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Abstract

The present study investigates the endogenous expression of Suppressor of Cytokine Signaling-3

(SOCS3) after spinal cord injury (SCI) and its effect on SCI-induced cell death in vivo. In

addition, we determined whether a reduction of SOCS3 expression induced by microinjection of

short hairpin RNA (shSOCS3) carried by lentivirus into spinal cord provides cellular protection

after SCI. We demonstrated that complete transection of rat T8 spinal cord induced SOCS3

expression at the mRNA and protein levels as early as 2 days post-injury, which was maintained

up to 14 days. SOCS3 immunoreactivity was detected in neurons and activated microglia after

SCI. We also demonstrated that SCI induces phosphorylation of proteins that are involved in

signal transduction and transcription-3 (STAT3) in neurons, which induced SOCS3 expression.

Western blot analyses and double-immunofluorescent staining showed significant up-regulation of

the pro-apoptotic protein Bax, increases in the ratio of Bax to the anti-apoptotic protein Bcl-2, and

up-regulation of cleaved caspase-3 in neurons. Treatment with shSOCS3 inhibited SCI-induced

mRNA expression of SOCS3 2 days post-injury and suppressed SCI-induced Bax expression 7

days after SCI, both rostral and caudal to the lesion. Moreover, treatment with shSOCS3 inhibited

SCI-induced neuronal death and protected neuronal morphology both rostral and caudal to the

injury site 7 days post-injury. Our results suggest that the STAT3/SOCS3 signaling pathway plays

an important role in regulating neuronal death after SCI.
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INTRODUCTION

Spinal cord injury (SCI) initiates a series of cellular and molecular events that include direct

mechanical damage and subsequent secondary injury cascades (Beattie et al., 2002; Beattie,

2004). Direct mechanical damage induces a cascade of excitotoxicity, oxidative stress, and

membrane breakdown. This in turn triggers secondary injury cascades, including glia

activation and inflammatory cytokine expression, which lead to secondary cell death of

neurons and glia (Hausmann, 2003; Lu et al., 2000). Several reports have demonstrated that

complete SCI, resulting in apoptotic neuronal death, is characterized by chromatin

condensation, DNA fragmentation, and pro-apoptotic Bax expression in vivo (Stirling et al.,

2004; Wu et al., 2007). The main regulators of apoptotic cell death are members of the Bcl-2

family, which include Bax and anti-apoptotic Bcl-2 (Ola et al., 2011; Rahman et al., 2012).

Bax forms heterodimers with Bcl-2 and the ratio of Bax/Bcl-2 modulates mitochondrial

outer membrane permeability (Oltvai et al., 1993). This is central to the regulation of

caspase-dependent apoptotic cell death (Tsujimoto, 2003).

Additionally, Suppressor of Cytokine Signaling (SOCS) proteins have been shown to play a

role in terminating signaling through the JAK/STAT pathway (Yoshimura et al., 2007;

Baker et al., 2009) that regulates neuronal growth and differentiation. SOCS3 expression in

neurons in particular caused a negative regulatory effect on signal transduction and

transcription-3 (STAT3) activation, which consequently contributed to excitotoxic neuronal

death in vitro (Park et al., 2012). The inhibition of neuronal protection by SOCS3 was

shown to act through anti-apoptotic Bcl-xL, indicating a deleterious effect of SOCS3 on

neuronal survival. SOCS3 binds to gp130, a common signal transducing subunit with

interleukin-6 (IL-6), or to Janus kinase1 (JAK1) and JAK2, to inhibit signal transduction

(Nicholson et al., 2000; Schmitz et al., 2000). This results in negative regulation of neuronal

survival and axon regeneration (Yadav et al., 2005; Miao et al., 2008; Sun et al., 2011) in

vivo and in vitro. These studies demonstrated that SOCS3 expression negatively regulates

phosphorylation of STAT3, leading to inhibition of neuronal protection and axonal

regeneration. However, the levels and pattern of SOCS3 expression in the spinal cord and

how SOCS3 contributes to cell death regulation after SCI in vivo are currently unknown.

Here, we hypothesize that up-regulation of SOCS3 can lead to cell death after SCI by

complete transection (Tx) of the T8 spinal cord and that inhibition of SCI-induced SOCS3

expression in neurons can provide neuroprotective effects. We determined the expression

pattern of SOCS3 in different cell types and at different time points and analyzed correlation

with cell death after complete SCI in adult rats. We also investigated the underlying

mechanism of SOCS3-mediated apoptotic cell death, including its interactions with Bcl-2,

Bax, and caspase-3. Finally, we demonstrated that the survival rate of neurons after SCI was

enhanced when SCI-induced SOCS3 expression was reduced by microinjection of short

hairpin RNA specific for SOCS3 (shSOCS3) into the spinal cord.
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MATERIALS AND METHODS

Animals

One hundred and four adult female Sprague-Dawley rats (220–250g) were assigned

randomly into six groups: (1) sham control group (laminectomy only; n=13); (2) Tx-only

group (T8 spinal cord transection only; n=49); (3) sham + control lentivirus (pGipz) group

(laminectomy only with pGipz injection; n=9); (4) Tx + pGpiz group (T8 spinal cord

transection with pGipz injection; n=12); (5) sham + lentivirus carrying shSOCS3

(shSOCS3) group (laminectomy only and shSOCS3 injection; n=9); (6) Tx + shSOCS3

group (T8 spinal cord transection and shSOCS3 injection; n=12). Rats were housed in

standard laboratory cages with a 12:12 hour light/dark cycle with standard rodent chow and

water available ad libitum. The experiments were performed during the light cycle. All

animal procedures were approved by the Cleveland Clinic Institutional Animal Care and

Use Committee (IACUC).

