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Intermittent noxious stimulation following spinal cord contusion
injury impairs locomotor recovery and reduces spinal BDNF-
TrkB signaling in adult rats
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Abstract

Intermittent nociceptive stimulation following a complete transection or contused spinal cord
injury (SCI) has been shown to exert several short and long lasting negative consequences. These
include maladaptive spinal plasticity, enhanced mechanical allodynia and impaired functional
recovery of locomotor and bladder functions. The neurotrophin, brain derived neurotrophic factor
(BDNF) has been shown to play an important role in adaptive plasticity and also to restore
functions following SCI. This suggests that the negative behavioral effects of shock are most
likely related to corresponding changes in BDNF spinal levels. In this study we investigated the
cellular effects of nociceptive stimulation in contused adult rats focusing on BDNF, its receptor,
TrkB, and the subsequent downstream signaling system. The goal was to determine whether the
behavioral effect of stimulation is associated with concomitant cellular changes induced during the
initial post-injury period.

Quantitative RT-PCR and western blotting were used to assess changes in the mRNA and/or
protein levels of BDNF, TrkB and the downstream signaling proteins CAMKII and ERK1/2 at 1
hour, 24 hours and 7 days following administration of intermittent noxious shock to the tail of
contused subjects. In addition, recovery of locomotor function (BBB score) was assessed daily for
the first week post injury.

The results showed that, while nociceptive stimulation failed to induce any changes in gene
expression at 1 hour, it significantly reduced the expression of BDNF, TrkB, ERK2 and CAMKI|,
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at 24 hours. In general, changes in gene expression were spatially localized to the dorsal spinal
cord. In addition, locomotor recovery was impaired by shock. Evidence is also provided
suggesting that shock engages a neuronal circuitry without having any negative effects on
neuronal survival at 24 hours. These results suggest that nociceptive activity following SCI
decreases BDNF and TrkB levels, which may significantly contribute to diminished functional
recovery.
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Spinal cord injury (SCI) can result in a number of devastating consequences, which are
evident at both cellular and behavioral levels. Common behavioral deficits include the loss
of motor control, paralysis and pain. The extent to which these deficits occur depends
largely on the cellular damage produced by the initial primary injury and the secondary
processes, which occur from within hours to days post injury (Beattie et al., 2002;
Whetstone et al., 2003; Rossignol et al., 2007). The contusion model of SCI provides a
useful approach to examine not only the cellular processes occurring shortly after injury, but
also the behavioral consequences of SCI. For example, a moderate contusion injury in rats
produces near complete paralysis immediately post injury, followed by a period of recovery
ranging from one to several weeks (Basso et al., 1995). Prior work suggests that long-term
prognosis following SCI is well predicted by the extent of recovery observed over the first
week of injury (Basso et al., 1996; Hook et al., 2004). As a result, much attention has
focused on the biological changes that occur over this period of secondary injury.

Research from our laboratory has shown that pain (nociceptive) input to dermatomes below
a contusion injury can profoundly affect long-term recovery. Just 6 minutes of intermittent
nociceptive stimulation (applied to the leg or tail) produces both an acute disruption in
locomotor performance and a long-term degradation in physiological function that leads to
reduced tissue sparing, higher incidences of spasticity and mortality, delayed recovery of
bladder function, and reduced weight gain 6 weeks after injury (Grau et al., 2004). These
adverse effects are most pronounced if nociceptive stimulation is given within four days of
injury and are only observed if the stimulation is uncontrollable (e.g., legshock given
independent of leg position). An equivalent exposure to controllable stimulation (response-
contingent stimulation; delivered when the leg is in an extended position) has no adverse
effect on long-term recovery (Grau et al., 2004). These observations suggested that aberrant
nociceptive input following SCI can have long lasting behavioral ramifications.
Furthermore, that stimulation to the tail can influence the outcome of more distal spinal
segments (lumbar), suggests that uncontrollable nociceptive stimulation following SCI
engages a centrally-mediated mechanism that extends beyond the stimulated dermatomes. In
addition, it suggests that the deleterious effects of stimulation depend on both peripheral
(noxious stimulation) and central mechanisms.

To study how nociceptive input alters spinal function below an injury, we have also
examined how electrical stimulation affects neurobiological mechanisms within the lumbar-
sacral spinal cord in spinally transected rats. In this paradigm, rats undergo a complete
transection at the second thoracic vertebra. In a typical experiment, intermittent stimulation,
at an intensity that engages C (pain) fibers (Thompson et al., 1990; Hathway et al., 2009), is
applied a day after injury and the impact of stimulation is tested over the next 24 hours (e.g.
Crown and Grau, 2001). We found that intermittent stimulation inhibits a form of adaptive
spinal plasticity (instrumental learning), the ability to learn a response-outcome relationship.
Instead, it produces maladaptive plasticity, and enhances mechanical reactivity (allodynia)
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(Ferguson et al., 2006). In contrast, controllable stimulation facilitates spinal learning
(Crown et al., 2002b). These earlier studies demonstrated the adaptive nature of the isolated
spinal cord. At the cellular level, intermittent nociceptive stimulation down-regulates the
expression of a number of genes involved in mediating various forms of plasticity, such as
brain derived neurotrophic factor (BDNF), calcium-calmodulin kinase 11 (CAMKII) and
CREB (Gémez-Pinilla et al., 2007).

