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Abstract

There are two major aspects to a spinal cord injury (SCI): an acute, primary mechanical trauma and
aprogressive phase of secondary tissue damage provoked by inflammation, excitotoxicity, apoptosis
and demyelination. MicroRNAs (miRs) are small, ~22 nucleotide, non-protein-coding RNAs that
function at the post-transcriptional level to regulate gene expression. They have important roles in
homeostatic processes such as cell proliferation and programmed cell death. In the injured rat spinal
cord we performed an expression analysis of miRs and their downstream targets involved in apoptotic
pathways and used post-injury cycling exercise to test for activity dependent plasticity of miR
expression. We show that SCI results in increased expression of miR Let-7a and miR16 while
exercise leads to elevated levels of miR21 and decreased levels of miR15b. These changes in miR
expression are correlated with changes in expression of their target genes: pro-apoptotic (decreased
PTEN, PDCD4 and RAS mRNA) and anti-apoptotic (increased Bcl-2 mRNA) target genes. This is
accompanied by a down regulation of mRNA for caspase-7 and caspase-9 and reduced levels of
caspase-7 protein. These results indicates possible beneficial effects of exercise through action on
multiple miRs and their targets that contribute to the functional regulation of apoptosis after SCI.

Keywords
apoptosis; microRNAs; target gene expression; activity-dependent plasticity; spinal cord injury

Introduction

MicroRNAs (miRs) are a class of small, non-coding RNAs whose mature products are ~22
nucleotides long (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-Jones et al.,
2008). Sequence and function conservation between distantly related organisms suggest that
this class of small RNAs is an integral part of essential cellular processes (Pasquinelli et al.,
2000). Microarrays performed after contusion spinal cord injury (SCI) identified 60 miRs up-
or down-regulated at moderate to high levels compared to uninjured spinal cord tissue (Liu et
al., 2009). Cluster analysis indicated that many of these miRs were involved in
pathophysiological events secondary to SCI, such as inflammation, oxidation and apoptosis.
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Apoptosis is an active form of cell death known to occur during development and following
trauma to the central nervous system. Much of the early data regarding apoptotic death was
confined to the study of neurons but it occurs also in oligodendrocytes and microglial cells
(Beattie et al., 2000). The loss of oligodendrocytes in white matter tracts continues for many
weeks after spinal cord injury (SCI) and may contribute to progressive post-injury
demyelination (Crowe et al., 1997; Shuman et al., 1997). As an important contributor to
secondary tissue damage after SCI we focused on the expression of miRs known to be
associated with apoptotic pathways (Figure 1). MiR21 functions as an anti-apoptotic factor by
inhibiting the expression of the pro-apoptotic proteins phosphatase and tensin homolog (PTEN)
and programmed cell death 4 (PDCD4) (Chan et al., 2005; Sayed et al., 2010). The miR Let-7a
may function as a pro-apoptotic factor by its effects on the anti-apoptotic genes RAS and MYC
(Johnson et al., 2005; Sampson et al., 2007). The miRs 15b and 16 appear to function as pro-
apoptotic mediators of cell death and their upregulation is correlated with the reduced
expression of the anti-apoptotic factor Bcl-2 and increased expression of caspases 3, 8 and 9
(Guo et al., 2009). Bcl-2 and related cytoplasmic proteins are well established key regulators
of apoptosis (Adams et al., 1998; Danial, 2007). Caspases are the final effectors in the apoptotic
pathway and thus are key mediators of programmed cell death (Eldadah and Fadden, 2000).
Caspase-9 is one of several initiator caspases that cleaves inactive pro-forms of effector
caspases such as caspase-3 and caspase-7. In turn, active caspase-3, a major mediator of
apoptosis following injury, can cleave caspase-9 as well as itself.

Here we sought evidence for change in expression of miRs which are involved in fine-tuning
of downstream apoptosis-related genes and tested whether exercise would affect changes in
miR expression associated with programmed cell death after SCI. As a non-invasive therapy,
exercise maintains muscle mass of paralyzed hindlimbs (Houle etal., 1999), stabilizes rhythmic
firing patterns of spinal motoneurons (Beaumont et al., 2004), leads to anatomical and
biochemical plasticity in the spinal cord (Tillakaratne et al., 2000) and results in increased
levels of intraspinal neurotrophic factors in muscle and spinal cord tissue (Gomez-Pinilla et
al., 2002; Dupont-Versteegden et al., 2004; Ying et al., 2005). We show that exercise therapy
influences multiple miRs with target genes that are key regulators of caspase gene expression,
greatly expanding our knowledge of possible mechanisms by which this treatment approach
may have neuroprotective and/or neuroregenerative effects after SCI.