Spinal cord surgery and delivery of shSOCS3 to the spinal cord

All surgical procedures were conducted under aseptic conditions. Before surgery, all animals

were anesthetized with 2% isoflurane gas mixed with oxygen. Rats were maintained on a

heating pad and rectal temperature was monitored and maintained within ± 1.5°C of 36.5°C

during surgery. Animals in the sham control group underwent a laminectomy only (T8

level). In the Tx-only group, a laminectomy was also performed, followed by complete

transverse cuts of the spinal cord at the T8 level, resulting in a gap of ~2–3 mm. A surgical

microscope was used to ensure the complete removal of neural tissue, including fiber

bundles. Muscle and skin layers were closed with 2-0 sutures. The bladders of all spinal

cord-transected rats were expressed manually twice per day throughout the experimental

period.

A lentiviral plasmid encoding shRNA specific for SOCS3 to knock down SOCS3

expression, shSOCS3/pGpiz, was obtained from Dr. Etty Benveniste (University of

Alabama at Birmingham). Briefly, as previously described (Park et al., 2012), lentiviral

particles were generated by calcium phosphate-mediated co-transfection of HEK-293T cells

with empty pGipz or shSOCS3/pGpiz, psPAX2 (Packaging plasmid), and pMD2G

(Envelope plasmid). Virus was collected after 72 h and titers up to 3–4×109 infectious

units/ml were obtained.

For lentiviral injections into the spinal cord, a laminectomy was performed at T8, followed

by insertion of a pored glass pipette attached to a microinjector into the gray matter of the

spinal cord. The target areas for injection included four total sites at the following

coordinates: two sites 2.5 mm rostral and two sites 2.5 mm caudal to the injury site; depth

was 2 mm below the spinal cord at each site. Infusions were made at a rate of 133nl /min for

pGipz or shSOCS3 containing lentivirus (2×107 total infectious units in 4 µl). After

injection, the glass pipette was left in place for an additional 2 min before being slowly

retracted. In the sham + pGipz group, Tx + pGipz group, sham + shSOCS3 group, and Tx +

shSOCS3 group, lentiviral delivery into the spinal cord was performed 2 weeks before the

T8 spinal cord transection or sham procedure.
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Immunohistochemistry

Animals were anesthetized at the indicated time points (1, 2, 4, 7 or 14 days) after SCI and

transcardially perfused with 0.9% saline followed by 4% paraformaldehyde. Spinal cord

tissues were removed, post-fixed overnight at 4 °C in buffered 4% paraformaldehyde, and

stored at 4 °C in 30% sucrose solution until sinking. The tissues were then transversely

sectioned (30 µm) and collected using a cryostat. Immunohistochemistry was performed as

described previously (Lee et al., 2013). Briefly, free-floating serial sections were rinsed

three times for 10 min with PBS and blocked with PBS containing 3% normal horse serum

and 0.25% Triton X-100 for 1 h at room temperature. After blocking, the sections were

incubated overnight with gentle agitation at room temperature with PBS containing 0.5%

BSA in the following antibody combinations: the neuronal-specific nuclear protein NeuN

(1:5000; EMD Millipore, Billerica, MA) for neurons with SOCS3 (1:1,000; abcam,

Cambridge, MA), glial fibrillary acidic protein (GFAP) for astrocytes (1:4,000; Dako,

Glostrup, Denmark) with SOCS3, OX-42 (1:1,000; Thermo Scientific, Rockford, IL), which

recognizes complement receptor 3, with SOCS3, NeuN with phosphorylated STAT3 Tyr

705 (1:1,000; Cell Signaling Technology, Beverly, MA), or NeuN with cleaved caspase-3

(1:1,000; Cell Signaling Technology). Sections were then rinsed in PBS and incubated for 1

h at room temperature with the secondary antibody conjugated by Alexa Flour 488 or 594 as

appropriate (1:2,000; Life Technologies, Grand Island, NY). Tissues were then washed and

mounted with Vectashield mounting medium (Vector Laboratory, Burlingame, CA).

Sections were examined and all images were taken using a fluorescent microscope

(DM6000; Leica Microsystems, Buffalo Grove, IL).

TUNEL staining

The amount of apoptosis was determined by double-staining of TUNEL with NeuN, GFAP,

or OX-42. TUNEL assays were performed using the Apoptag fluorescein in situ detection

kit (Roche Applied Science, Indianapolis, IN) that detects the 3′-OH region of cleaved DNA

during apoptosis. Briefly, sections of spinal cord tissue were permeabilized with 3% normal

horse serum with 0.25% Triton X-100 in PBS for 30 min at room temperature. The TUNEL

reaction mixture was then added; tissue was incubated in a humidified chamber for 1 h at

37°C and washed with PBS. For double staining, sections were incubated with antibody

against NeuN, GFAP, or OX-42 overnight at room temperature. The next day, sections were

rinsed with PBS and incubated for 1 h at room temperature with Alexa Flour 594-conjugated

secondary antibody (Life Technologies). Tissues were then washed and mounted with

Vectashield mounting medium (Vector Laboratory). Images were collected using a

fluorescent microscope (DM6000; Leica Microsystems).

