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Abstract

Insufficient regeneration of central nervous system (CNS) axons contributes to persisting
neurological dysfunction after spinal cord injury (SCI). Peripheral nerve grafts (PNGs) support
regeneration by thousands of injured intraspinal axons and help them bypass some of the
extracellular barriers that form after SCI. However this number represents but a small portion of
the total number of axons that are injured. Here we tested if rhythmic sensory stimulation during
cycling exercise would boost the intrinsic regenerative state of neurons to enhance axon
regeneration into PNGs after a lower thoracic (T12) spinal transection of adult rats. Using True
Blue retrograde tracing, we show that 4 weeks of cycling improves regeneration into a PNG from
lumbar interneurons but not by primary sensory neurons. The majority of neurons that regenerate
their axon are within 5mm of the lesion and their number increased 70% with exercise.
Importantly propriospinal neurons in more distant regions (5-20 mm from the lesion) that
routinely exhibit very limited regeneration responded to exercise by increasing the number of
regenerating neurons by 900%. There was no exercise-associated increase in regeneration from
sensory neurons. Analyses using fluorescent in situ hybridization showed that this increase in
regenerative response is associated with changes in levels of mMRNAs encoding the regeneration
associated genes (RAGs) GAP43, -actin and Neuritin. While propriospinal neurons showed
increased mRNA levels in response to SCI alone and then to grafting and exercise, sensory
neurons did not respond to SCI, but there was a response to the presence of a PNG. Thus, exercise
is a non-invasive approach to modulate gene expression in injured neurons leading to an increase
in regeneration. This sets the stage for future studies to test whether exercise will promote axon
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outgrowth beyond the PNG and reconnection with spinal cord neurons, thereby demonstrating a
potential clinical application of this combined therapeutic intervention.
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1 Introduction

Regeneration of severed CNS axon pathways is one of the major challenges in spinal cord
injury (SCI) research. A combination of excess extrinsic growth inhibitory molecules and
lack of robust intrinsic regenerative capacity in central nervous system (CNS) neurons
greatly reduces the possibility of spontaneous structural and functional regeneration (Afshari
et al., 2009; Ferguson and Son, 2011; Murray, 2014; Young, 2014). We and others have
used a pre-degenerated peripheral nerve graft (PNG) to promote functional regeneration of
damaged axons as they bypass the injured inhibitory CNS environment, yet the regenerative
response is generally limited to a fraction of neurons axotomized by SCI (Bray et al., 1987;
David and Aguayo, 1981; Houlé et al., 2006; Richardson et al., 1980; Tom et al., 2009).
This supports the notion that successful CNS regeneration is limited by more than just the
inhospitable environment presented by scar tissue in the injured spinal cord. Deletion of
negative regulators of mammalian target of rapamycin (mTOR) such as phosphatase and
tensin homolog (PTEN) or tuberous sclerosis protein 1 (TSC1) facilitates remarkable
improvement in regeneration of optic nerve and corticospinal tract axons (Liu et al., 2010;
Park et al., 2008). These studies highlight the potential for boosting the intrinsic regenerative
potential of injured CNS neurons. We have shown that cycling exercise increases mTOR
and decreases PTEN mRNA and protein levels in the injured spinal cord, with increased
activation of the ribosomal protein S6 in intermediate grey (propriospinal) neurons (Liu et
al., 2012). We also have reported that post injury exercise upregulates production of
neurotrophic factors (BDNF, NT-3, NT-4 and GDNF), heat shock proteins and decreases
caspase proteins in the spinal cord, suggesting a positive effect on neuron survival and
regeneration (Coté et al., 2011; Keeler et al., 2012). Many groups, including ours, have
demonstrated that providing exogenous neurotrophic factors rescues neurons after injury and
can promote the regenerative effort when combined with a neural tissue transplant (Dolbeare
and Houlé, 2003; Giehl and Tetzlaff, 1996; Tom et al., 2009; Xu et al., 1995). While
exercise promotes axon regeneration in the PNS (Armada-da-Silva et al., 2013; Goulart et
al., 2014; Molteni et al., 2004; Teodori et al., 2011), and elevates neurotrophins and other
favorable factors in the spinal cord, the efficacy of exercise in promoting CNS axonal
regeneration after SCI was unknown. In the present study, we tested whether exercise
affected axon regeneration into a peripheral nerve graft (PNG) while measuring changes in
the expression of regeneration associated genes (RAGS) in injured and regenerating neurons.
We combined retrograde tracing using True Blue (TB) with fluorescence in situ
hybridization (FISH) to analyze mRNA expression levels of growth associated protein 43

Labbreviations: Ex= Exercise, FISH= Fluorescent in situ hybridization, PNG= Peripheral nerve graft, RAGs= Regeneration-
associated genes, TB= True Blue, Tx= Transection.
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(GAP43), B-actin and Neuritin (candidate plasticity gene 15: cpg15) in two neuronal
subpopulations that are major contributors of axons ascending in the spinal cord,
propriospinal interneurons in the spinal cord intermediate grey and primary sensory neurons
in dorsal root ganglia (DRGSs). Here we demonstrate a positive influence of exercise on
regeneration by CNS interneurons but not on the central process of sensory neurons, a result
that is mirrored respectively by the presence or absence of an increase in RAGS.

