpain is known to be a central mediator in various apoptotic pathways, the dosedependent effects of estrogen treatment (10–100 µg/kg/day) on calpain activity and
expression were examined following acute SCI in lesion and caudal penumbral tissue by
Western blot analysis using mcalpain (80kD) antibody. Calpain activity was measured using
an antibody against spectrin, which recognizes the 145kD calpain-specific spectrin
breakdown product (SBDP). Figure 2 demonstrates representative immunoblots from the
following groups: sham-vehicle, sham treated with estrogen (100 µg), injury-vehicle, or
injury with estrogen (10 or 100 µg/kg). Calpain expression (Figure 2a, b) and activity
(Figure 2a, c) were significantly increased (more than 50%) in lesion and caudal penumbra
from animals treated with vehicle (saline) alone compared to sham controls. In contrast,
treatment with estrogen significantly decreased calpain expression and activity at 10 and 100
µg/kg/day in the lesion and caudal spinal cord tissue.
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Estrogen treatment reduces caspase-3 expression and activity following acute SCI

Author Manuscript
Author Manuscript

Since pro-apoptotic caspase-3 is involved in the final pathway of apoptosis, the effects of
estrogen treatment on its activity and expression were examined following SCI. Experiments
were performed as described above and tissue was analyzed for expression of the active 20
kD caspase-3 protein (Figure 3) and determining the activity by production of caspase-3specific 120 kD SBDP. As seen with calpain expression, active-caspase-3 expression (Figure
3a, c) and activity (Figure 3a, b) were increased in lesion and caudal penumbra of spinal
cord tissue from injured rats, as compared to sham. Our data indicate that the expression of
active caspase-3 was decreased by estrogen treatment at all concentrations in lesion and
caudal penumbra. In addition, production of the 120 kD caspase-3-specific SBDP was
significantly decreased at all concentrations in the lesion and penumbra following treatment
with estrogen. The extent of decrease seen with 10 µg estrogen treatment was found to be as
good as 100 µg estrogen. This finding suggested estrogen-mediated protection of cells by
attenuating caspase-3 activity in SCI. The effects of low dose estrogen on other apoptotic
parameters such as the Bax:Bcl2 ratio was also observed (Figure 3a, d), as in our previous
study (Samantaray et al. 2011).
Estrogen therapy increases expression of the estrogen receptors ERα and ERβ following
acute SCI

Author Manuscript

Since many of the effects of estrogen are both receptor-dependent, the effects of 17βestradiol (1–100 µg/kg/daily) were examined in the lesion and caudal penumbra of sham and
injury animals after 48 hours. The receptors were identified with marker antibodies that
recognize ERα and ERβ and β-actin served as an internal control for loading. Western blot
analysis indicates estrogen therapy increased expression of ERβ at all concentrations
employed in the injured spinal cord and in the sham animal (Figure 4). ERα was also
increased at all doses of estrogen compared to sham and vehicle treated SCI animals. A
greater effect was found at the highest dose of estrogen used in the injured and sham groups.
These data suggest the effects of 17β-estradiol may be in part due to signaling through
increased ERs.
Estrogen attenuates neuronal death following SCI
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The effects of estrogen therapy (1–10 µg/kg) on neuronal death were assessed following
acute SCI. DNA fragmentation (marker for cell death) was examined in neurons of the
caudal penumbra using the TUNEL assay. No TUNEL+ cells were found in the shamvehicle or sham-estrogen animals while the injury vehicle animals showed extensive
TUNEL+ cells in both dorsal and ventral regions of the spinal cord (Figure 5). Many of these
cells co-stained for the neuronal marker NeuN. Estrogen therapy attenuated cell death in
neurons in both dorsal and ventral regions of the injured cord at the 5 and 10 µg/kg doses
compared to vehicle treated injured rats; however the 1 µg/kg dose of estrogen did not
markedly alter neuronal death (Figure 5).
Estrogen treatment increases VEGF expression following acute SCI
Previous studies demonstrated that estrogen increases VEGF expression as well as other
angiogenic markers (Duckles & Krause 2003b, Wise 2002, Yang et al. 2000). Since
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decreased blood supply is a serious problem and may lead to ischemic damage to cells
following SCI, angiogenesis promote supply of blood for cell survival following estrogen
treatment. Thus, the effects of estrogen treatment on expression of the angiogenic factor
VEGF were examined following acute SCI (Figure 6). Results indicate a trend in increased
VEGF expression in caudal penumbra from both sham and SCI animals following estrogen
treatment with both doses of estrogen. These data suggest that estrogen therapy may
expedite the return of blood flow and nutrients following injury.