Western blotting

Spinal cord tissues were obtained from areas 5 mm rostral and caudal to the epicenter and

were homogenized in ice-cold lysis buffer containing the following (in mM): 20 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, protease inhibitor mixture (Roche

Applied Science) and phosphatase inhibitor I & II (Sigma-Aldrich, St. Louis, MO). Tissue

homogenates were centrifuged at 4°C for 15 min at 12,000 × g and the supernatant was

transferred into a new tube. Extracts were stored at −80°C. Equal amounts of protein (50 µg)
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were mixed with loading buffer (0.125 M Tris-HCl (pH 6.8), 20% glycerol, 4% SDS, 10%

2-ME, and 0.002% bromphenol blue), boiled for 5 min, and separated by SDS-PAGE. After

electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (EMD

Millipore) using an electrophoretic transfer system (Bio-Rad Laboratories, Hercules, CA).

Membranes were then washed with TBS and blocked for 1 h with TBS containing 5% skim

milk. Membranes were then incubated overnight at 4°C with one of the following primary

antibodies: rabbit anti-SOCS3 (1:2,000; abcam), rabbit anti-phospho-STAT3 Tyr705 (Cell

Signaling Technology), rabbit anti-Bax (1:1,000; Cell Signaling), or rabbit anti-cleaved

caspase-3 (Cell Signaling Technology). After washing, membranes were incubated for 1 h at

room temperature with HRP-conjugated secondary antibodies (1:10,000; Amersham

Biosciences, Pittsburgh, PA) and washed again with TBS. Finally, immunoreactivity was

developed using Pierce ECL® or SuperSignal® West Dura substrate (Thermo Scientific).

Blots were then re-probed with antibody against β-actin (1:4,000; Cell Signaling

Technology), STAT3 (1:1,000; Cell Signaling Technology), or caspase-3 (1:1,000; Cell

Signaling Technology). The densities of bands on immunoblots were measured using

ImageJ software for further quantitative analyses.

RNA isolation and quantitative real time-PCR

Spinal cord tissues were obtained from areas 5 mm rostral and caudal to the epicenter at the

indicated time points after injury and total RNA was extracted using Trizol (Life

Technologies). Purified RNA (500 ng) was reverse transcribed into cDNA using Multiscribe

reverse transcriptase and random primers (Applied Biosystems by Life Technologies).

Quantitative real-time PCR (qRT-PCR) to determine levels of SOCS3 mRNA was

performed as previously described (Park et al., 2012). Data were analyzed using the

comparative cycle threshold method to obtain quantitative values.

Quantitative analysis of spinal cord neurons

The number of neurons surrounding the injured spinal cord was assessed by examining

sections obtained from areas 4 mm rostral and caudal to the injury site. One of every six

serial sections (180 µm apart) was selected to avoid double cell counting and was

immunostained with NeuN antibody to count NeuN-positive neurons (NeuN+ neurons) in

the spinal cord. NeuN+ neurons of spinal cord were counted using a fluorescence

microscope at a magnification of 200× and expressed as the number of total spinal cord

neurons in each section. Only neurons with normal visible nuclei stained by DAPI were

counted.

Measurement of the size of NeuN + neurons

As described above, one of every six serial sections (180 µm apart) were selected,

immunostained with NeuN antibody, and digital photomicrographs of NeuN+ neurons in the

ventral horn area were then taken with a Leica microscope (DM6000). For measurement of

neuronal size, pictures were analyzed by LAS AF software (Leica Microsystems) and the

diameter of the individual NeuN+ neurons were measured (Kishino et al., 1997). A total of

~200–230 neurons (10–12 neurons in each section) in each area rostral and caudal to the

injury site were measured and analyzed.
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Statistical analysis

All values are presented as mean ± SEM. Statistical significance (p<0.05 for all analyses)

between groups was assessed by ANOVA using GraphPad Prism 5.01 (GraphPad, San

Diego, CA), followed by Student–Newman–Keuls analyses. All experimental procedures

and data analyses were performed in a blinded fashion over the entire study.

RESULTS

T8 complete SCI induces SOCS3 expression

Levels of SOCS3 mRNA and protein from areas 5 mm rostral and caudal to the T8 injury

site were determined at 1, 2, 4, 7 and 14 days after complete SCI. Quantitative-PCR results

showed that basal expression levels of SOCS3 mRNA were very low in the T8 spinal cord

of sham animals. However, overall SOCS3 mRNA significantly increased during the two

week period following complete SCI (Fig. 1A; p<0.001). SOCS3 mRNA expression at 1 day

post-SCI immediately increased 90- and 130-fold compared to controls in rostral and caudal

areas, respectively. After reaching peak levels 1 day post-SCI, SOCS3 expression started to

gradually decrease until 14 days post-SCI in areas both rostral and caudal to the injury site

(Fig. 1A). For SOCS3 protein expression, immunoblot analysis also demonstrated

significant up-regulation of SOCS3 expression at 1, 2, and 4 days post-SCI (Fig. 1B; p <

0.001). At 2 days post-SCI, SOCS3 protein reached peak levels, 10.7–10.8-fold higher than

sham animals, and then slowly decreased until 14 days post-SCI in areas both rostral and

caudal to the injury site.