Materials and methods

Surgical procedures and post-operative care were performed in compliance with protocols
approved by Drexel University College of Medicine Institutional Animal Care and Use
Committee and followed National Institutes of Health guidelines for the care and use of
laboratory animals.

Surgical procedures and animal groups

Adult (225-2509) female Sprague Dawley (SD) rats (Charles River Laboratories
International, Inc.) were used for this study (n=5 per group).

Briefly, rats were anesthetized using 5% Isoflurane in a plexiglass induction chamber and
maintained on 1-3% Isoflurane throughout surgery. The T12 spinal cord was exposed by
dorsal laminectomy. A 2-3 mm long segment of spinal cord was removed by vacuum
aspiration using a glass micropipette. The complete transection (Tx) lesion cavity was filled
with gel foam saturated with saline to achieve hemostasis. Pre-degenerated peripheral nerve
(PN) segments were harvested from donor rats after cutting of the tibial nerve 7 days prior to
grafting (Figure 1). At the time of spinal cord injury, donor rats were anesthetized with
Ketamine (60 mg/kg, Ketaset, Fort Dodge Animal Health, Fort Dodge, 1A) and Xylazine (10
mg/kg, Anased, Lloyd Laboratories, Shenandoah, IA) and an 8-10 mm length of PN was
harvested for use as a graft. One end of the PNG was apposed to the midline dorsal portion
of the caudal lesion cavity wall to allow ingrowth of ascending axons. The distal end of the
graft was left unapposed to spinal cord tissue, laying on top of the adjacent vertebral process
(Figure 2). Donor rats were euthanized with Euthasol (390 mg/kg pentobarbital sodium and
50 mg/kg phenytoin sodium IP, Virbac, Fort Worth, TX) after harvesting peripheral nerve
segments. Spinal cord injured rats received the antibiotic Cefazolin (25 mg/ml, Sandoz,
Princeton, NJ) and the analgesic Sustained Release-Buprenorphine (1.0 mg/kg, Zoopharm,
Laramie, WY) at the time of surgery. Urinary bladder was expressed twice a day throughout
the survival period. Graft recipient rats received daily subcutaneous Cyclosporine A
(10mg/kg, Teva Czech Industries, Sellersville, PA) for 2 weeks (wks) to prevent graft
rejection, beginning 3 days prior to grafting before changing to oral administration (1mg/ml)
continuing throughout the experiment.

Quantification of number of neurons regenerating their axon into PNG

Figure 2 outlines the experimental groups used; Groups 1-2 were used to assess extent of
regeneration into PNG + EX. Group 1 (Tx 5wks + PNG) rats sustained a complete
transection injury and a PNG with no further experimentation for 4 weeks. Group 2 (Tx 5
wks + PNG + EX) rats began cycling exercise 5 days post SCI and PN grafting (at the
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beginning of week 2 and continued till the end of week 5. For both groups, 4 weeks after
injury, the distal end of the PNG was exposed, trimmed by 1 mm and exposed to gel foam
soaked with TB (2% True Blue diaceturate salt, Sigma Aldrich, St. Louis, MO) to label by
retrograde transport neurons that had extended their axon into the PNG. At the end of week
5, animals were euthanized with an overdose of Euthasol and perfused with 4%
paraformaldehyde. We harvested T13-L5 spinal cord and T13 to L6 DRGs bilaterally.
Tissue was stored in 30% sucrose at 4°C before preparing cryostat sections.

MRNA analysis in injured (no PNG) or regenerating neurons (with PNG)

Groups 3-9 were used to assess changes in mMRNA expression after SCI and the intervention
of exercise and PNG separately and in combination.

Group 3 rats served as uninjured controls and received no injury or PNG or Ex. Rats in
Groups 4-9 received a T12 Tx and all groups were used to study exercise related changes in
gene expression. Rats in Groups 8 and 9 received a PNG after Tx (see below). Rats in
Groups 3-9 were euthanized at appropriate times with an overdose of Euthasol and perfused
with 2% paraformaldehyde and stored in 30% sucrose at 4°C.