Discussion
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Spinal cord injury (SCI) is a devastating clinical problem with neurological deficits that,
depending on the severity of the injury, can lead to paralysis. There is no effective therapy
available for the treatment of SCI that can improve function. Understanding of secondary
injury mechanisms involved following SCI has prompted investigations on the role of
estrogen as a potential therapy. In our present study, the efficacy of estrogen therapy was
examined using very low doses administered by IV injection in an acute rat model of SCI.
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Attenuating a single damaging mechanism had not been proven to be beneficial for
treatment of SCI; however, estrogen is a multi-action steroid hormone that attenuates
multiple diverse destructive pathways involved in cell and tissue damage and is ideally
suited for combating secondary injury mechanisms in spinal cord following injury (Sribnick
et al. 2004a). A major factor involved in secondary damage to SCI and traumatic brain
injury (TBI) is inflammation, which also plays a significant role in many neurodegenerative
diseases. In addition to infiltration of inflammatory cells into CNS following injuries and in
degenerative diseases, neural cells that respond to inflammation (astrocytes, microglia) are
also activated (Popovich et al. 1997, Ritz & Hausmann 2008, Samantaray et al. 2011,
Shields et al. 2000). Since inflammatory factors are known to cause cell death in vitro
(Sribnick et al. 2004b, Das et al. 2011), one of the targeted therapies in SCI and other
diseases has been to reduce inflammation by inhibiting activation of inflammatory cells and
blocking production of inflammatory components in SCI following treatment with estrogen
and other agents (Sribnick et al. 2005, Samantaray et al. 2008, Chaovipoch et al. 2006). The
present study with low dose estrogen (ranging from 1–100 µg) confirmed earlier findings
and supported the hypothesis that one of the functions of estrogen is as an anti-inflammatory
agent, possibly mediated by estrogen receptors ERα and β (Tiwari-Woodruff et al. 2007).
Also, activation of pro-inflammatory transcription factor NFκB, a major player in the
development of inflammation, is increased in SCI (Bethea et al. 1998, Sribnick et al. 2010),
and estrogen treatment has been found to block this activation in vivo in SCI (Sribnick et al.
2005, Sribnick et al. 2010) as well as in vitro in thymocytes (Xie et al. 2002) and neural cells
(Das et al. 2011). The upregulation of ERα and ERβ in estrogen treated SCI has been
suggested as a possible link to the inhibition of NFκB activation (Sribnick et al. 2006). Low
dose estrogen treatment (1–10 µg/kg) was previously found to reduce inflammation (e.g.,
microgliosis, macrophage activation), decrease death genes, and protect neurons
(Samantaray et al. 2011). In the present study, the same dose of estrogen markedly reduced
astrogliosis and calpain/caspase activities in gray and white matter (Figures 1–3) and
upregulated estrogen receptors α and β, which have been shown to mediate the antiinflammatory effect rendered by estrogen in acute SCI. This confirms the findings of high
J Neurochem. Author manuscript; available in PMC 2017 March 31.
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dose estrogen studies reported earlier by our laboratory and others (Sribnick et al. 2003,
Sribnick et al. 2005, Sribnick et al. 2006, Yune et al. 2004, Chaovipoch et al. 2006) in acute
as well as chronic SCI with improvement of motor function (Sribnick et al. 2010, Cuzzocrea
et al. 2008, Siriphorn et al. 2012). The neuroprotective effects of estrogen have been
attributed to its anti-oxidative, anti-inflammatory, and other properties. Estrogen has been
found to reduce calcium influx in vivo in SCI (Wingrave et al. 2003) as well as in vitro in
cell undergoing excitatory or inflammatory damage (Nilsen et al. 2002, Sribnick et al.
2004b, Sur et al. 2005). We have recently shown that estrogen reduces calcium influx via
modulating L-type Ca2+-channels and Na+-K+ exchanger in vitro (Sribnick et al. 2009).
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While calpains are involved in signaling and synaptic plasticity at the physiological level,
pathologic calpains are hyperactive and degenerative (Ray et al. 2003, Lynch & Baudry
1984). Since an increase in calcium activates calpain and this elevated activity degrades
cytoskeletal protein, damaging mitochondria, neurofilaments, and microtubules in SCI
(Sribnick et al. 2006, Sribnick et al. 2005, Wingrave et al. 2003) as well as in TBI
(Posmantur et al. 1997, Ray & Banik 2003, Saatman et al. 2010), resulting in neurotoxicity
and cell death. The present study investigated whether the increased calpain activity is