The majority of SOCS3 was expressed by neurons after T8 complete SCI

We further determined which cell types contributed to SOCS3 over-expression after SCI.

The time point of 2 days post-SCI was selected for this purpose because SOCS3 protein

expression peaked at this time point (Fig. 1). To identify cells that expressed SOCS3 in areas

rostral and caudal to the T8 SCI site, double-immunofluorescence staining of SOCS3 with

either NeuN for neurons (Fig. 2A), OX-42 for microglia (Fig. 2B), or glial fibrillary acidic

protein (GFAP) for astrocytes (Fig. 2C) was performed. Increased immunofluorescence of

SOCS3 was detected 2 days post-SCI (Fig. 2), consistent with the data obtained from

immunoblot analysis (Fig. 1B). The results of double-immunofluorescence staining of the

same tissue sections revealed that SCI-induced SOCS3 expression was localized primarily in

NeuN+ neurons (Fig. 2A), with SOCS3 expressed by OX-42+ microglia (Fig. 2B) to a much

lesser extent and no observed SOCS3 expression by GFAP+ astrocytes (Fig. 2C). Extensive

analysis of the expression levels and distribution of SOCS3 showed that SCI-induced

SOCS3 was mainly expressed by NeuN+ neurons in areas both rostral and caudal to the

injury epicenter (Fig. 2D).

STAT3 activation after T8 complete SCI

Previous studies have demonstrated that SOCS3 expression can be induced by the JAK/

STAT signaling pathway, particularly STAT3 (Baker et al., 2009; Ma et al., 2010),

indicating that SOCS3 is a STAT3-inducible gene. Specifically, phosphorylated STAT3

needs to be dimerized and translocate to the nucleus, where it induces transcription of
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SOCS3 genes. Thus, we investigated whether T8 spinal cord complete transection induces

tyrosine phosphorylation of STAT3 (P-STAT3 Tyr) in vivo as evidence of an essential

signaling pathway for SOCS3 expression. Immunoblotting demonstrated that total STAT3

expression was not changed after T8 complete SCI (Fig. 3A). However, increased

expression of P-STAT3 Tyr by SCI was significantly induced as early as 1 day, which was

maintained up to 2 weeks in areas both rostral and caudal to the injury site (Fig. 3A). The P-

STAT3 Tyr reached peak levels 1 day post-SCI, which was 30 and 34 times higher than that

of sham animals in rostral and caudal areas, respectively. To test the cellular localization of

phosphorylated STAT3, transverse sections of spinal cord from both rostral and caudal

segments were examined by double immunofluorescence staining of NeuN with P-STAT3

Tyr. The results showed that P-STAT3 Tyr was detected in NeuN+ neurons and

accumulated in nuclei 2 days post-SCI (Fig. 3B). Thus SCI-induced increases in the

expression of both P-STAT3 Tyr and SOCS3, which reached peak levels 1 day (Fig. 3A)

and 2 days (Fig. 1B) post-SCI, respectively, support the previous findings that SOCS3 is an

activity-dependent and STAT3-inducible gene in neurons.

Increased SOCS3 expression contributes to spinal cord neuronal death after T8 complete
SCI

SOCS3 expression in neurons was shown to contribute to excitotoxic neuronal death in vitro

(Park et al., 2012). In order to determine the correlation of up-regulation of SOCS3 with

neuronal death after SCI in vivo, we investigated the expression of several cell death

markers, including Bax and caspase-3. Several studies have demonstrated that increased Bax

in spinal cord contributes to contusive SCI-induced Bax-dependent caspase-3 activation

(Cregan et al., 1999) and neuronal cell death in vivo and in vitro (Kotipatruni et al., 2011).

Therefore, we first examined the protein expression of Bcl-2 and Bax at 1, 2, 4, 7, and 14

days after complete SCI by western blot analysis in both rostral and caudal spinal cords.

Indeed, Bax expression was significantly induced by SCI, while no significant difference

was seen in anti-apoptotic Bcl-2 expression, leading to an increased ratio of Bax/Bcl-2. Such

changes were similarly found in areas both rostral and caudal to the injured site at all time

points examined after SCI (Fig. 4A).

In addition to Bax and Bcl-2, caspase-3 has been shown to be an important marker of

apoptotic cell death in spinal cord neurons (Wu et al., 2007). Immunoblot analysis showed

that cleaved caspase-3 (the 17kDa active form of caspase-3) expression started to

significantly increase at 1 day and continued to 14 days in rostral and caudal cord after

complete SCI. Specifically, the induction of cleaved caspase-3 peaked at 7 days and the

SCI-induced increases in cleaved caspase-3 were seen in areas both rostral and caudal to the

injured site at each individual time point examined after SCI (Fig. 4B). To determine if SCI-

induced up-regulation of cleaved caspase-3 occurred in neurons, double-

immunofluorescence staining of cleaved caspase-3 with NeuN was performed 7 days after

SCI. The results revealed that increased cleaved caspase-3 immunofluorescence was

observed mainly in NeuN+ neurons in spinal cord (Fig. 4C), indicating that caspase-3 was

involved in SCI-induced neuronal death.
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To further evaluate SCI-induced neuronal death, spinal cord tissues harvested 7 days post-