Groups 4 (Tx 2 wks) and 5 (Tx 2 wks + EX) rats were used to measure acute effects of
exercise in injured neurons. Ten rats received aT12 Tx and a piece of gel foam saturated in
2% TB was placed in the lesion cavity for 30 minutes to label axotomized neurons by
retrograde transport of this fluorescent tracer. Group 4 rats were not exercised but cycling
exercise began 5 days after injury (at the beginning of week 2) for Group 5 rats. All rats
were euthanized 2 wks after SCI. A 2 wks post injury group was not prepared for the cell
counting experiment because only a few axons are seen in the PNGs at that time point.

Groups 6 (Tx 4 wks) and 7 (Tx 4 wks + EX) rats were used to measure sustained effects of
exercise in injured neurons. Ten rats received Tx and TB labeling similar to Groups 4 and 5.
Group 6 rats were not exercised while Group 7 rats received cycling exercise for 3 weeks.
Both groups of rats were euthanized at 4 wks post injury.

Groups 8 (Tx 4 wks + PNG) and 9 (Tx 4 wks + PNG + EX) rats were used to measure
sustained effects of the presence of a PNG alone or the effects of exercise on regenerating
neurons. Ten rats received Tx and acute placement of a PNG apposed as described above.
Unlike Groups 1 and 2, the TB for these rats was placed at the distal end of the graft at the
time of grafting. This allowed us to label regenerating neurons whose axons had reached the
distal graft end without initiating changes in gene expression that would result from
trimming of the distal graft end.

Cycling exercise

Rats were supported in a sling and hind limb paws dangling beneath them were secured to
the pedals of a motorized cycling apparatus using surgical tape. Hind limbs were repetitively
moved through a complete range of motion at 45 rpm for 30 minutes a day, 5 days per week
as described previously (Coté et al., 2011; Houlé and Coté, 2013).
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Tissue preparation and Staining

Counting the number of regenerating neurons—All neuron counting was done by
personnel blind to the experimental condition. Blocks of spinal cord 0-5 mm from the graft-
spinal cord interface were sectioned in a transverse plane at 30 pm on a cryostat. Sections
were kept in serial order in phosphate buffer before every other section was serially mounted
on a glass slide, air dried and cover slipped with Cytoseal 60 (Richard-Allan Scientific,
Kalamazoo MI). TB labeled neurons were counted and binned in 1 mm segments from the
block closest to the graft. Using fluorescence microscopy, TB positive neurons were
identified as having a rounded to oval cell body of 20-30 um diameter (see Figure 6 al) with
the proximal portion of processes filled with TB and the number of TB positive cells was
counted manually in each section and the sum for each region of spinal cord was figured.
Blocks of lumbar spinal cord (approximately 15 mm long) were sectioned longitudinally
along the dorsal-ventral axis (horizontal plane) at 30 um and mounted in serial order.
Bilateral T13-L5 DRGs were sectioned at 30 um and mounted in serial order. The number of
TB positive neurons was figured for each pair of DRGs. Data are presented as mean + SD.

Gene expression in neurons—For fluorescent in situ hybridization (FISH), T13 spinal
cord (between 1-2 mm caudal to the lesion) was sectioned in a transverse plane at 10 um
thickness and L1 DRGs were sectioned at 10 um. Sections were mounted on Superfrost Plus
slides ( isher rand, Pitts urgh, PA), air dried overnight and stored at —20°C. FISH reaction
was performed as described previously using digoxygenin-tagged oligonucleotide probes for
GAP43, B-actin and Neuritin mRNAs (Merianda et al., 2013). The probe sequences have
been published (Willis et al., 2007). Scrambled probe was used as a negative control.
Oligonucleotides were prepared with 3-5 “Int Amino Modifier C6 dT” modifications per 5
mer sequence (Integrated DNA Technologies, San Diego, CA). Probes were incubated
overnight in digoxygenin (Digoxigenin-3-O-methylcarbonyl-e-aminocaproic acid-N-
hydroxysuccinimide ester, Roche Diagnostics, Indianapolis, IN) and N,N-
Dimethylformamide (Sigma-Aldrich, St. Louis, MO) solution and purified using bench top
column purification method (mini Quick Spin DNA Columns, Roche Diagnostics,
Mannheim, Germany). The hybridized probes were identified by immunofluorescence using
anti-digoxygenin antibody tagged with Cy3 (Jackson Immunoresearch, West Grove, PA).
Five sections per animal through the L1 DRG and T13 spinal cord intermediate gray were
analyzed for neurons expressing each mRNA. All TB positive neurons in 5 sections through
each region were analyzed. This yielded at least 25 neurons per animal for analysis. Images
were taken at 63X using a Leica epifluorescence microscope and all images were matched
for exposure parameters. Intensity of the mRNA signal was quantified in individual TB
labeled neurons using ImageJ and averaged between animals. Since tracer injection may
affect gene expression, uninjured controls (Group 3) did not receive TB, so equal humbers
of neurons of size and location comparable to injury only animals (Group 4) were randomly
selected for analyses in corresponding regions of T13 spinal cord. It is possible that exercise
has an effect on the mRNA levels of non-injured, non TB positive neurons, as suggested in
Figure 6A, however, in the present study we focused specifically on injured/regenerating
neurons labeled with TB. Therefore, except in the uninjured control group, only TB positive
neurons were included in the analyses.
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Statistical Analyses