inhibited by low dose estrogen, contributing to neuroprotection. The current findings on
estrogen-mediated calpain inhibition and the resulting neuroprotection have confirmed our
earlier report (Samantaray et al. 2011). Our data also showed significant inhibition of
caspase-3 and calpain expression and activity both in the lesion and penumbra, indicating
that estrogen may provide protection to cells which are mainly apoptotic, particularly in the
penumbra. However, pathologic calpains have been associated with neurodegenerative
diseases, including Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, and others
(Shields & Banik 1998a, Shields & Banik 1998b, Shields et al. 1999, Samantaray et al.
2007, Samantaray et al. 2013, Guyton et al. 2005, Bartus et al. 1994, Battaglia et al. 2003).
Active caspase-3, the final executioner of apoptotic cell death mechanisms, is a substrate of
calpain and becomes active following degradation, and therefore, upregulated calpain is
expected to activate caspase-3 in injured tissue (Gao & Dou 2000, Blomgren et al. 2001, Wu
et al. 2004).
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Increased activity of caspase-3 in SCI is involved in apoptosis and is inhibited in lesion and
penumbra of SCI following treatment with estrogen. Like our previous findings (Sribnick et
al. 2010, Sribnick et al. 2006, Ray et al. 2003, Samantaray et al. 2011), in the present study
estrogen treatment attenuated pro-apoptotic Bax and upregulated anti-apoptotic Bcl2, thus
altering the Bax;Bcl2 ratio essential for cell survival. This protection of neurons, whether in
dorsal or ventral horn, is confirmed by TUNEL staining of the caudal penumbra in SCI
following treatment with low doses (5–10 µg) of estrogen. The attenuation of sensory and
motor neuron death by estrogen indicates their pivotal roles for improvement of function in
SCI (Samantaray et al. 2011, Sribnick et al. 2006, Sribnick et al. 2010, Samantaray et al.
2010, Siriphorn et al. 2012, Kachadroka et al. 2010). Estrogen treatment not only provided
protection to neurons in acute SCI, it also attenuated axonal degeneration in the damaged
spinal cord following injury. We previously suggested that cells in the lesion tissue undergo
irreversible necrotic death while cells in the penumbra are partially damaged and apoptotic
and that the apoptotic death may be reversible if treated with proper agents and time
following injury. Our results with low estrogen treatment showed calpain-caspase inhibition
J Neurochem. Author manuscript; available in PMC 2017 March 31.
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and greater cell protection in penumbra, as previously demonstrated (Sribnick et al. 2006,
Chaovipoch et al. 2006, Samantaray et al. 2011). Although increased caspase-3 activity is
inhibited by estrogen treatment, it is downstream of calpain. Thus, since caspase is a
substrate of calpain, inhibition of calpain by estrogen is very likely to also block caspase
activation and provide neuroprotection. Therefore, the inhibition of calpain by estrogen is
likely to be an important pathway for the neuroprotection rendered by estrogen.
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The neuroprotective mechanisms of estrogen have been suggested to be mediated by
estrogen receptors ERα and ERβ since both are localized in mitochondria and both inhibit
breakdown of calpain substrates (Chen et al. 2004, Morelli et al. 2003). ERs also upregulate
the expression of anti-apoptotic proteins Akt and Bcl2 via phosphorylation of transcription
factor cAMP response element binding protein (CREB) (Alkayed et al. 2001, Honda et al.
2001, Pugazhenthi et al. 2000). Calpain inhibition by estrogen at the lowest level
significantly increased levels of both ERα and ERβ in SCI, confirming our previous findings
(Sribnick et al. 2006). Estrogen receptor alpha (ERα) may be involved in the estrogenmediated angiogenesis in tissue after insult (Stirone et al. 2003a), and more specifically SCI
(Hu et al. 2012).
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The lack of blood supply will induce ischemia due to changes in vasculature following
injury may deprive tissue of beneficial factors or nutrients needed for cell survival. Thus,
estrogen treatment may improve blood supply and play an important role in improving the
neurovasculature, as evidenced with increased expression of angiogenic factor VEGF
(Duckles & Krause 2003a, Stirone et al. 2003a, Stirone et al. 2003b). Estrogen has been
found to promote angiogenesis by upregulating angiogenic factors Tie-1 and Tie-2 in
cerebral ischemia (Davis et al. 1996, Mustonen & Alitalo 1995, Wei et al. 2005). This
suggests that estrogen may play a significant role in promoting angiogenesis, which would
provide beneficial factors to apoptotic and/or ischemia-induced damaged cells for their
survival for functional recovery.