The down regulation of BDNF by noxious stimulation is of special interest given the
evidence suggesting that BDNF plays a key role in various forms of central plasticity (e.g.
Patterson et al., 1996; Kerr et al., 1999; Garraway et al., 2003; Gomez-Pinilla et al., 2007).
BDNF is also implicated in promoting axonal re-growth/elongation and in improving
functional recovery following SCI (Xu et al., 1995; McTigue et al., 1998; Boyce et al.,
2007). These studies, along with our prior observations, suggest that uncontrollable
stimulation adversely affects recovery following a contusion injury by reducing the spinal
expression levels of BDNF. It also implies a concomitant reduction in subsequent BDNF
signaling targets, such as its receptor (tropomyosin-receptor-kinase [TrkB]), and
downstream signaling proteins (CAMKII and extracellular signal-regulated kinases 1/2
[ERK1/2]) (Huie et al., unpublished results).

Most incidences of traumatic SCI are accompanied by tissue damage and noxious input from
peripheral injury. Consequently, multiple cellular events can make significant contribution
to maladaptive spinal plasticity such as, pain hypersensitivity and impaired behavioral
recovery following SCI. These events include sensitization of spinal neurons (Hains et al.,
2003; Lampert et al., 2008), excitotoxicity and cell death (Liu et al., 1999; Beattie et al.,
2002; Xu et al., 2004; Kuzhandaivel et al., 2011), and increased glial activity (Frei et al.,
2000; Hains and Waxman, 2006; Detloff et al., 2008). Despite these potential cellular events
that can contribute to the long-term behavioral consequences of noxious stimulation, our
previous studies have not identified the exact mechanism responsible.

Because BDNF plays an important role in adaptive plasticity, it can be proposed that
actions, which produce maladaptive plasticity, decrease BDNF spinal levels and that deficits
in BDNF levels contribute to the behavioral consequences of nociceptive stimulation. This
study addresses this proposal by exploring the impact of intermittent nociceptive stimulation
on key elements of the BDNF pathway in contused subjects, at three different time points
during the first week, post injury. We further propose that changes in BDNF levels during
this first week will be predictive of the long term recovery following SCI. Therefore, our
goal is to assess the temporal and spatial changes in expression during the initial stages post
contusion injury. By employing the contusion injury model, we can also assess the effect of
noxious shock on the recovery of locomotion during this period and determine whether
stimulation-induced behavioral effects are correlated with changes in gene expression.

Experimental procedures

Male Sprague-Dawley rats obtained from Harlan (Houston, TX) served as subjects. Rats
were approximately 90-110 days old and weighed between 350 and 400 g. They were
housed individually and maintained on a 12-hour light/dark cycle, with all behavioral testing
performed during the light cycle. Food and water were available ad libitum. All experiments
were carried out in accordance with NIH standards for the care and use of laboratory
animals (NIH publications No. 80-23), and were approved by the University Laboratory
Animal Care Committee at Texas A&M University. Every effort was made to minimize
suffering and limit the number of animals used.
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Subjects were anesthetized with isoflurane (5%, gas). Once a stable level of anesthesia was
achieved, the concentration of isoflurane was lowered to 2-3%. An area extending
approximately 4.5 cm above and below the injury site was shaved and disinfected with
iodine, and a 7.0 cm incision was made over the spinal cord. Next, two incisions were made
on either side of the vertebral column, extending about 3 cm rostral and caudal to the T12-
T13 segment. The dorsal spinous processes at T12-T13 were removed, and the spinal tissue
exposed. The dura remained intact. For the contusion injury, the vertebral column was fixed
within the MASCIS device (Gruner, 1992; Constantini & Young, 1994) and a moderate
injury was produced by allowing the 10g impactor (outfitted with a 2.5 mm tip) to drop 12.5
mm. The wound was then closed with Michel clips.

To help prevent infection, subjects were treated with 10° units/kg Pfizerpen (penicillin G
potassium) immediately after surgery and again 2 days later. For the first 24 hours after
surgery, rats were placed in a recovery room maintained at 26.6° C. To compensate for fluid
loss, subjects were given 2.5 ml of saline after surgery. Bladders were expressed twice daily
(morning and evening) until the animals had empty bladders for three consecutive days, at
the times of expressing.

This study was conducted in three phases, each involving a separate cohort of subjects. The
first experiment sought to establish the acute effect of injury (relative to sham-operated
controls) and the impact of shock treatment on BDNF-TrkB signaling. In this experiment,
the subjects were sacrificed one hour following noxious stimulation (1 hour group). Sixteen
subjects were used in this experiment as follows: sham (n = 4), contusion-unshock (n = 6)
and contusion-shock (n = 6). The second experiment was conducted to extend on the
observations arising from experiment 1, by collecting tissue at 24 hours following noxious
stimulation (24 hour group). In addition, to determine whether shock treatment had a
differential effect across the dorsal/ventral regions of the spinal cord, the tissue was further
divided to collect dorsal and ventral halves, which were subsequently processed for mMRNA
and protein, individually. We introduced this manipulation because concurrent work
(reported in Huie et al; unpublished results), had revealed that controllable stimulation
affected TrkB signaling in the dorsal, but not the ventral, cord. A total of 16 subjects [sham
(n = 4), contusion-unshock (n = 6) and contusion-shock (n = 6)] were used in this
experiment. A final experiment was conducted to extend on the observation that shock had
significant effects at 24 hours. In this experiment, spinal cord tissue (dorsal and ventral) was
collected 7 days after noxious shock (7 day group). Because our aim was to establish
whether shock treatment had a lasting effect on BDNF-TrkB signaling in contused animals,
we did not include uninjured rats in this experiment. Twelve subjects [contusion-unshock (n
= 6) and contusion-shock (n = 6)] were used in this experiment. The data were collected and
the results were analyzed individually for each of the three experiments. To conserve space,
and to allow some comparison across time, the data are grouped by assay in the Results and
figures.