Results

Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc.). Results are
expressed as mean * standard deviation. Differences across groups in number of
regenerating propriospinal neurons by distance caudal to the injury site (Figure 4b) or DRG
level (Figure 5) were determined using a two-way ANOVA with repeated measures for
group vs. location and a post-hoc Bonferroni’s multiple comparisons test. Significant
differences across groups for remaining cell count analyses (Figures 4A and 4C) and for
MRNA expression data ( igures 6 and 7) were determined y Student’s t-test. For all tests, the
significance level was set to p < 0.05.

Exercise increases the number of regenerating spinal cord neurons

Neurons that regenerated their axons into the PNG were labeled by retrograde transport of
TB from the distal end of the PNG and were visible under the fluorescent microscope using
ultraviolet light. The majority of neurons that regenerated from the lower thoracic spinal
cord were within the intermediate gray region, often in bilateral distribution around the
central canal, consistent with the distribution of propriospinal neurons (Figure 3) (see Flynn
etal., 2011). Very few TB labeled neurons were seen in either the dorsal or ventral horn.

When considering the cross sections from the 5 mm block immediately caudal to the lesion
(Figure 3B), exercise nearly doubled the number of regenerating neurons (1148 + 541 in Tx
5 wks + PNG vs. 1973 £ 528 in Tx 5 wks + PNG + Ex condition, Figure 4A) with the
highest number present within 1 mm of graft (414.2 + 259.6 vs. 817.5 + 292.8, Figure 4B).
There was a gradual decline in the number of neurons as the distance from the graft/ lesion
site increased. Individual regions (1-5 mm) more distant from the lesion site did not show
an exercise related increase in the number of regenerating neurons (Figure 4B), but it is
important to note that there was a significant increase in regenerating neurons within the 0-2
mm region as well.

The lumbar cord that was analyzed in a horizontal plane was approximately 15 mm in
length. TB-labeled neurons were distributed uniformly throughout the rostral-caudal extent
of this block with many in close proximity to the central canal (Figure 3C). Compared to Tx
5 wks + PNG group, exercised rats in Tx 5 wks + PNG + Ex group had a 9 fold increase in
the number of regenerating neurons (156.4 + 89.1 vs. 1445 + 766.9 (Figures 3C1, 3C2 and
4C).

Exercise does not increase axon regeneration from sensory neurons

DRGs from both sides of the lower thoracic (T13) to lower lumbar (L5) level were sectioned
at 30 um and all TB positive neurons per ganglion were counted manually. Small and large
(>30 pm diameter) DRG neurons were TB labeled in all ganglia (Figure 3B) and there was
no significant difference in the number of regenerating neurons between Tx 5 wks + PNG
and Tx 5 wks + PNG + Ex conditions based on neuron size. Similar to spinal cord neurons,
most of the regenerating neurons in non-exercised animals were found in DRGs close to the
graft/lesion site with a decrease as the distance from the lesion increased (Figure 5). Unlike
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the response of lumbar propriospinal neurons there was no exercise dependent increase in
the number of regenerating DRG neurons at any of the spinal levels (Figure 5) or when
totaled for all caudal ganglia that were examined (1639.25 + 765.95 in Tx 5 wks + PNG vs.
875.25 + 240.86 in Tx 5 wks + PNG + Ex condition, p= 0.106).