SCI were processed for staining with TUNEL and NeuN to visualize nuclear DNA cleavage

during cell death of spinal cord neurons. Seven days post-SCI was selected because SCI-

induced increases in both Bax/Bcl-2 (Fig. 4A) and cleaved caspase-3 (Fig. 4B) peaked at

this time. As shown, there were no TUNEL-positive cells in sham animals (con). TUNEL-

positive cells were observed in both gray and white matter after complete SCI. Double

staining of NeuN with TUNEL further confirmed neuronal cell death in the gray matter after

SCI (Fig. 4D). Together, the peak expression of SOCS3 and P-STAT3 Tyr were observed 1–

4 days after SCI and were followed by peak expression of cell death markers (Bax/Bcl-2 and

cleaved caspase-3) at 7 days after SCI (Fig. 4E). These data indicated that early expression

of SOCS3 and P-STAT3 Tyr by neurons contributed to subsequent neuronal death after T8

complete SCI.

Reduction of SCI-induced SOCS3 expression contributed to neuroprotective effects after
complete SCI

To investigate if manipulation of SOCS3 levels prevents further neuronal death after

complete SCI, we applied shSOCS3 2 weeks prior to complete SCI to inhibit SOCS3

expression after SCI. As the infection efficiency of lentivirus in neurons has been debated

(Karra and Dahm, 2010; Peluffo et al., 2013), we first tested whether spinal cord neurons

were infected by our lentivirus preparation in vivo. Control lentivirus tagged with Green

Fluorescence Protein (GFP) was injected into T8 spinal cord gray matter. Two weeks later

animals were sacrificed and analyzed by immunofluorescence staining with NeuN. The

results revealed that GFP immunoreactivity was co-localized within NeuN+ neurons (Fig.

5A), indicating the major infected cell type by lentivirus is neurons. The animals that

received shSOCS3 showed a significant reduction (~30%) of SOCS3 mRNA expression 2

days after complete SCI, the time point showing highest SOCS3 expression (Fig. 1B),

compared to animals with control lentvirus (pGipz) treatment, which was found similarly in

both rostral and caudal spinal cord segments (Fig. 5B). In addition, shSOCS3 microinjection

significantly decreased the Bax/Bcl-2 ratio in the spinal cord both rostral (~30%) and caudal

(~50%) to the lesion epicenter 7 days post-SCI, the time point with the greatest SCI-induced

Bax/Bcl-2 ratio (Fig. 4A), when compared to animals with control lentivirus treatment (Figs.

5C and 5D). Moreover, we analyzed the number of NeuN+ neurons in the gray matter 7

days post-SCI, the time point with the peak value of neuronal death, to further test the

neuroprotective efficacy of shSOCS3 intervention. As shown, significant more NeuN+

neurons were seen in the spinal cord gray matter of shSOCS3-treated animals as compared

to control lentivirus (pGipz)-treated animals (Fig. 6A). Quantitative analysis demonstrated

that shSOCS3 treatment reduced SCI-induced neuronal death in both rostral and caudal

spinal cord as compared to control lentivirus treatment (Fig. 6B). Furthermore, analysis of

cell size of NeuN+ neurons in the ventral horn of T8 spinal cord demonstrated that shSOCS3

treatment rescued SCI-induced neuronal cell damage in both rostral and caudal spinal cord,

as compared to control lentivirus treatment (Fig. 6C). These data suggested that a reduction

of endogenous SOCS3 in neurons can prevent further neuronal death after complete SCI.
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DISCUSSION

The present study investigates the pattern of SOCS3 expression in neurons and its negatively

regulatory effects on antiapoptotic protein expression, which consequently contributes to

neuronal death after complete SCI in adult rats. Complete SCI at T8 induces SOCS3

expression in spinal cord neurons both rostral and caudal to the injured site, which is also

accompanied by STAT3 activation for transcription of SOCS3. Results from experiments

using shSOCS3 to inhibit endogenous SOCS3 expression demonstrate that SOCS3 functions

as a regulator of SCI-induced cell death-related protein expression, which subsequently

leads to deleterious effects on SCI-induced neuronal death. The current results are the first to

demonstrate that (1) endogenous SOCS3 expression in spinal cord neurons contributes to

SCI-induced neuronal death, (2) inhibition of endogenous SOCS3 expression reduces pro-

apoptotic Bax proteins and Bax/Bcl-2 levels after SCI in spinal cord neurons, and (3)

inhibition of endogenous SOCS3 expression in spinal cord neurons prevents further

neuronal death after T8 complete SCI in adult rats.

SOCS3 as a potential target to prevent neuronal death after SCI

SCI leads to a series of cellular and molecular events that results in primary tissue

destruction and a subsequent secondary injury cascade (Beattie et al., 2002; Beattie, 2004),

including excitotoxicity, oxidative stress, axonal degeneration, demyelination and enhanced

cell death of neurons and glia (Lu et al., 2000; Hausmann, 2003). Secondary injury can start

after primary tissue damage and gradually spread over time both rostral and caudal to the

primary injury site (Liu et al., 1997; Oyinbo, 2011). Previous studies have revealed an

extensive therapeutic window during the intermediate phase of secondary injury progression

(Oyinbo, 2011). The outcome of traumatic SCI depends significantly on the ability of

exogenous intervention within this therapeutic window to prevent the progression of

secondary injury. In the present study, we have demonstrated the immediate induction of

SOCS3 mRNA expression at one day post-complete SCI, reaching peak protein levels at 2

days; this was followed by ~50% of neuronal death after 7 days of SCI. Therefore, inhibiting

SOCS3 expression at an acute stage to prevent further neuronal death is a critical step. In

addition, we have identified significant neuronal death within areas 4 mm rostral and caudal

to the injured site. We have previously demonstrated functional recovery and regenerative

nerve fibers within 5 mm areas beyond the lesion site with our peripheral nerve bridging

strategy after complete SCI (Lee et al., 2002; Lee et al., 2004; Lee et al., 2006; Lee et al.,

2013). Therefore, promoting neuronal survival within a 4 mm range could be critical for

improving functional outcomes when combined with a nerve regenerative strategy.