Uncontrollable Intermittent Stimulation

Previously, we showed that just 6 minutes of intermittent shock to the tail exerts the same
detrimental effects on adaptive plasticity as uncontrollable legshock (Crown et al., 2002a).

In this study, we employed the tailshock paradigm to also assess the effect of nociceptive
stimulation on locomotor recovery following SCI. Subjects were treated with electrical
stimulation 24 hours after surgery (modified from Washburn et al., 2007). They were
loosely restrained in Plexiglas tubes as previously described (Crown et al., 2002a; Grau et
al., 2004). Electrical stimulation was applied to the tail using an electrode constructed from a
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modified fuse clip. The electrode was coated with electrode gel (Harvard Apparatus,
Holliston, MA) and attached 2 cm from the tip of the tail with Orthaletic tape. Leads from
the fuse clip were attached to a BRS/LVE shock generator (Model SG-903) and intermittent
constant current 1.5-mA, AC (60 Hz) electrical stimulus was applied through the electrodes.
Rats treated with uncontrollable intermittent stimulation received 180, 80-ms tail shocks on
a variable time schedule with a mean inter-stimulus interval of 2 s (range 0.2 —3.8 s).
Unshock subjects were placed in the restraining tubes for equal amount of time as shock
subjects, had the electrodes attached, but did not receive the electrical stimuli.

Behavioral locomotor assessment

Twenty four hours after surgery, prior to shock, locomotor behavior was assessed using the
Basso, Beattie, and Bresnahan (BBB) scale (Basso et al. 1995) in an open enclosure for all
subjects to ensure the effectiveness of the contusion injury (for details, refer to Grau et al.,
2004). Following baseline scores, the subjects were assigned to a treatment group (shock or
unshock) in a manner that ensured that injury severity was balanced across groups prior to
treatment. BBB scores were also collected daily from days 1-7 post-treatment for the 7 day
subjects. Care was taken to ensure that the investigator scoring behavior was blind to the
subject’s treatment group.

Sham controls

Eight rats underwent the surgical procedure described above, but did not receive a spinal
cord injury. Four of these were sacrificed 25 hours following the surgical procedure with the
other four sacrificed at 48 hours following. One centimeter of spinal cord section equivalent
to and surrounding the lesion site (approximately L1-L3) was processed for RNA and total
protein (as described below). These animals served as sham controls for the 1 hour and 24
hours following shock groups, respectively.

RNA extraction and RT-PCR

Animals were sacrificed at 1 hour, 24 hours or 7 days following shock or unshock treatment.
All subjects were deeply anesthetized with pentobarbital (50mg/kg) and 1 centimeter of
spinal cord around the lesion epicenter was rapidly removed. To determine the spatial
(dorso-ventral) changes in the expression of genes of interest, the spinal cord tissue was
further sectioned to yield dorsal and ventral portions in the 24 hours and 7 days after
treatment groups. The cord was processed for the extraction of both total RNA (RNeasy
Mini Kit; Qiagen, Valencia, CA) and total protein (see below). Total RNA (100 ng) was
converted into cDNA using TagMan EZ RT-PCR Core reagents (Applied Biosystems,
Carlshad, CA) and the mRNA levels of all targets were measured by TagMan quantitative
real-time (RT)-PCR using a StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Carlshad, CA.). B-actin served as a control gene. The sequences of probes, forward and
reverse primers for B-actin, ¢ fos and TrkB were obtained from Applied Biosystems, while
the BDNF primer and probe sequences previously reported by Gémez-Pinilla et al. (2007)
were obtained from Integrated DNA Technologies (Coralville, 1A).

Subsequent to RNA extraction, total protein was extracted from the organic layer containing
protein and DNA using the QIAzol™ lysis reagent protocol for isolation of genomic DNA
and/or proteins from fatty tissue (Qiagen, Valencia, CA.). Following determination of the
protein concentration, using the Bradford Assay (BioRad, Hercules, CA), protein samples
were diluted in Laemmli sample buffer and stored at —80°C at known concentrations
(usually 2-5ug/ul). Equal amounts (30ug; 40ug for BDNF) of total protein were subjected to
SDS-PAGE using 12% Tris-HCI precast gels (Thermo Scientific, Rockford, IL) and then
transferred to PVDF or nitrocellulose (for BDNF) membranes (Millipore, Bedford, MA).
For quantification of non-phosphorylated proteins, the blots were blocked for one hour in
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5% blotting grade milk (BioRad, Hercules, CA) in Tris-Buffered Saline Tween-20 (TBST),
while blots for phosphorylated proteins were blocked in 5% bovine serum albumin in TBST.
The blots were incubated in one of the following primary antibodies generated in rabbit for
BDNF (1:100; #R-066-500 - Novus Biologicals, Littleton, CO), both the full-length
(145kDa) and truncated (95kDa) forms of the TrkB receptor (1:500; #07-225 - Upstate Cell
Signaling, Lake Placid, NY), ERK1/2 (1:2000; #06-182 - Millipore, Temecula, CA),
pERK1/2 (1:500; #07-467 - Millipore, Temecula, CA) and pTrkB 145kDa (1:2000; #pY817
- Epitomic, Burlingame, CA); primary antibody generated in mouse for CAMKII alpha
subunit (1:250; #05-532 - Upstate Cell Signaling, Lake Placid, NY) and B-tubulin (1:1000;
#05-661 - Upstate Cell Signaling, Lake Placid, NY), overnight at 4° C. The following day,
blots were washed in TBST (3 x 10 min) at room temperature, then incubated in HRP-
conjugated goat anti-rabbit or anti-mouse secondary antibodies (1:5,000; #31460 or 31430,
respectively; Pierce, Rockford, IL) for 1 hour at room temperature. Following another 3 x 10
min series of washes, the blots were developed with ECL (Pierce, Rockford, IL) and imaged
with Fluorchem HD2 (Cell Biosciences, Santa Clara, CA). Ratios of the integrated
densitometry of each protein of interest to f-tubulin (loading control) were calculated,
normalized to sham controls and averaged for animals within each group.