Materials and Methods

Animal groups

Adult female Sprague-Dawley rats (225-250g) were divided into 5 groups (n=6 for each group,
30 total): Uninjured control, transected for 10 days (Tx10d), transected for 10d with cycling
exercise (Tx+Ex 10d), transected for 31d (Tx 31d), and transected for 31d with cycling exercise
(Tx+Ex 31d), (Supplemental Figure 1A). The experimental protocol was approved by Drexel
University s Institutional Animal Care and Use Committee (IACUC) and all animal procedures
followed National Institute of Health (NIH) guidelines for the care and use of laboratory
animals.

Spinal cord transection

Inhalation anesthesia with isoflurane was used for all animals. Depth of anesthesia was
confirmed by the absence of corneal reflexes and no response to a paw pinch. Using sterile
techniques laminectomy of the ninth thoracic vertebra was performed to expose the dorsal
surface of the T10 spinal cord. Meningeal membranes were opened longitudinally and gentle
aspiration through a glass micropipette was used to create a 2 mm long complete transection
lesion cavity that was confirmed microscopically. The cavity was filled with gel foam to
achieve hemostasis, after which gel foam was removed, the dura closed with 10-0 sutures and

Exp Neurol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 3

overlying muscles and fascia closed in layers with 4-0 sutures. Michel wound clips were used
to close the skin. After surgery, bladders were manually expressed 2-3 times daily until reflex
voiding returned (about 2 weeks post injury). Ampicillin (100 mg/kg, sc) was administered
twice daily for 7 days to prevent infection, Buprenorphin (0.05 mg/kg, im) was given 3 days
post injury for analgesic effect. Sterile lactated Ringer s solution (5 ml daily, sc) was provided
for 7d to reduce the possibility of dehydration. Special absorbent bedding was provided to
prevent pressure ulceration and animals were housed 3/cage and provided food and water
ad.lib.

Cycling exercise

Details of this passive form of hindlimb exercise have been provided previously (Skinner et
al., 1996; Houle et al., 1999). In brief, animals were supported in an adjustable sling with their
hind limbs hanging beneath them. Surgical tape was used to secure the hind paw to motor-
driven foot pedals. Exercise began 5 days after spinal cord transection and continued on a daily
basis, 5 days per week. Full range of motion occurred through each cycle of the pedals, the
rate was 45 rpm and there were two 30 minute exercise sessions separated by a 10 minute rest
period each day. Animals in the Tx+Ex 10d group were exercised for 5d, while animals in the
Tx+Ex 31d group were exercised for a total of 20 days.

Tissue collection

Animals in the exercise groups were sacrificed approximately 1 hour after their final training
session, at either 10 or 31 days after injury. Animals were anesthetized with a lethal dose of
Euthasol (390 mg/kg, J.A. Webster, Sterling, MA.) and lumbar spinal cord segments L4-L6
were removed and divided at the midline into two equal pieces (Supplementary Figure 1B).
These pieces were immediately frozen in liquid nitrogen and stored separately at —80°C for
further processing.

Total RNA isolation and quantitative PCR (Q-PCR)

Total RNA from one half of the L4-6 spinal cord was isolated with an RNeasy Mini kit
(QIAGEN, Valencia, CA). cDNA synthesis was carried out with 500ng of total RNA using a
RT First Strand Kit (SABiosciences, Frederick, MD). Setup for the cDNA PCR reaction was
standard for all samples: all primers were ordered from Integrated DNA Technologies Inc.
(San Diego, CA) and are listed in Supplemental Table 1. Each 25uL reaction contained
12.5uL of iQ SYBR Green Supermix (Bio-Rad. Hercules, CA), 1.5uL (4uM) each of forward
and reverse primers, 1uL of cDNA, and 8.5uL of nuclease free water. The miRs QPCR system
from Applied Biosystems (Foster City, CA) was used in a 2-step reaction: reverse transcription
(RT) and PCR. The RT reactions used 30ng of total RNA, 3ul 5X miRNA RT looped-primers,
1.5ul 10X RT buffer, 1ul reverse transcriptase, and 0.188ul RNase inhibitor and water to a
15pl final volume, RT reactions were incubated for 30 min at 16°C and at 42°C. The miRs Q-
PCR reaction contained the following: 10ul of TagMan 2X universal PCR master mix, 1ul of
20X TagMan miRNA primers, 1.33ul RT product and 7.67ul nuclease free water. Q-PCR
primers and their sequence are listed in Supplemental Table 2. All samples were run in duplicate
and crossing thresholds were averaged for each animal. RealTime PCR was conducted with a
MyiQ RealTime Detection System (Bio-Rad). Data was analyzed by software supplied with
the MyiQ system which uses a modified 2-2ACT method described by Vandesompele et al.
(2002).