Exercise modulates the regeneration associated gene profile of axotomized and
regenerating spinal cord neurons

We measured mRNA levels for three RAGs (GAP43, B-actin and Neuritin) in spinal cord
neurons in response to axotomy, exercise, grafting and grafting plus exercise. In the injury
and injury + Ex rats (Groups 4-7, Figure 2) application of TB tracer at the injury site labeled
axotomized neurons, allowing for future selective identification of injured neurons in the
spinal cord and DRGs. To analyze neurons that had regenerated their axon into a PNG,
tracer was placed at the distal end of the PNG at the time of grafting so that only axons
growing through to the distal end of the graft would be exposed to the tracer (Groups 8 and
9, Figure 2). TB positive neurons were analyzed in the intermediate gray (Figure 6A)
between 1-2 mm caudal to the lesion. Since the effect of exercise on regeneration was
significant at 0—2 mm from lesion (p=0.026) and neurons closer to the site of axotomy are
more likely to regenerate their axon with or without exercise, we were able to sample a
greater number of neurons per section when examining this region proximal to the injury. At
2 wks post injury the neurons are just beginning to extend their axons into the proximal end
of PNG, while at 4 wks post injury most of the axons are approaching the distal end of the
PNG (Amin et al., 2010), indicating that most neurons are in an active phase of regeneration
at the 2 and 4 wks post-injury intervals analyzed here.

FISH signals for all 3 mMRNAS were detected in many neurons in the intermediate gray of the
uninjured control animals (Figure 6A). In Tx 2 wks rats, spinal cord neurons showed a
significant upregulation of mMRNA for all three RAGs. This injury response was maintained
for at least 4 wks (Tx 4 wks) compared to uninjured control values (Figures 6 B, C, and D).
Exercise had varying effects on propriospinal neurons. Short term (1 wk) exercise increased
GAP43 mRNA FISH signals at 2 wks post injury but this was not maintained with continued
exercise out to 4 wks post injury (Figure 6B). f-actin mRNA signals did not increase with
acute exercise (Tx 2 wks + Ex) but did so with more prolonged daily exercise (Tx 4 wks +
Ex; Figure 6C). Neuritin mMRNA FISH signals were significantly increased with injury (Tx 2
wks or Tx 4 wks), yet no exercise related change in Neuritin mRNA was observed in Tx 2
wks + Ex or Tx 4 wks + Ex groups (Figure 6D).

In spinal cord neurons of non-exercised animals, the presence of a PNG did not result in a
significant upregulation of any of the mMRNAs above the response seen in the injury only
Group 3 spinal cord. The combination of grafting and exercise (Tx 4 wks + PNG + Ex)
caused a significant upregulation of all 3 MRNAs expression at 4 wks post grafting
compared to the Tx 4 wks + PNG group, as well as to the Tx 4 wks + Ex group (Figures 6B,
C, D).
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Exercise has no significant effect on the regeneration associated gene profile of
axotomized or regenerating DRG neurons

TB positive neurons in L1 DRGs (located approximately 25 mm from the lesion site), were
analyzed for mRNA levels using FISH. As with the spinal cord neurons, FISH signals were
detectable in the DRG neurons before injury. None of the RAG mRNAs were upregulated at
Tx 2 wks or Tx 4 wks compared to uninjured controls in the L1 DRG neurons (Figure 7).
Bactin and Neuritin mRNA signals were significantly higher in injured neurons after 1 week
of exercise but this response was not maintained with longer Ex contrary to what was
observed for B-actin in spinal cord neurons (Tx 4 wks vs. Tx 4 wks + EXx; Figure 7C, D). No
change was seen in GAP43 mRNA signals with exercise in injured DRG neurons at any
timepoint (Tx 2 wks, Tx 2 wks + EX, Tx 4 wks, Tx 4 wks + EX, Figure 7B). Four weeks of
exercise alone did not alter any of the mRNAs tested in sensory neurons (Tx 4 wks vs. Tx 4
wks + Ex). At 4 wks post injury, GAP43 and Neuritin mRNA FISH signals in the L1 DRGS
were increased in the presence of PNGs without exercise (Tx 4 wks vs. Tx 4 wks + PNG)
but not when Ex was combined with PNGs (Tx 4 wks + PNG vs. Tx 4 wks + PNG + Ex).
This suggests that in these sensory neurons the major effect on mRNA levels is due to the
presence of a PNG (Figure 7B, C and D).

Discussion

In the present study, we used a cycling exercise that provides rhythmic sensory stimulation
to the spinal cord and is known to increase intraspinal levels of neurotrophins and
phosphorylation of the ribosomal protein S6 that is downstream of mTOR (Houlé and Coté,
2013). These local effects of exercise not only suggest a neuroprotective and pro-
regenerative effect that could promote elongation of axons into a PNG but also the potential
for enhanced synaptic activity and neuroplasticity that could increase axonal growth and
reconnection with targets beyond the PNG. In support of the significant role that exercise
appears to play in neuroplasticity we present evidence that the intrinsic regenerative effort of
propriospinal neurons, but not primary sensory neurons is enhanced by cycling exercise and
that this effort is correlated with upregulation of mMRNA levels of the regeneration associated
genes GAP43, Bactin and Neuritin. An intraspinal PNG not only supports extension of axons
but also provides a unique model for selectively studying the regenerative efforts of different
populations of neurons and the application of possible therapeutic interventions to enhance
regeneration.