Immunohistochemistry

Immunohistochemistry was performed to determine the effect of shock following contusion
injury on the viability of neurons (NeuN expression) and also to determine the cellular
expression pattern of ¢ fos and TrkB. This was done at 24 hours after shock/unshock
treatment, because at this time most changes in mRNA and protein levels were observed. An
additional 9 subjects [contusion-unshock (n = 4) and contusion-shock (n = 5)] were
anesthetized with pentobarbital (50mg/kg) and transcardially perfused with phosphate
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. The spinal cord was
dissected and post-fixed in 4% PFA for 2 hours before being transferred to 30% sucrose for
cryoprotection. Following at least 72 hours in sucrose, one centimeter of spinal cord around
the lesion epicenter was removed and cut into 3 sections (rostral, lesion and caudal;
approximately 3 mm each) and frozen into a mold with optimal cutting temperature (OCT)
compound. Twenty microns (20um) horizontal sections were cut with a cryostat (Leica
Microsystems, Buffalo Grove, IL). The sections were subsequently used for
immunohistochemistry as described below.

Light microscopic immunohistochemistry—Spinal sections were washed twice for
10 min each in Tris buffered saline (TBS), then quenched in 0.6% H>0 in TBS for 30 min.
Following a series of 3 x 5 min washes, the sections were incubated in blocking solution
(3% normal goat serum, 0.1% Triton X-100 in TBS) for 30 min, then incubated in mouse
anti-NeuN (1:400; #MAB377 - Millipore, Bedford, MA) in blocking solution, overnight at
room temperature. The following day, the sections were first washed in cold TBS (2 x 10
min), and then incubated in biotinylated goat anti-mouse secondary antibody (1:250; Vector
Laboratories, Burlingame, CA) for 2 hours at room temperature. Following a series of
washes in TBS (3 x 5 min), immunoreactivity was detected with the avidin-biotin-
peroxidase complex (ABC)-3,3-diaminobenzidinetetra-hydrochloride technique (Hsu et al.,
1981).

Double fluorescent labeling—To determine the specific cell type expressing c fos and
TrkB, double fluorescent labeling was conducted. Spinal sections were incubated in
blocking solution for 1 hour. This was followed by incubation in a combination of rabbit
anti- ¢ Fos antibody (1:2000; #sc-52 - Santa Cruz Biotechnology, Santa Cruz, CA) or TrkB
(1:250; # NB100-98826 - Novus Biologicals, Littleton, CO) with anti mouse markers for
neurons (NeuN, 1:400), astrocytes (Glial fibrillary acidic protein; GFAP, 1:500; #610565 -
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BD Biosciences, San Diego, CA) or microglia (OX42/CD11b/c, 1:1000; #550299 - BD
Biosciences, San Diego, CA) overnight at room temperature. The spinal sections were
washed in cold TBS, and then incubated in the appropriate alexa fluor-conjugated secondary
antibodies (goat anti-rabbit; #A11008 or goat anti-mouse; #A11030 - Invitrogen, Eugene,
OR) for 1 hour at room temperature. Following another series of washes in TBS (3 x 5 min),
the slides were mounted in Prolong Gold anti-fading mounting medium (Invitrogen, Eugene,
OR). Serial images were taken with a confocal microscope (Olympus BX61 with a Plan Apo
N 60x; N.A. = 1.42 oil immersion objective) using Olympus Fluoview version 5. Control
slides for both light and fluorescent immunohistochemistry were exposed to diluted normal
goat serum instead of the primary antibody.

Neuron count

The number of NeuN positive labeling in tissue obtained from subjects 24 hours following
shock/unshock was estimated using the optical fractionator method (West et al., 1991).
Unbiased estimation was performed on a modified light microscope (Olympus BX51)
equipped with Stereolnvestigator, version 9 (MBF Biosciences, Williston,VA). The region
of interest was selected at low magnification (4x objective) and counting was performed at
high magnification using a 40x; N.A = 0.9 Uplan SAPO objective (Olympus). Four
randomly selected spinal cord sections of the lesion area were averaged per animal. The
following parameters were used for the stereological analysis: height of optical dissector
—20um; base of optical dissector - 90 x 90um; average grid size - 175 x 175um; and average
section thickness - 12um.

Statistical Analyses

Results

BBB Scores

All data were analyzed using repeated measures analysis of variance (ANOVA) with an a
priori alpha value of 0.05 or below considered significant (*, depicts significant effect of
contusion injury, while #, depicts significant effect of noxious shock). Mean group
differences were evaluated using Duncan’s New Multiple Range post hoc test. In both text
and figures, all data are presented as Mean + SEM.

Previously, we showed that in adult rats with a complete T2 transection, uncontrollable
intermittent shock inhibits adaptive plasticity (Grau et al., 1998) and causes a down-
regulation in BDNF mRNA expression within the lumbar spinal cord (Gémez-Pinilla et al.,
2007). The same intermittent stimulation also impairs recovery after a contusion injury
(Grau et al., 2004). Here, we investigated the cellular pathways that may mediate the
detrimental effects of intermittent noxious shock in spinal cord contusion subjects.
Specifically, we assessed the mRNA and/or protein expression levels of BDNF, TrkB,
pTrkB, the signaling proteins CAMKIla, ERK1/2 and pERK1/2 at 1 hour, 24 hours and 7
days following noxious tailshock in spinal cord contused rats.