All mRNA expression data was normalized to reference RNAs GAPDH and 18s, and all the
miRNA expression data was normalized to reference miR U6 (Applied Biosystems). Control
group levels were set at a relative expression of 1 and experimental group expression was
normalized to this level. All values are expressed as mean+SD.
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Western Blot Analysis

Protein was extracted from the other half of the L4-6 spinal cord using ice cold RIPA buffer
(50 mM Tris buffer, pH 7.4, 150 mM NaCL, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 1ImM EDTA, 10 mM PMSF (phenyl-methyl sulphonyl-fluoride) in the presence of
protease and phosphatase inhibitors (Roche). Samples were homogenized by sonication and
centrifuged at 14,000 rpm at 4°C for 30 min. Supernatants were collected and stored at —80°
C. Standard Laemmli buffer was added and samples were boiled for 5 min. Equal amounts of
protein were resolved in gradient 10-20% SDS-PAGE gel and transferred to a polyvinylidene
difluoride (PVDF) membrane (BioRad, Hercules, CA) overnight. Membranes were blocked
with 5% non-fat milk in Tris buffer saline, 0.1% Tween (TTBS) for 1 hour, Membranes were
incubated at 4°C overnight with one of the following rabbit primary antibodies: anti-caspase-3
(1:2,000, Imgenex, San Diego, CA), anti-caspase-7 (1:1,000, Cell Signaling, Beverly, MA)
and anti-caspase-9 (1:3,000, Imgenex). Goat anti-rabbit HRP-conjugated immunoglobulins
(Covance, Berkeley, CA) were used as the secondary antibody (dilution 1:16,000) for 1 hour
at room temperature. Membranes were washed and immunopositive bands were visualized
using Western Lightning ECL (PerkinElmer, Waltham, Massachusetts) and Blue Basic
Autorad film (1ISC Bio Express. Kaysville, UT). After stripping, membranes were re-probed
with mouse monoclonal antibody to B-actin (dilution 1:15,000, Sigma, St. Louis, MO) as an
internal control for loading and transfer of proteins. Optical densities of immunopositive bands
were analyzed using GeneSnap and GeneTools (Syngene, Frederick, MD) and normalized to
actin levels. All values are expressed as mean+SD.

Statistical Analysis

Results

Statistical analysis was performed with PASW Statistics v.17 (SPSS Inc., Chicago, IL).
ANOVA was used to determine whether or not a significant interaction was present. Positive
results were followed up with Tukey s post-hoc test with an alpha of less than 0.05 considered
significant. In all cases the term Control refers to the non-injured animal group.

MiR21, Let-7a, miR15b and miR16 expression

Spinal cord injury at a lower thoracic level resulted in a significant increase in the expression
of 2 pro-apoptotic miRs; Let-7a and miR16, compared to uninjured, control values (Fig. 2).
The expression of Let-7a was increased over 11 fold compared to the control group (Control:
1.00+0.27, Tx10d: 11.40£4.33. p<0.0001), and the expression of miR16 was increased 2.5 fold
compared to the control group (control: 1.00+0.26, Tx10d: 2.54+0.89. p<0.05). There was no
significant change in expression of miR21 or miR15b with injury only. Over a longer post-
injury period (31d total) there was no change in the expression of miR21, Let-7a or miR16
compared to Tx10d levels, but miR15b levels were significantly decreased.

Five days of exercise after SCI resulted in a significant increase in the expression of anti-
apoptotic miR21 compared to the 10d injury alone group (Tx10d: 2.57+0.71, TX10d+EX: 7.7
+2.53. p<0.0001) and a greater than 50% decrease in the expression of miR15b (Tx10d: 1.64
+0.78 and Tx10d+EX: 0.72+0.38. p<0.05) (Fig. 2). Exercise did not change the expression of
Let-7a or miR16, as both remained significantly increased over the control group, but
unchanged from the Tx10d group. An extended exercise regimen had no effect on the
expression of any miRs tested at 31 days after injury when compared to the Tx31d alone group.