Conclusion
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Tissue destruction in spinal cord following injury is mediated by overlapping multidestructive pathways. Therefore, attenuating the tissue damage by single pharmacotherapy is
problematic and will not have any beneficial effect. Estrogen has been shown to be a multiactive steroid that has been found to have anti-inflammatory, anti-oxidant, and anti-apoptotic
effects, inhibits calpain activation, and is neuroprotective (Samantaray et al. 2011, Elkabes
& Nicot 2014, Kwon et al. 2011). Although angiogenesis is important for cell survival, the
limitation in this study is that restoration of blood supply has not been thoroughly
investigated in acute injury. Such thorough studies in chronic SCI are currently being
investigated in our laboratory. For clinical relevance, the current study provides evidence
that treatment with low doses of estrogen (5–10µg of 17β-estradiol), as we have
demonstrated in acute (48 hour) SCI is neuroprotective and attenuated many destructive
pathways. Therefore, the importance of these findings is that low dose estrogen treatment
may have significant potential for recovery of locomotor function in SCI.
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ER α

Estrogen receptor alpha

ER β

Estrogen receptor beta

GFAP

glial fibrillary acidic protein

MP

methylprednisolone

OCT

optimum cutting temperature

SBDP

spectrin breakdown product

SCI

spinal cord injury

VEGF

vascular endothelial growth factor
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Fig. 1.
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Low dose estrogen attenuated astrogliosis following acute SCI. Immunofluoresecent
labelings for astrogliosis were performed using lesion and caudal penumbra spinal cord
sections from sham and SCI rats treated with vehicle or estrogen (10 µg/kg). (a) Astrogliosis
were assessed using GFAP antibody (green), representative images captured at the ventral
horn are shown. Acute SCI-induced pervading astrogliosis in the ventral horn were
significantly attenuated with estrogen treatment (n = 3–6, 200× magnification). (b)
Quantitative assessment of GFAP IR is represented. At P = 0.05, sham + vehicle and sham +
estrogen were not significantly different. *P < 0.05 as compared to sham and @P < 0.05
or @@P < 0.01 as compared to injury + vehicle.
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Fig. 2.

Estrogen reduced calpain expression and activity following acute SCI. (a) Representative
Western blots using lesion and caudal penumbra spinal cord segments from sham and SCI
rats treated with vehicle or estrogen (10 or 100 µg/kg). (b) Determination of OD of bands
representing calpain activity in terms of 145 kDa specific spectrin breakdown products or
SBDP. (c) Determination of OD of bands representing calpain expression. Data presented as
percentage change in comparison with sham + vehicle set at 100% (n = 3–6). Sham +
vehicle vs. injury + vehicle (*P < 0.05); and injury + vehicle vs. injury + estrogen (#P <
0.05)
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Fig. 3.
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Estrogen reduced caspase-3 expression and activity and Bax:Bcl-2 ratio following acute
SCI. (a) Representative Western blots using lesion and caudal penumbra spinal cord
segments from sham and SCI rats treated with vehicle or estrogen (10 or 100 µg/kg). (b)
Determination of OD of bands representing caspase-3 activity in terms of 120 kDa specific
spectrin breakdown products or SBDP. (c) Determination of OD of bands representing
caspase-3 active fragment. (d) Determination of OD of bands representing the ratio between
Bax:Bcl-2. Data presented as percentage change in comparison with sham + vehicle set at
100% (n = 3–6). Sham + vehicle vs. injury + vehicle (*P < 0.05); and injury + vehicle vs.
injury + estrogen (#P < 0.05)
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Fig. 4.

Estrogen modulated expression of estrogen receptors ERα and ERβ following acute SCI. (a)
Representative Western blots using lesion and caudal penumbra spinal cord segments from
sham and SCI rats treated with vehicle or dose-dependent estrogen (1, 5, 10 or 100 µg/kg).
(n = 3–6). (b) Quantitative assessment of ERα and ERβ is represented. At P = 0.05, sham +
vehicle and sham + estrogen were not significantly different. *P < 0.05 as compared to sham
and @P < 0.05 as compared to injury + vehicle.
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Fig. 5.
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Estrogen attenuated neuronal death following acute SCI. (a) Double immunofluorescent
labelings for detecting neuronal death were performed using caudal penumbra spinal cord
sections from sham and SCI rats treated with vehicle or dose-dependent estrogen (1, 5, or 10
µg/kg). Images captured at the dorsal horn are represented as TUNEL staining (red), NeuN
staining (green) and co-staining in the merge panel whereas images in ventral horn as
represented as merge only. (n = 3–6, 200× magnification). (b) TUNEL-positive neurons
(yellow, merge) were estimated in SCI tissue. At P = 0.05, sham + vehicle and sham +
estrogen were not significantly different. *P < 0.05 as compared to sham and @P < 0.05 as
compared to injury + vehicle.
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Fig. 6.
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Estrogen modulated expression of VEGF following acute SCI. Representative Western blots
using caudal penumbra spinal cord segments from sham and SCI rats treated with vehicle or
estrogen (10 or 100 µg/kg). (n = 4–6). Determination of OD of bands representing VEGF
expression showing data presented as percentage change in comparison with sham + vehicle
set at 100% (n = 4–6). Sham + vehicle vs. injury + vehicle (*P < 0.05); and injury + vehicle
vs. injury + estrogen (#P < 0.05)
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