Only subjects with a baseline BBB score less than 8 were used in this study. The mean
baseline BBB score for shock and unshock subjects were 3.5+ 0.5 and 3.8 + 0.4,
respectively, and did not differ prior to shock treatment (p>0.05).

We have previously shown that shock treatment impairs recovery and that this effect
emerges over the first week of recovery (Grau et al., 2004). In the present study, a similar
effect was observed in rats sacrificed 7 days after shock treatment (Fig. 1). An ANOVA
confirmed that shock treatment had a significant effect (F(1, 10) = 7.25, p<0.05). While
BBB scores generally increased across days (F(5, 50) = 41.9, p<.0001), the Day X Shock
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treatment interaction was not significant (F(5,50) < 1.0, p>.05). This suggests that the
magnitude of the shock effect did not vary in a systematic way over days. We further
assessed the magnitude of the shock effect over days using the Bonferroni t-test (one-tailed),
which maintains the overall error rate at p<0.05. Significant differences were observed on
days 2-6 (all t’s > 2.53, p<0.05). c fos

For additional confirmation of shock effects, we assessed the expression of ¢ fos, a marker
for neuronal activity. When compared to sham controls (1.0 + 0.0), contusion-unshocks in
the 1 hour group had elevated levels of ¢ fos MRNA (fold change; 2.0 + 0.2; p<0.05) (Fig.
2A). Intermittent tailshock induced an additional increase in ¢ fos MRNA levels (3.6 + 0.7).
This change was significant compared to both unshock and sham controls (p<0.05). The
increase in ¢ fos waned over time and was not evident 24 hrs after shock treatment. ¢ fos
MRNA expression induced by shock was modestly elevated in both dorsal and ventral spinal
cord. There was no difference in ¢ fos mMRNA levels in shock and unshock subjects at 7 days
post treatment.

Double fluorescent immunohistochemistry was performed at 24 hours post shock/unshock to
assess the co-expression pattern of ¢ fos with markers for neurons, astrocytes and microglia.
Protein expression of ¢ fos was increased in shock tissue compared to unshock tissue (hot
shown). Immunolabeling for ¢ fos protein was observed throughout the dorso-ventral extent
of the spinal cord, although labeling was most concentrated in the superficial and deep
dorsal horn regions. As shown in Fig. 2B, c fos (green; A, E, I) was expressed primarily in
neurons (red; B). Co-labeling with NeuN is shown as yellow in the merged images (C & D).
There was no co-labeling of ¢ fos with GFAP (red; F, G, H) or OX42 (red; J, K, L). These
observations suggest that ¢ fos is expressed in spinal cord neurons but not astrocytes or
microglia.

gRT-PCR and western blotting were conducted to determine the changes in the expression
of BDNF mRNA and protein levels, respectively, at 1 hour, 24 hours and 7 days following
shock.

As illustrated in Fig. 3A, neither contusion injury nor shock had any effect on BDNF mRNA
levels compared to the sham controls in the 1 hour group. However at 24 hours, contusion
injury significantly (p<0.05) decreased BDNF mRNA levels in both dorsal (fold change 0.6
+ 0.1) and ventral cords (0.6 + 0.1) compared to sham controls. While shock had no effect
on the BDNF mRNA levels at the 1 hour time point, it exerted differential effects on BDNF
MRNA levels at 24 hours. In the dorsal spinal cord, shock produced an additional 42%
decrease in BDNF mRNA levels relative to unshock (p<0.05), but exerted no effect
ventrally. At 7 days, shock no longer had a significant effect on BDNF mRNA levels.

The effect of intermittent shock on BDNF protein expression, illustrated in Figs. 3B & C,
followed a similar trend as its effect on BDNF mRNA. In the 1 hour group, western blot
analyses revealed a significant decrease in BDNF protein levels in both unshock and shock
groups (57 + 6% and 67 = 10%, respectively; p<0.05) relative to sham controls. However,
there was no difference in BDNF expression between these two groups. At 24 hours,
contusion injury alone produced a significant decrease in BDNF protein levels in the dorsal
cord compared to sham controls (53 + 11 versus 100 + 9; p<0.05). Shock induced additional
reduction in BDNF protein levels to 24 + 3% of sham controls. These changes in BDNF
protein levels were only observed in the dorsal spinal cord, with neither contusion injury nor
shock altering its expression in the ventral spinal cord. At 7 days, BDNF protein levels were
still significantly decreased by shock in the dorsal spinal cord only (68 *+ 7%; p<0.05)
compared to unshock. Shock had no effect on BDNF levels ventrally.
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BDNF has high affinity for the TrkB receptor (Klein et al., 1991), through which BDNF
mediates most of its cellular functions. To elucidate the interaction among shock, BDNF
signaling and the shock-induced behavioral deficit, we also investigated the effect of
intermittent shock on the mRNA and protein expression of the TrkB receptor at 1 hour, 24
hours and 7 days following shock.

Contusion injury alone induced a significant decrease in TrkB mRNA levels in the 1 hour
group (0.45 + .03; p<0.05) and in both dorsal (0.40 £ .02; p<0.05) and ventral spinal (0.34

+ .05; p<0.05) cords of the 24 hour group (Fig. 4Ai). Shock-induced change in TrkB mRNA
levels was observed only in the dorsal spinal cord at 24 hours (p<0.05). In this group, TrkB
mMRNA levels were decreased by 30% compared to contusion unshock. As observed with
BDNF mRNA levels, the effect of shock on TrkB mRNA levels was reversed by 7 days post
shock.