Expression of miR21and its target genes PTEN and PDCD4

Inhibition of PTEN and PDCD4, whose down-regulation will release its inhibition on protein
kinase B (PKB), results in significantly reduced apoptosis in cancer cells (Griffiths-Jones,
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2004). SCI did not change the expression of miR21 or its 2 target genes, PTEN or PDCD4
(Fig. 3) at 10d or 31d. There was a significant increase in miR21 observed after cycling exercise
for 5 days after injury which was associated with mRNA expression for PTEN and PDCD4
(PTEN - Tx10d: 1.56+0.18, Tx10d+Ex: 0.90+0.30. p<0.05; PDCD4 — Tx10d: 1.78+0.24,
Tx10d+Ex: 1.04+0.44. p<0.05) below that detected for injury only animals. This indicates an
activity dependent depression of apoptotic genes with short bouts of exercise, but with a longer
exercise regimen there was no effect on the expression of miR21 or mRNA for PTEN or
PDCDA4.

Expression of Let-7a and its target genes RAS and MYC

After 10 days of injury there was a significant increase in expression of Let-7a and two of its
target genes compared to the control values (Fig. 4). At 31 days post-injury, expression of
Let-7a remained elevated, but expression of MYC and RAS mRNAs were unchanged from
uninjured, control levels (Fig. 4).

Cycling exercise for 5d did not affect the increase in Let-7a or MYC mRNA, but RAS mRNA
was significantly decreased (Tx10d: 3.08+0.83, Tx10d+Ex: 1.08+0.18. p<0.05). Exercise for
four weeks following injury did not affect the expression of Let-7a or expression of MYC or
RAS mRNAs compared to Tx31d only (Fig. 4).

Expression of miR15b and miR16 and their target gene Bcl-2

At 10d after SCI there was an increase in the expression of miR16 but not miR15b. Exercise
decreased the post-injury expression of miR15b but had no effect on miR16 expression
compared with the injury only group (Fig. 5). Injury alone led to a significant increase in the
expression of Bcl-2 mRNA, but levels were even greater after 5 days of exercise (Tx10d: 2.91
+0.49, Tx10d+Ex: 6.22+3.24. p<0.05).

At 31 days of injury, expression of miR15b was significantly reduced in the injury only group
compared to 10d injury alone and exercise had no further effect on its expression (Fig. 5). The
expression of miR16 was unaffected over the longer post injury interval with or without
exercise and remained comparable to 10d injury levels. In the 31 day injury only group, mRNA
levels of Bcl-2 remained at approximately the same level as the 10 day injury only group and
long term exercise had no effect on mRNA expression compared to the Tx10d+Ex group or
the Tx31d group.

Expression of caspase-3, -7, and -9 mRNA after SCI and Exercise

At 10d of injury there was a significant increase in the expression of mMRNA for caspase-3,
caspase-7, and caspase-9, when compared with uninjured control (Fig. 6, caspase-3-Control:
1.00+043, Tx10d: 2.11+0.47. p<0.05; caspase-7-Control: 1.00+0.27, Tx10d: 2.2+0.41. p<0.05;
caspase-9-Control: 1.00+0.23, Tx10d: 2.00£0.62. p<0.05). There was no significant change in
MRNA expression for any of the three caspases at the longer post-injury period (Tx31d). Five
days of exercise had no effect on the expression of caspase-3 mMRNA, but expression of
caspase-7 and caspase-9 mRNA was significantly less than the Tx10d group (caspase-7 Tx10d:
2.2+0.41, Tx10d+EX 1.36+0.18. p<0.05; caspase-9 Tx10d: 2+0.61, Tx10d+EX 1.05+0.48.
p<0.05) and not significantly different from uninjured, control values. There was no change
in caspase MRNA expression with a longer period of EX (Tx31d+EX).