Involvement of Bax/Bcl-2 and caspase-3 in neuronal death after SCI

Neuronal apoptotic cell death after SCI is one of the most severe results, which can cause

neuronal loss and functional deficits (Profyris et al., 2004; Teng et al., 2004). The Bcl-2

family of proteins, which includes pro-apoptotic Bax and anti-apoptotic Bcl-2, plays an

important role in mediating apoptotic cell death (Ola et al., 2011; Rahman et al., 2012). Bax

forms heterodimers with Bcl-2 and the ratio of Bax/Bcl-2 determines if cell death occurs

after apoptotic stimuli (Oltvai et al., 1993; Ola et al., 2011). In our experiments, significant

increases in Bax expression resulting in increases in the Bax/Bcl-2 ratio were observed after
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SCI. Thus, we hypothesized that the appropriate balance between Bax and Bcl-2 is disturbed

in spinal cord after injury, leading to neuronal cell death due to increased Bax expression.

Furthermore, activation of caspase-3 confirmed neuronal apoptotic cell death after SCI, as

caspase-3 is implicated in the execution of apoptotic cell death in neurons (Yuan and

Yankner, 2000; Ola et al., 2011). Significantly, recent studies reported neuronal cell death,

characterized by chromatin condensation and DNA fragmentation (Stirling et al., 2004; Wu

et al., 2007), was also observed after complete SCI using TUNEL assays. These in vivo data

strongly support the hypothesis that Bax expression and activation of caspase-3 are key

mediators of apoptotic neuronal death after SCI.

Bcl-2 expression as STAT3 transcription target gene

Phosphorylated STAT3 dimerizes and translocates to the nucleus, where it induces

transcription of target genes including Bcl-xL, Bcl-2 and survivin, which are critical for

promoting neuronal survival (Dziennis and Alkayed, 2008; Guo et al., 2008). The structure

of STAT3 is comprised of an amino terminal, a DNA binding domain, SH2 and a

transcriptional activation domain. The DNA binding domain recognizes the consensus

binding regions on gene promoters. STAT3 binding sites are present in the anti-apoptotic

genes Bcl-2 and Bcl-xL (Stephanou et al., 2000). A recent study reported that in STAT3

conditional knockout mice, neuron-specific gene ablation of STAT3 reduced Bcl-2

expression after nerve injury (Schweizer et al., 2002), indicating that Bcl-2 is a STAT3-

inducible gene. Collectively, these results indicate that activation of STAT3 can induce

Bcl-2 expression as a transcription target gene, which consequently promotes neuronal

survival.

Regulation of the STAT3/SOCS3 pathway and neuronal death after SCI

SCI triggers secondary injury cascades, including expression of inflammatory mediators

such as IL-1, TNF-α, and IL-6. A number of studies have reported that the IL-6 cytokine

family can induce phosphorylation of STAT3 in neurons (Sango et al., 2008; Park et al.,

2012; Leibinger et al., 2013). A recent study demonstrated that SCI-induced IL-6 is mainly

expressed in neurons, which activates the Jak/ STAT pathway (Yamauchi et al., 2006).

Taken together, these results suggest that SCI induces upregulation of IL-6 expression,

which can mediate phosphorylation of STAT3 in neurons. Furthermore, this hypothesis is

supported by a recent study showing that neutralizing of IL-6 reduces nerve injury-induced

phosphorylation of STAT3 in the spinal cord (Dominguez et al., 2010). However, there are a

number of studies showing that NGF, cAMP, IGF-1, leptin, and nerve injury can also induce

neuronal STAT3 activation in vivo and in vitro (Guo et al., 2008; Miao et al., 2006; Yadav et

al., 2005; Zhou and Too, 2011). These results suggest that several inflammatory mediators,

secreted or elevated after SCI, can activate STAT3 signaling in spinal cord neurons.

One of the major functions of SOCS3 is to limit signaling by inhibiting JAK tyrosine kinase

activity, thereby preventing STAT3 activation (Croker et al., 2003; Lang et al., 2003). As

SOCS3 deficiency is embryonic lethal (Roberts et al., 2001) and currently pharmacological

inhibitors are not available, conditional gene targeting was used to inhibit the function of

SOCS3 in our studies. Targeted deletion of SOCS3 in mouse brain and cultured neurons

leads to elevated STAT3 activation (Miao et al., 2006; Miao et al., 2008; Ernst et al., 2009).
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In addition, SOCS3 in neurons has been reported to inhibit cytokine-induced STAT3

activation and the inducible gene, Bcl-xL, while inhibition of SOCS3 enhances STAT3

activation (Park et al., 2012). SOCS3 expression, however, is known to be inducible by

STAT3, as STAT3 activation is necessary for SOCS3 expression in vitro (Park et al., 2012).