The TrkB receptor exists in truncated (95kD) and full-length (145kD) forms, but only the
full-length receptor contains intracellular tyrosine kinase activity (Allendoerfer et al., 1994).
Several studies have reported that both isoforms mediate cellular actions of BDNF and play
arole in central plasticity (Seebach et al., 1999; Xu et al., 2000; Koponen et al., 2004;
GOmez-Pinilla et al., 2007; Michaelsen et al., 2010). Western blotting was used to assess
changes in the protein levels of the TrkB receptor, focusing on both the truncated and full-
length isoforms of the receptor.

In the 1 hour group, contusion injury alone produced a significant decrease in the expression
of the truncated TrkB (38 + 2%; p<0.05) receptor compared to sham controls (Fig. 4Aii).
Shock failed to induce any additional changes in the expression of the isoform in this group.
However, at 24 hours, shock significantly decreased TrkB95 expression in the dorsal cord
(p<0.05). This reduction was in addition to the decrease caused by the contusion injury
(32%; p<0.05). The expression of TrkB95 was not altered by contusion injury or shock in
the ventral spinal cord. In addition, the effect of shock seen in the dorsal cord was
completely reversed at 7 days post treatment.

The effect of both injury and shock on the expression of the full-length TrkB receptor
followed a very similar trend to that seen with the truncated TrkB receptor. In the 1 hour
group, contusion injury alone significantly decreased TrkB145 expression (57 + 3%;
p<0.05) compared to sham controls (Fig. 4Aiii). Shock did not induce any additional effect
on TrkB145 expression. At 24 hours, shock significantly decreased TrkB145 in the dorsal
cord (33%; p<0.05), which was in addition to the reduction produced by contusion injury
alone. Ventral cord expression of TrkB145 was not altered by contusion injury or shock at
24 hours. No differences were observed in TrkB145 expression at 7 days post shock.
Examples of western blot images for TrkB expression at the various spatial and temporal
points are shown in Fig. 4B.

TrkB immunohistochemistry

We used double fluorescent immunohistochemistry to further investigate the expression and
cellular localization of TrkB receptors. Our results confirmed our previous observation in
SC transected subjects that TrkB is expressed primarily in neurons (Huie, et al., unpublished
results; also refer to Garraway et al., 2003). As shown in Fig. 5, there is extensive co-
labeling of TrkB (green; A & E) with NeuN (red) in both the dorsal (B) and ventral (F)
spinal cord (merged images, yellow; C & G, respectively). Interestingly, although not all
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TrkB positive labeling was neuronal in nature (white arrows; C & G); there was no obvious
expression of TrkB (green; I & M) in astrocytes (GFAP, red; J & K) or in microglia (OX42,
red; M & O). To further illustrate TrkB and NeuN, GFAP or OX42 co-labeling, the areas
within the white boxes in C, G, K and O are enlarged and shown as D, H, L and P,
respectively. These patterns of immunolabeling were observed in both shock and unshock
tissue at 24 hours post treatment.

Phospho-TrkB protein

Western blotting was used to assess the effect of shock on the expression of the activated
(phosphorylated) full-length TrkB receptor (pTrkB145) (Fig. 4Aiv). One hour post
treatment, the expression of pTrkB145 was significantly decreased in both unshock (56 +
3%) and shock (64 + 3%) groups compared to sham controls (**; p<0.001). There was no
additional effect of shock. At 24 hours, contusion injury alone significantly decreased
pTrkB145 levels in both the dorsal (66 + 11%) and ventral spinal cords (56 + 16%)
(p<0.05). However, shock did not induce any additional alteration in pTrkB145 expression.
At 7 days post shock, pTrkB145 expression was significantly decreased by shock in the
dorsal spinal cord (53 *+ 6%) compared to unshock (100 £ 17%) (p<0.05), but was
unchanged in the ventral spinal cord. In addition to assessing pTrkB145 to p-tubulin ratios,
we also assessed the ratio of pTrkB145 to TrkB145 levels. The ratio of pTrkB145/TrkB145
was significantly reduced only at 7 days in the spinal dorsal cord compared to the unshock
group (71 + 10 versus 100 + 8; not shown). No other differences were observed in this ratio.
Examples of western blot images for pTrkB expression at 7 days are shown in Fig. 4B.

Protein kinase signaling

BDNF signaling has been shown to involve recruitment and activation of several signaling
pathways and kinases), including MAPK/ERK (e.g. Patapoutian and Reichardt, 2001; Slack
et al., 2004). Previously, we showed that controllable shock-induced spinal learning might
also depend on increases in the expression and activation of CAMKII (Gémez-Pinilla et al.,
2007). Therefore, in this study, we used western blotting to assess the effect of intermittent
shock on kinase-mediated signaling pathways, focusing on the protein expression levels of
CAMKII alpha subunit (CAMKIla), ERK1/2 and pERK1/2.

CAMKIla—Consistent with the pattern of gene regulation seen with BDNF and TrkB,
CAMKIla protein levels were significantly decreased in both contusion unshock (63 + 7%)
and contusion shock (74 + 4%) groups in the 1 hour group compared to sham controls
(p<0.05). However, there was no effect of shock compared to unshock. At 24 hours
following shock, both injury and shock affected CAMKIla protein levels, although these
effects were only observed dorsally. Specifically, there was a significant decrease in
CAMKIla protein levels in the unshock group (74 + 8%; p<0.05) compared to sham
controls. Shock added to the decrease (48 + 6%; p<0.05) compared to sham controls. This
additional decrease in CAMKIla protein in the shock group was significant compared to
unshock subjects (p<0.05). Unlike the effects observed dorsally, neither contusion injury
alone nor shock altered CAMKIla protein levels in the ventral cord. However, the additive
effect of both contusion injury and shock caused a significant decrease in CAMKIla
expression level in the ventral spinal cord of shock subjects (69 + 6%; p<0.05) compared to
just sham controls. At 7 days the effect of shock on CAMKIla expression persisted.
Furthermore, not only were the dorsal levels of CAMKIIa significantly decreased by shock
(67 = 5%; p<0.05), ventral levels were also significantly reduced (65 + 10%; p<0.05)
relative to unshock. CAMKIla expression is depicted in Fig. 6A..