Since caspase activity is regulated at a post-translational level the expression of caspase-3, -7
and -9 protein at 10 days after injury and exercise were assessed by semi-quantitative Western
blot analyses (Fig.7). Anti-Caspase-3 antibody recognized several major protein bands with
molecular weights ranging from ~55 kDa (pro-caspase) to ~15kDa (cleaved caspase). Ten days
after SCI there was no significant change in the expression of pro-caspase-3 or cleaved
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caspase-3 in the lumbar cord from in the injury only or exercise groups. Anti-caspase-7
antibody detected two prominent immunopositive bands, ~40kDa and ~30kDa (pro-caspase)
and 10 days after SCI their expression was elevated 90-fold and ~2-fold, respectively,
compared to control levels. The expression of both forms of caspase-7 protein in the Tx10d
+Ex group was significantly downregulated compared to the injury only group. The expression
of cleaved fragment of caspase-7 (~20kDa) was below the level of detection in all groups for
the antibody that was used. Anti-caspase-9 antibody recognized several major protein bands
of ~50kDa, ~35 kDa (pro-form) and ~15kDa (cleaved form). No significant differences were
detected in the expression of these caspase-9 isoforms between experimental groups.

We reasoned that the absence of change in expression of caspase mMRNAs at the 31d post-injury
period would preclude us from examining these samples for changes in levels of caspase
proteins.

Discussion

Programmed cell death of neurons and glial cells after SCI results in secondary loss of tissue
after the initial insult (Schwab et al., 1996; Hulsebosch et al., 2002). We found significant
changes in the expression of miRs and their downstream or target genes associated with
pathways leading to cell apoptosis after a complete transection injury. Exercise therapy often
is used to provide rhythmic input to the spinal cord and there is evidence of activity dependent
“retraining” or plasticity of spinal cord functions after SCI (Edgerton et al., 2008; Ichiyama et
al., 2008; Dunlop, 2008; Edgerton and Roy, 2009). When cycling exercise was provided to our
SCl animals we found a significant decrease in several miRs in the apoptosis pathway, changes
in the expression of target genes of these miRs and a significant increase in the expression of
mRNA for the anti-apoptotic marker Bcl-2. The high level of Bcl2 mRNA expression was
coincident with reduced expression of caspase-7 and -9 mRNAs and levels of caspase-7 protein
were significantly reduced. This supports observations that multiple miRs have vital roles in
homeostatic processes for cell proliferation and cell death and suggests that short term exercise
may have a neuroprotective role by reducing apoptosis after SCI, possibly leading to reduced
structural and/or functional deficit after the initial insult. We appreciate that further studies
using pharmacological and/or antisense knockdown are necessary to establish a direct effect
of miR inhibition on apoptosis after SCI.

Exercise may affect apoptosis following SCI through expression of miRs

Previous studies of exercise after spinal cord transection found that our cycling regimen affects
biochemical and physiological features of the lumbar spinal cord, below the level of the lesion.
Activity-dependent plasticity was indicated by the upregulation of MRNA expression of
neurotrophic factors (Coté et al., 2009, Abstract, International Symposium on Neural
Regeneration) and return of frequency dependent depression of the H reflex (Skinner et al.,
1996; Reese et al., 2006). Beneficial effects of exercise on the attenuation of oxidative stress
and caspase activity have been shown in different animal models (Lee et al., 2006; Hoffman-
Goetz et al., 2007; Gomez-Cabrera et al., 2008) and it is known that inhibition of caspases has
neuroprotective effects in rat models of SCI (Citron et al., 2008; Colak et al., 2005; Siniscalco
et al., 2008; Knoblach et al., 2002). After a thoracic contusion injury, Liu et al. (2009) found
changes in miRs known to be associated with apoptosis, oxidative stress and inflammation.
For those miRs with pro-apoptosis gene targets (such as caspase 3 and calpains -1 and -2) there
was significant increase at 4h after injury but this did not persist at 1d or 7d. Most of the
identified miRs with Bcl-2 as a potential target were not elevated until 7d post injury. After
SCI we found similar changes in expression of miRs that regulate the caspase cascade, leading
to an increase in expression of caspase -3, -7 and -9 mRNA. Exercise had no affect on the
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expression of caspase-3 mRNA but did reduce the expression of caspase-7 and -9 mRNA, and
reduced caspase-7 protein levels compared to the Tx10d group.