Exercise increases regeneration from propriospinal neurons

The majority of axons that ascend into the PNG from spinal cord are from propriospinal
neurons present in the intermediate gray region of spinal cord. These neurons greatly
outnumber the motor neurons in the spinal cord and mediate a variety of functions while
integrating and modulating both sensory and motor inputs (Chung et al., 1984; Conta and
Stelzner 2009; Flynn et al., 2011). While short-axon propriospinal neurons in the lumbar
enlargement modulate input to lower limb motor neuron pools (Gerasimenko et al., 2002;
Jordan and Schmidt, 2002; Kostyuk and Maisky, 1972; Kostyuk et al., 1971), ascending and
descending long-axon propriospinal neurons can mediate the crosstalk between lumbosacral
and cervical regions (Miller, 1970; Miller et al., 1971, 1973). The number, location,
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elaborate projection patterns and functional capabilities of these neurons make them a
suitable target for promoting functional recovery after SCI. An important study by Bareyre
et al. (2004) showed that after dorsal spinal hemisection, axons of the corticospinal tract
formed functional de novo spinal circuits with long descending propriospinal neurons to
relay information to lumbar motor neuron pools. Findings by Courtine et al. (2008)
convincingly demonstrated the ability of propriospinal neurons to restore functional
locomotor recovery after a spinal cord injury that severed all supraspinal descending
pathways using staggered lateral hemisections at T7 and T12 levels on opposite sides of the
spinal cord. These studies highlight the remarkable plastic properties of propriospinal
neurons and the observation that the circuitry for functional recovery could remain intact
within the injured spinal cord and be potentiated for functional recovery using physical
rehabilitation (Raineteau and Schwab, 2001).

The number of propriospinal neurons regenerating into a PNG is highest proximal to the
lesion-graft interface and it decreases as the distance of neurons from the injury site
increases. Exercise resulted in a significant increase in regeneration by neurons at both
proximal (T13) and distal (L1-5) locations. Hind limb cycling may produce this effect by
direct stimulation of the neurons via rhythmically activated primary afferents and/or via
local upregulation of pro-regenerative neurotrophic factors within the spinal cord. Data
supporting direct and indirect mechanisms suggests that both can contribute to an increase in
regenerative effort. Unpublished data from our lab shows that exercise fails to upregulate
brain derived neurotrophic factor (BDNF) after deafferentation of the spinal cord below the
level of a transection injury indicating the critical need for afferent input to process and
mediate some of the effects of cycling.

Exercise does not increase regeneration from DRGs

When provided with a PNG after SCI, primary sensory neurons showed a strong propensity
for regeneration (~1700 DRG neurons vs. ~1300 propriospinal neurons). The majority of TB
positive neurons were found in DRGs closer to the injury as the number of TB+ neurons per
ganglion decreased as distance increased from the injury site. Given the effect of cycling on
the regenerative effort of interneurons it is curious that the total number of regenerating
DRG neurons did not change with exercise. This result was surprising since a study from the
Twiss lab demonstrated an activity driven, neurotrophin dependent enhanced outgrowth of
neurites from cultured adult DRG neurons and regeneration of peripheral axons after a nerve
crush in vivo (Molteni et al., 2004). Sensory neurons in DRGs are pseudounipolar and have
a central and a peripheral axonal process branching from each cell body. The regenerative
response from the cell body shows branch specificity where the peripheral injury
successfully mounts the growth associated response while injury to the central process fails
to elicit a similar response (Chong et al., 1994; Schreyer and Skene, 1993). However, the
regenerative capacity of the central DRG process can be potentiated by an injury
(preconditioning lesion) to the peripheral branch (Neumann and Woolf, 1999; Richardson
and Verge, 1987), which initiates the transport of retrograde signals to the cell body that
may stimulate the regeneration associated gene program (Michaelevski et al., 2010; Rishal
and Fainzilber, 2010; Tetzlaff et al., 1991). Epigenetic evidence of this distinct response
comes from a study where a peripheral ut not central axon injury triggers PKCp-dependent
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nuclear export of HDACS causing enhanced histone acetylation and pro-regenerative gene
expression (Cho et al., 2013). Additionally, a more recent study has shown that histone
acetyltransferase p300/CBP-associated factor (PCAF) modulates chromatin environment of
essential RAGSs to support regeneration after a peripheral but not central injury (Puttagunta
et al., 2014). These studies strongly suggest that the intrinsic regenerative state of the injured
neurons is a key determinant of their regenerative capacity (Rossi et al., 2007).