These data suggest that phosphorylation of STAT3 after spinal cord transection can induce

SOCS3 expression in vivo.

Activated STAT3 functions as a key effector of neuronal survival after injury to neural

tissue, in part by inducing anti-apoptotic genes such as Bcl-2, Bcl-xL and Mn-SOD

(Dziennis and Alkayed, 2008; Sun and He, 2010; Park et al., 2012). However, STAT3

activation also leads to induction of SOCS3, which functions as a negative feedback

modulator to the JAK/STAT3 pathway. The functional consequences of SOCS3 expression

include inhibition of STAT3 activation and inhibition of anti-apoptotic molecules, including

Bcl-2 and Bcl-xL. All of these contribute to loss of the protective effects of STAT3 on

neuronal survival (Fig. 7A). In the present study, we did not observe clear up-regulation of

Bcl-2 expression, whereas Bax expression was significantly inhibited after SOCS3 was

inhibited by shSOCS3. However, a previous study reported that Bax binds to Bcl-2 and that

the Bax/Bcl-2 ratio determines cell death following apoptotic stimuli (Oltvai et al., 1993).

Therefore, reduction of the Bax/Bcl-2 ratio by inhibition of SOCS3 expression in the current

study can be a targeting mechanism for preventing further neuronal death after SCI (Fig.

7B). Further studies will be required to investigate the possible mechanism of interaction

between SOCS3 and Bax expression.

Different roles for SOCS3 depending on the cell type involved

SOCS3 was reported to play different roles in the central nervous system depending on the

cell type examined (Baker et al., 2009). Several lines of evidence suggest that in microglia,

SOCS3 inhibits cytokine-induced immune and inflammatory responses in vitro (Qin et al.,

2006; Qin et al., 2007) and in astrocytes SOCS3 enhances inhibition of chemokine

expression and T-cell migration (Ma et al., 2010). Additionally, in an animal model of

multiple sclerosis, SOCS3 expression in microglia and macrophages is critical for

deactivation of neuroinflammatory responses and protection of neurons (Qin et al., 2012).

Furthermore, lentiviral-induced SOCS3 expression in spinal cord microglia attenuates

neuroinflammation and blocks the development of mechanical allodynia (Dominguez et al.,

2010). Thus, these data collectively suggest that SOCS3 expression in microglia,

macrophages and astrocytes suppress brain inflammation. It remains to be determined what

the role of SOCS3 is in activated microglia after SCI. The role of SOCS3 in neurons is

detrimental for STAT3-induced neuroprotection, as OSM or IL-6 + IL-6R-induced SOCS3

expression in neurons was reported to inhibit STAT3-induced protective effects on neurons

in vitro (Park et al., 2012). These results are supported by our findings that SCI-induced

SOCS3 is mainly expressed by neurons and that increased SOCS3 expression is involved in

SCI-induced neuronal death in vivo. Given that the function of SOCS3 is cell-type specific,

it is thus important to understand how to selectively inhibit SOCS3 expression in neurons

and to induce SOCS3 in microglia as a therapeutic target following SCI.
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Conclusion

In conclusion, the results from this investigation of SOCS3 expression with cell death

markers demonstrate the contribution of SOCS3 to neuronal death after complete SCI.

Conditionally knocking down endogenous SOCS3 levels provides neuroprotective effects

after SCI. These data suggest that SOCS3 can be used as a potential target to develop a

strategy to treat SCI. Further studies will be needed to investigate the efficacy of

neuroprotection or functional improvement to deliver shSOCS3 after SCI.
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Highlights

Complete spinal cord injury increases SOCS3 expression in neurons

Increased SOCS3 expression correlates with neuronal death after spinal cord injury

Reduction of spinal cord injury induced SOCS3 expression provides neuroprotection
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Figure 1. Induction of SOCS3 expression after T8 complete SCI
A, The mRNA expression of SOCS3 was significantly increased after SCI in areas both

rostral and caudal to the injured site at 1, 2, 4, 7 or 14 days post-SCI. Graphs represent mean

± SEM of triplicate samples per time point. **p < 0.01, and ***p < 0.001 compared to sham

animals (con) (ANOVA and Student-Newman-Keuls analyses). B, Expression levels of

SOCS3 protein were significantly increased 2 and 4 days after SCI in areas both rostral (R)

and caudal (C) to the injured site, then gradually returned to levels similar to controls.

Graphs represent mean ± SEM of three to four samples per time point. **p < 0.01, and ***p

< 0.001 compared to sham animals (con) (ANOVA and Student-Newman-Keuls analyses).
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Figure 2. Expression of SOCS3 in neurons and microglia 2 days after T8 complete SCI
A–C, Double staining of SOCS3 (red) with a green fluorescein–conjugated specific marker

for neurons (NeuN+, A), microglia (OX-42+, B) or astrocytes (GFAP+, C) showed that