Information about the role of caspases in secondary injury after SCI relates to their expression
at the injury site in the first few hours and up to seven days after injury (Emery et al., 1998;
Citron et al., 2000; Knobloch et al., 2005). Early components of secondary injury, including
glutamate release and generation of free radicals, are implicated in the activation of caspases
soon after SCI. At the protein level, while the robust over expression of caspase-7 in the injured
cord was significantly reduced after exercise compared to the Tx10d group there was no change
in levels of caspase-3 or -9. The absence of caspase-9 protein upregulation after Tx or TX+Ex
could reflect the accelerated rate of selective proteolytic degradation of pro-domain and a
cleaved product of caspase-9 (Siegel. 2006; Lavrik et al., 2005;). Data from other models of
CNS injury suggest that multiple caspases may be involved in spinal cord trauma (Knoblach
et al, 2005) and our findings suggest that caspases 3, 7 and 9 differentially contribute to the
outcome of the SCI and exercise. Long term changes in expression of miRs associated with
apoptotic pathways were identified but extended exercise treatment had no effect on this
expression, unlike previously identified long term changes, such as increase in neurotrophic
factors (Ying et al., 2005; Cote et al., 2009), after exercise. A positive effect over at least 1
week of exercise was observed but it is not clear whether this was the limit of an exercise effect
or that there was a gradual diminution of the exercise effect over time.

The anti-apoptotic factor miR21 targets PTEN and PDCD4

MiR21 was first implicated as an anti-apoptotic factor by the observation that knockdown of
miR21 increased cell death in human and mouse models of glioblastoma (Chan et al., 2005;
Si et al., 2005). Impairment of PTEN regulation is thought to play a role in oncogenic
transformation (Maehama et al., 2007) and MiR21 directly targets this gene, down-regulating
its expression, leading to a reduction of PTEN s inhibition of protein kinase B (PKB) and
reduced apoptosis in cancer cells. MiR21 also targets PDCD4, a pro-apoptotic gene that is
frequently down-regulated in hepatocellular carcinoma (Zhang et al., 2006). PDCD4 is a tumor
suppressor protein that is over expressed during apoptosis (Lankat-Buttgereit et al., 2003) and
it s down regulation in a number of human cancers correlates with poor survival prognosis in
lung and colorectal cancers ( Chen et al., 2003; Mudduluru et al., 2007).

In the Tx+Ex10d group we found significantly increased expression of miR21and decreased
expression of its target genes, PTEN and PDCD4, compared to the Tx10d group, indicating 2
pathways by which an increase in miR21 might affect caspase gene activation.

Interest in the role of PTEN in neuroplasticity has increased greatly with the observation that
deletion of PTEN in mice leads to significant upregulation of intrinsic growth control pathways
in neurons and extensive regeneration of axons in the optic nerve after injury (Park et al.,
2010). PTEN acts as a negative regulator of mTOR (the mammalian target of rapamycin), but
when PTEN is deleted there is an accumulation of PIP3 [phosphatidylinositol (3, 4, 5)
triphosphate], activation of AKT and increased protein synthesis and process growth. Exercise
after SCI thus may stimulate multiple effects through the down regulation of PTEN, including
regulation of genes in the apoptotic pathway and influence on axon growth (sprouting or
regenerative).

Let-7a targets RAS and MYC and may cooperate with miR-21

The Let-7 family of miRs is a highly conserved group containing 12 closely related members.
Let-7a can target both RAS (Asangani et al., 2008; Johnson et al., 2005) and MYC (Sampson
etal., 2007) and inhibit their expression under normal physiological conditions. The RAS genes
encode a family of membrane-bound 21-kd guanosine triphosphate (GTP)-binding proteins
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that regulate cell growth, differentiation, and apoptosis by interacting with multiple effectors,
including those in the MAPK (mitogen-activated protein kinase), STAT (signal transducer and
activator of transcription), and PI3K (phosphoinositide 3-kinase) signaling cascades

( Downward, 1998; Shields et al.,2000; Vojtek et al.,1998). Growth and proliferation
potentiated by deregulated MY C oncogene expression is balanced by MY C-induced apoptosis.
Blocking of this apoptotic pathway in MY C over-expressing cells leads to cancer progression
(Secombe et al., 2004).

In the Tx10d and Tx10d+Ex groups we found enhanced Let-7a expression compared to the
control group and that one of its target genes, RAS, decreased expression by 68% with exercise
therapy compared to the Tx10d alone group. Let-7a over expression could regulate RAS gene
activation resulting in decreased caspase gene expression. MY C decreased expression about
26% compared to the Tx10d group but this was not a significant change. Activity-dependent
reduction in RAS mRNA expression and downstream increase in the expression of the anti-
apoptotic gene Bcl-2 indicates another pathway by which exercise may lead to reduced
apoptosis after SCI.