Neuronal subpopulations show unique changes in gene expression following injury,
grafting and exercise

To address the disparity in regenerative response from sensory vs. propriospinal neurons, we
examined the expression of RAGs in these neuronal subpopulations in regenerating/non-
regenerating conditions (presence and absence of a PNG) and in exercise and no exercise
conditions. Presence of TB tracer identified injured or regenerating neurons. The complete
RAG program of injured neurons can consist of several genes and successful regeneration
likely requires co-operative effort of multiple transcriptional events (Fagoe et al., 2014). We
examined three key RAGs that have been shown to be strongly associated with the
regenerative effort and are almost indispensable for a successful regeneration event. GAP43
MRNA levels are elevated during development (Benowitz and Routtenberg, 1997) and
increase in successfully regenerating neurons but not in the injury conditions where no
regeneration takes place (Mason et al., 2003; Skene and Willard, 1981). Abundance of
GAP43 protein in the axonal and growth cone regions is consistent with its active
involvement in axon elongation and synaptic plasticity (Skene, 1989). B-actin, being a
cytoskeletal element, is not only involved in formation and extension of axons during
regeneration, ut asymmetrical localization of B-actin in the growth cone facilitates growth
cone turning in response to positive and negative stimuli (Leung et al., 2006; Yao et al.,
2006). Neuritin (candidate plasticity gene 15 or cpgl5) codes for a
glycosylphosphatidylinositol-anchored axonal protein that is induced by extraneuronal cues
such as neurotrophins and neuronal activity. Neuritin can promote neurite outgrowth,
synapse formation and synapse stability and shape dendritic arbors of target neurons (Fujino
et al., 2011; Naeve et al., 1997; Nedivi et al., 1996; Zhou and Zhou, 2014).

Responsiveness of these genes to extracellular cues and a strong association with the
regenerative effort of neurons allowed us to investigate how different types of neurons
respond to injury, grafting and exercise. An injury associated increase in RAG mRNAS is
suggestive of a spontaneous regenerative drive in the propriospinal neurons which is further
augmented by the presence of a growth promoting PNG and even more by the stimulating
input from hindlimb exercise. However, the sensory neurons do not show injury associated
changes in mMRNAs for these RAGs. RAG mRNAs do upregulate in the presence of a PNG
but are not further potentiated by exercise. This suggests that the positive extracellular cues
from activated Schwann cells within the graft may stimulate the expression of RAGs. It
should be noted that exercise did upregulate B-actin and Neuritin at 2 wks post injury,
however, the elevation did not persist out to 4 wks post injury. Previous work in our
laboratory has shown that while post-injury cycling exercise upregulates BDNF, GDNF and
NT-4 mRNAs in spinal cord intermediate gray, DRG neurons remain unaffected by either
injury or exercise (Keeler et al., 2012). However, in the same study, exercise reduced the
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injury-associated increase in Caspase-7 in both spinal cord and DRG samples. This indicates
that our current exercise paradigm may provide for neuroprotection of injured DRGs but it is
not sufficient to elicit a stronger regenerative response.

The absence of an effect of exercise on sensory axon growth may have some beneficial
effect since aberrant sprouting of primary afferents can lead to development of neuropathic
pain (Ondarza et al., 2003). Recent work from the Gallo lab has demonstrated that
intracellular increase in actin could lead to axonal branch formation and increased sprouting
from sensory axons (Spillane et al., 2011; Spillane et al., 2013). Although we did not test
animals in the current study for SCl-associated neuropathic pain, a recent study from our lab
has shown the beneficial effects of acute exercise in reducing afferent sprouting in the dorsal
horn and preventing the onset of neuropathic pain in a contusion SCI model (Detloff et al.,
2014). We have previously shown that neurons can regenerate into a PNG in a chronic
injury situation (Houlé, 1991; Tom et al., 2009) and that chronically injured neurons are
responsive to trophic factors applied at the injury site 4 or 8 weeks post injury (Houlé and
Ye, 1999). Future studies will examine whether delayed exercise can have a growth
promoting effect on chronically injured neurons. Another exciting possibility is to address
whether exercise can potentiate the outgrowth of axons beyond the distal end of the PNG
into the spinal cord to form synaptic contacts with neurons above the level of injury. Similar
strategies could be employed to potentiate regeneration from descending neurons by
apposing a PNG to the rostral end of the lesion cavity. Since both ascending and descending
regenerative effort can be studied within the same animal, this strategy holds potential to
promote both sensory and motor recovery in a spinalized animal. The current study brings
forward an exciting possibility of using exercise driven regeneration to improve functional
recovery after SCI.
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Highlights

e Peripheral nerve grafts support CNS regeneration after SCI.
» Post injury exercise increases regeneration into peripheral nerve grafts.