SOCS3 was expressed by both NeuN+ neurons (arrow) and OX-42+ activated microglia

(arrow) but not by GFAP+ astrocytes 2 days after complete transection (Tx) of T8 spinal

cord. The dotted boxes in the schematic diagrams in A–C indicate the locations where

images were taken. These data are representative of three animals per group. Scale bar, 100
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µm. D, Neurons were the major cell population expressing SOCS3 in both rostral and caudal

spinal cord after SCI. Values represent mean ± SEM (n=3–4 animals in each group).
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Figure 3. STAT3 activation after T8 complete SCI
A, Western blot analysis showed significant activation of STAT3, indicated by P-STAT3

Tyr expression, in SCI animals. The expression of P-STAT3 Tyr rapidly reached peak

values 1 day after SCI in areas both rostral (R) and caudal (C) to the injured site, and then

decreased gradually over time to levels that remained higher than those of sham animals

(con). Graphs represent mean ± SEM of three to four samples per time point. *p < 0.05, **p

< 0.01, and ***p < 0.001 compared to sham animals (ANOVA and Student-Newman-Keuls

analyses). B, P-STAT3 Tyr immunoreactivity (arrow) was co-localized with NeuN+ neurons

2 days after SCI (Tx). The dotted box in the schematic diagram in B indicates the location

that images were taken from. Scale bar, 75 µm.
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Figure 4. Spinal cord neuronal death after T8 complete SCI
A, Western blot analysis showed significant up-regulation of Bax expression in SCI animals.

Graphs represent changes in the ratio of Bax/Bcl-2 in spinal cord after SCI. The ratio of

Bax/Bcl-2 was gradually increased after SCI and reached to peak values 7 days after SCI in

areas both rostral (R) and caudal (C) to the injured site. Results are presented as mean ±

SEM of three samples per time-point. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to

sham animals (con) (ANOVA and Student-Newman-Keuls analyses). B, Significant up-

regulation of cleaved caspase-3 in SCI animals as indicated by western blot analysis. The
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peak value of cleaved caspase-3 protein was induced 7 days after SCI in areas both rostral

(R) and caudal (C) to the injured site. Graphs represent mean ± SEM of three to four

samples per time point. *p < 0.05 and ***p < 0.001 compared to sham animals (con)

(ANOVA and Student-Newman-Keuls analyses). C, The expression of SCI-induced cleaved

caspase-3 co-localized with NeuN+ neurons (arrow) 7 days after SCI (Tx). D, Co-

localization of TUNEL+ cells with NeuN+ neurons 7 days after SCI is indicated (arrow).

These data are representative of four animals per group. The dotted box in schematic

diagrams in C and D indicate the locations where images were taken. Scale bar, 75 µm. E,

Relative protein expression of P-STAT3 Tyr, SOCS3, cleaved caspase-3, and Bax after SCI.

Note that SCI quickly induced the expression of P-STAT3 Tyr and SOCS3, which was

followed by cell death markers such as cleaved caspase-3 and Bax.
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Figure 5. Inhibition of SCI-induced SOCS3 expression by shSOCS3
A, NeuN+ neurons in the spinal cord were found to be infected by GFP-tagged lentivirus

(arrow). Scale bar, 25 µm. B, Quantitative-PCR analysis of SOCS3 mRNA levels showed

that shSOCS3 inhibited SCI-induced increases in endogenous SOCS3 expression 2 days

after SCI in areas both rostral and caudal to the injured site. ***p < 0.001 compared to sham

(con) group; ###p<0.001 compared to control lentivirus (pGipz)-treated group (ANOVA

and Student-Newman-Keuls analyses). C–D, Western blot analysis showed SCI-induced

increases in the expression of Bax and that the Bax/Bcl-2 ratio was reduced by shSOCS3 7

days after SCI (Tx) in areas both rostral (R) and caudal (C) to the injured site. ***p<0.001

compared to sham (con) group; ##p<0.01 compared to pGipz group (ANOVA and Student-

Newman-Keuls analyses).
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Figure 6. Reduction of SOCS3 expression by shSOCS3 contributed to neuroprotective effects
after SCI
A, Representative images of a spinal cord transverse section (rostral to the injured site) from

sham (con), pGipz-treated or shSOCS3-treated animals indicate that shSOCS3 significantly

prevented NeuN+ neuronal cell death 7 days after SCI (Tx). The insets show higher

magnifications of the NeuN+ neuronal population. Scale bar, 250 µm. B, Statistical analysis

indicated the number of NeuN+ neurons in shSOCS3-treated animals was significantly

higher than that in the pGipz-treated group 7 days after SCI in areas both rostral and caudal
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to the injured site. #p < 0.05, ##p < 0.01, and ###p < 0.001 compared to pGipz treatment

(ANOVA and Student-Newman-Keuls analyses). C, Statistical analysis indicated that the

size of NeuN+ neurons with shSOCS3 treatment was significantly larger than those with

pGipz treatment 7 days after SCI in areas both rostral and caudal to the injured site. ***p <

0.001 compared to sham control, and ###p < 0.001 compared to pGipz treatment (ANOVA

and Student-Newman-Keuls analyses).
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Figure 7. A proposed mechanism of how reduction of SOCS3 prevents neurons from SCI-
induced cell death
A, SCI-induced increases in SOCS3 expression lead to inhibition of the Jak/STAT3

pathway, which in turn increases the Bax/Bcl-2 ratio. This contributes to SCI-induced

neuronal death in vivo. B, Reduction of SOCS3 by shSOCS3 activates STAT3 signaling and

decreases the Bax/Bcl-2 ratio, which consequently contributes to neuronal protection/

survival after SCI.
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