The pro-apoptotic miRs 15b and 16 target the BCL-2 gene

Several target prediction programs (Cimmino et al., 2005; Krek et al., 2005) identified miR15b
and miR16 as putative regulators of Bcl-2 based on being complementary at the 3 - UTR and
observing that endogenous levels of miR15b and miR16 correlate inversely with Bcl-2 protein
levels. Bcl-2 is an anti-apoptotic factor that is a major target of post-transcriptional repression
by miR15b and miR16 and a downstream target of miR21 expression. miR15b expression was
significantly decreased after cycling exercise and expression of one of its target genes Bcl-2
was significantly increased compared to the Tx10d group. These data indicate that one week
of exercise inhibited miR15b but not miR16 mMRNA expression, with a net result of increased
expression of Bcl-2 mRNA.

Insummary, we have identified changes in the expression of miRs and their downstream targets
that are associated with the apoptotic pathway that is activated after spinal cord injury. There
are multiple routes by which the cascade of caspase activity may be regulated by miRs and we
have shown that SCI modifies the expression of several of these miRs. Of prime interest is the
observation that cycling exercise of paralyzed hindlimbs results in changes in miR expression
that is associated with the downregulation of caspase mMRNA and protein. This study identifies
possible regulatory molecules of apoptosis that are upregulated after SCI that may be targeted
by the rhythmic input to the spinal cord that is provided by cycling exercise, suggesting a
possible neuroprotective effect of this treatment strategy for SCI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Diagram of miRNA regulation of apoptosis. MicroRNA 21 can affect the caspase cascade by
2 paths, by inhibiting PDCD4 and/or PTEN, leading to reduced apoptosis. The miR15 and
miR16 directly influence BCL-2 expression, leading in increased apoptosis. The role of Let-7a
in apoptosis is less direct as it influences expression of RAS and MY C which are further
upstream of Bcl2.
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Figure 2.

Expression of 4 miRs related to the apoptosis pathway in uninjured, control animals and
animals subjected to spinal transection with or without exercise. Animals were sacrificed either
10 or 31 days after transection injury. Short term exercise led to a significant increase of miR21
and decrease of miR15b. Long term exercise had no effect on miR expression. *indicates
significant difference between Tx10d and control group; # indicates significant difference
betweenTx10d+Ex and Tx10d group.** indicates significant difference between Tx31d and
Tx10d group. Values are mean+SD.
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Figure 3.

Expression of miR21 and its target genes PDCD4 and PTEN. Increased level of miR21 with
exercise correlates with reduced expression of PDCD4 and PTEN. # indicates significant
difference between Tx10d+EX group and Tx10d group. Values are mean+SD.
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Figure 4.

Expression of miR Let-7a, and its target genes RAS and MYC. Let-7a and its target genes are
increased with spinal cord injury but with exercise there is a decrease in RAS mRNA
expression. *indicates significant difference between Tx10d and Tx10d+EX groups and
control group; # indicates significant difference between Tx10d+EX group and Tx10d group.
Values are mean+SD.
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Figure 5.

Expression of miR15b and miR16 and their target gene BCL-2. There is no effect of injury on
miR15b but miR 16 is significantly increased with subsequent increase in Bcl2 mRNA.
Exercise significantly decreases miR15b levels, does not alter miR16 expression and
significantly increase Bcl2 mRNA expression. * indicates significant difference between
Tx10d and Tx10d+EX groups with control group; # indicates significant difference between
Tx10d+EX group and Tx10d group.** indicates significant difference between Tx31d group
and to Tx10d group. Values are mean+SD.
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Figure 6.

Expression of mRNA for caspases -3, -7, and -9. These caspases are involved in cellular
apoptosis and are increased in response to spinal cord injury. Exercised animals express
significantly less caspase mMRNA than non-exercised animals. * indicates significant difference
between Tx10d and control group; # indicates significant difference between Tx10d+EX group
and Tx10d group. Values are mean+SD.
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Figure 7.

Western blot analysis of caspase-3, -7 and -9 protein expression 10 days after the injury with
or without exercise. Spinal cord injury alone or with exercise had no affect on levels of either
intact caspase 3 (55kDa) or cleaved caspase 3 (15 kDa). The level of caspase-7 proteins was
significantly elevated in the injury only group but exercise led to significant decrease in forms
of caspase-7. Levels of caspase-9 were not affected by injury or exercise. Values are mean
+SD.
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