ERK1—As illustrated in Fig. 6Aii, neither contusion injury nor shock had any effect on
ERK1 protein expression level in the 1 hour group. At 24 hour after shock, ERK1
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expression in both dorsal and ventral spinal cords was significantly decreased in both
contusion groups compared to sham controls. However, shock had no additional effect on
ERK1 expression at this time point or at 7 days.

ERK?2—As seen with ERK1 protein expression, neither contusion injury nor shock had any
effect on ERK2 protein expression level in the 1 hour group. However at 24 hours, shock
produced a significant decrease (46 * 4%; p<0.05) in ERK2 expression in the dorsal cord.
This effect was in addition to the significant decrease produced by the contusion injury
(unshock; 71 + 11% compared to sham; 100 + 6%; p<0.05). ERK2 levels were modestly
decreased by contusion injury in the ventral spinal cord at 24 hours following shock
treatment. This decrease was not significant nor did shock exert any additional effect on
ERK2 levels. Shock-induced decrease in ERK2 levels in the dorsal spinal cord persisted for
up to 7 days post shock (66 + 5%) compared to unshock (100 + 12%; p<0.05). Changes in
ERK2 expression is represented in Fig. 6Aiii. Examples of western blot images for
CAMKIla, ERK1 and ERK2 expression are shown in Fig. 6B.

PhosphoERKSs expression—We also investigated the effect of shock on the expression
of activated ERK1 (pERK1) and ERK2 (pERK2) levels (Fig. 7). Neither contusion injury
nor shock exerted any effect on the expression of pERK1 at 1 or 24 hours compared to sham
controls. However at 7 days, only in the dorsal spinal cord was pERK1 level significantly
decreased by shock (65 + 13%; p<0.05) (Fig. 7A). Neither contusion injury nor shock
induced any spatial or temporal changes in pERK2 levels (Fig. 7B). Although dorsal
PERK2, ventral pERK1 and pERK2 levels were modestly decreased by shock at 7 days,
none of these changes were significant. We also assessed the ratios of phosphorylated ERKSs
to total ERKs (pbERK1/ERK1 and pERK2/ERK2). There were no differences in these ratios
in any of the spatial or temporal groups.

Neuron positive labeling and count

The total number of NeuN positive labeling in the lesion area of the spinal cord was
estimated with optical fractionator to determine the overall effect of intermittent shock on
neuronal survival. Because most of the shock effects were observed at 24 hours post
treatment, immunolabeling was conducted on spinal sections obtained from contusion
unshock and contusion shock subjects, 24 hours post treatment. The results of the unbiased
stereological analysis are summarized in Table 1. As shown in Fig. 8A, there was no
difference in the average estimated number of neurons in the shock (1302 = 179; n =5) and
unshock (1162 + 129; n = 4) groups (p<0.05). Examples of spinal cord sections and NeuN
labeling from unshock (i, iii and v) and shock (ii, iv and vi) subjects respectively, are shown
in Fig. 8B. For comparison, NeuN labeling immediately rostral (vii) and caudal (viii) are
also shown. These sections were taken from a shock subject.

Correlations with Behavioral Recovery

Additional analyses were conducted to examine whether the behavioral recovery observed in
subjects sacrificed at day 7 was correlated with expression of BDNF, TrkB, and downstream
signaling proteins. For these analyses, the average BBB score observed after treatment
(Days 2-7) was correlated with cellular expression. Given our moderate sample size (six per
condition), a robust correlation (r>0.81) was required for statistical significance.
Interestingly, the two strongest correlations emerged from our measures of BDNF and TrkB
MRNA expression (Fig. 9). In unshock rats, locomotor recovery was positively correlated
with an increase in BDNF and TrkB expression (r = 0.78 and r = 0.93 respectively; Figs. 9A
and C). No such correlation was observed in shock subjects (Figs. 9B and D). Further
analysis showed that, for TrkB mRNA expression, the correlations observed for shock and
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unshock subjects were significantly different (z = 2.48, p<0.05). No significant correlations
were observed between BBB performance and protein expression.

Discussion

In several previous studies, we have identified conditions that undermine plasticity or
recovery of locomotor functions following SCI. For example, administration of intermittent
stimulation to the leg or tail disrupts adaptive plasticity and induces a learning deficit, which
lasts up to 48 hours in completely transected rats (Crown et al., 2002a). This stimulation
paradigm undermines the recovery of locomotor functions in spinal contused rats (Grau et
al., 2004). In addition to electrical stimulation, peripheral inflammation has also been shown
to undermine spinal adaptive plasticity (Hook et al., 2008). These early studies generally
focused on the behavioral consequences of noxious shock rather than the underlying cellular
mechanisms. Further, no prior work had explored the mechanisms that underlie the long-
term effects of uncontrollable stimulation on recovery after a contusion injury. In the present
study, we examined the molecular modifications produced by noxious tailshock in adult rats
following a spinal cord contusion injury to determine the cellular mechanisms that may
account for these behavioral deficits. In addition, by utilizing the contusion injury model, we
were able to evaluate the recovery of locomotor functions during the first week post injury, a
critical period in long-term recovery following SCI. We observed that noxious shock
significantly altered BDNF-TrkB signaling following contusion injury and that these effects
were both temporally and spatially regulated. Specifically, shock consistently decreased
BDNF, TrkB and several downstream signaling kinases at 24 hours in the dorsal spinal cord.
Although the predominant effects of shock on mMRNA and protein levels were observed at 24
hours, its effect on BDNF, CAMKIla, ERK2 and pERK1 protein levels persisted up to 7
days. In addition, we also replicated previous observations that shock significantly
undermines recovery of locomotor functions following contusion SCI (Grau et al., 2004).
Furthermore, a positive trend existed between BDNF/TrkB mRNA expression and
behavioral recovery in unshock, but not shock, subjects.