» Regenerative effort is correlated with the levels of regeneration-associated

MRNAS.

»  Propriospinal but not sensory neurons respond to exercise.

» Data suggest exercise as a therapy to promote regeneration after SCI.
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Rostral

Figure 1. Experimental approach for nerve grafting
Tibial nerve is cut in donor rat and harvested 7 days later. Recipient rats receive T12

transection and an intraspinal graft of the harvested nerve segment apposing the caudal end
of the lesion cavity.
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Quantification of number of neurons regenerating their axon into PNG
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Figure 2. Animal groups and experimental timeline
9 animal groups were divided into 2 categories. Groups 1 and 2 were used to quantify the

number of regenerating neurons in the presence or absence of Ex. Groups 3—-9 were used for
MRNA analyses. Uninjured control rats were not exercised (Group 3). All other groups
started exercise at the beginning of week 2 (5 days post injury) for 5 days/week and 30 min/
day. The Tx rats were sacrificed at 2 wks post injury (Groups 4, 5) or 4 wks post injury
(groups 6, 7). Tx + PNG rats were sacrificed 4 wks post injury (groups 8, 9). Tx=
transection, Wks= weeks, Ex= exercise, TB= True Blue.
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!:i_gure 3. Identification of the number of regenerating spinal cord and sensory neurons caudal to
Injur

L(J)wgr thoracic spinal cord was sectioned in transverse plane between 0-5 mm caudal to
lesion (A, Scale bar = 200um). Left and right DRGs were sectioned from T13 to L5 level (B,
Scale bar = 200um). C shows the Lumbar spinal cord from an exercised rat cut in horizontal
plane. C (1) shows a high magnification image from the boxed region in C and C (2) shows
a comparable region from a non-exercised control. TB positive neurons are defined as those
regenerating their axon into the PNG. cc = central canal.
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Figure 4. Exercise increases regeneration by spinal cord neurons
(A) Total number of regenerating neurons within 5mm distance from injury site is

significantly increased with exercise. (B) Number of regenerating neurons decreases as
distance increases from the injury site. Post injury exercise increases the number of
regenerating neurons within 1mm of the lesion. (C) Total number of regenerating neurons
within lumbar spinal cord increases significantly with exercise. * indicates significant
difference (p<0.05).
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Figure 5. Exercise does not enhance axon regeneration from sensory neurons into PNGs
The number of regenerating sensory neurons decreased as distance increased from the injury

site. No significant change with exercise was observed in regenerating neurons from DRGs
at any level.
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Figure 6. mMRNA expression in propriospinal neurons
(A) T13 spinal cord grey matter (dotted line) showing regenerating neurons labeled with TB

placed at distal end of a PNG and stained for GAP43 mRNA (scale bar = 200um). The inset
shows TB positive neurons. Dash lined box is the region of interest for assessing
propriospinal neurons in intermediate gray. al shows a higher magnification image of TB
positive neuron stained for GAP43 mRNA (a2) and a3 shows a merged image. Similarly,
b1-b3 and c1-c3 show individual TB positive neurons stained for factin and Neuritin
mMRNAS respectively (scale bar = 10um). (B, C, D) Y-axis shows average of FISH signal
intensity per neuron for GAP43, B-actin, Neuritin mRNAs respectively. X-axis shows the
animal groups. * indicates significant difference (p<0.05). + indicates significant difference
(p<0.05) from uninjured control.
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Figure 7. mRNA expression in sensory neurons
(A) A section from L1 DRG showing regenerating neurons labeled by TB placed at the

distal end of a PNG and stained for GAP43 mRNA (scale bar = 200um). The inset shows
TB labeled neurons. al shows a magnified image of a TB positive neuron stained for
GAP43 mRNA (a2) and a3 shows a merged image. Similarly, b1-b3 and ¢1-c3 show
individual TB positive neurons stained for 3-actin and Neuritin mMRNAS respectively (scale
bar = 10um). (B, C, D) Y-axis shows average of FISH signal intensity per neuron for
GAPA43, B-actin, Neuritin mRNAS respectively. X-axis shows the animal groups. * indicates
significant difference (p<0.05).
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