At the molecular level, the current findings are consistent with our prior work in spinally
transected rats demonstrating that uncontrollable shock decreases BDNF mRNA levels
relative to both unshock and controllably shocked subjects, with the latter exhibiting
elevated levels of BDNF (Gomez-Pinilla et al., 2007). Similarly, at the behavioral level
controllable shock exerts actions that are opposite to that of uncontrollable shock. For
instance, unlike the detrimental effect of uncontrollable shock reported both here and
previously, controllable shock protects the recovery of locomotor functions in rats with a
moderate contusion injury (Grau et al., 2004). These observations create a potential link
between spinal levels of BDNF and functional recovery after SCI; treatments that decrease
BDNF spinal levels exert additional detrimental effects following SCI. In addition, they
corroborate several previous studies showing the restorative capabilities of neurotrophic
factors, BDNF and neurotrophin 3 following SCI, at both cellular (Jin et al., 2002; Tobias et
al., 2003) and behavioral (Coumans et al., 2001; Boyce et al., 2007) levels.

It is not surprising that SCI alone significantly decreased several genes. Previous studies
have reported similar effects of SCI on BDNF and/or TrkB expression (King et al., 2000;
Liebl et al., 2001; Hajebrahimi et al., 2008). Although SCI alone decreased gene expression,
the effect of shock was clearly distinct from the injury-induced effects. Most genes were
both spatially and temporally regulated by intermittent shock. In general, the changes
occurred at 24 hours and were localized to the dorsal spinal cord. This is unlike the less
selective effects of SCI, which were observed at both 1 hour and 24 hours in the dorsal and
ventral spinal cord (approximately 25, and 48 hrs after injury, respectively). It is conceivable
that the reduction in gene expression caused by the SCI may be related to injury-induced
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neuronal cell death. Several studies have noted that within the first 24 hours following SCI,
there is a tremendous amount of apoptotic and necrotic neuronal and glial cell death (Liu et
al., 1997; reviewed by Beattie et al., 2000, 2002). While a decrease in viable cells,
specifically neurons, can cause a dramatic decrease in gene expression, it is evident here that
increased neuronal loss is not responsible for the behavioral deficit caused by intermittent
shock for the following reasons. First, shock does not induce any additional decrease in
NeuN immunoreactivity, which would be indicative of neuronal loss, at the time when the
shock effects are most prevalent. Previously, we reported that shock significantly increases
tissue loss in the region of the injury, when examined 42 days post shock (Grau et al., 2004).
Our current observation suggests that the short-term behavioral and cellular changes induced
by shock are not related to concomitant neuronal death. In addition, our
immunohistochemical analyses reveal that shock increases c fos protein expression in spinal
neurons, suggesting that shock is engaging a neuronal circuitry. Second, the behavioral
deficit seen in transected subjects (Grau et al., 1998; Crown et al., 2002a) and in contusion
subjects both here and as reported in Grau et al. (2004) is induced only by uncontrollable or
intermittent shock and not merely by SCI or shock per se. Third, while it is clear that SCI
can induce neuronal and glial cell death soon after injury (Liu et al., 1997), what is critical in
the present study is whether the short-term effect of shock treatment in injured rats (relative
to unshocked injured rats) is due to enhanced cell loss. In the long-term (6 weeks after
injury), shock treatment can increase tissue loss (Grau et al., 2004). However, within the
time frame studied here (at least at 48 hours after SCI, when cellular changes are most
robust), there was no evidence of a shock-induced cell loss. During this period of secondary
injury, alterations in function may be tied to changes at a cellular level (e.g., decreased
BDNF-TrkB levels) that set the stage for impaired recovery and further cell loss.

Together with these previous reports, our current study shows that intermittent shock to
dermatomes distal to a contusion injury, engages a very selective cellular pathway that is
maladaptive in nature and capable of producing short-term and long-lasting detrimental
effects. This pathway is opposite to that induced by controllable shock, which results in
corrective and beneficial effects (Grau et al., 2004).

The present study is consistent with past work reporting the beneficial effects of BDNF-
TrkB signaling following SCI. For example, administrations of exogenous BDNF (Jin et al.,
2002), or training paradigms that increase its endogenous levels (Gomez-Pinilla et al., 2002;
Ying et al., 2005) provide positive outcomes following SCI. Thus, measures that are taken to
compensate for BDNF loss following injury are expected to provide some potential
therapeutic benefits, while those that decrease BDNF may have devastating consequences.
Here we show that a nociceptive stimulation paradigm that overlaps with that used to induce
wind-up (0.5Hz) (Mendell and Wall, 1965; Mendell, 1966) not only produces detrimental
effects such as a learning deficit and impairment of locomotor recovery, but also
dramatically decreases the expression of BDNF, TrkB and several signaling kinases in the
dorsal spinal cord. Hence, we can deduce that adverse nociceptive stimulation following SCI
is potentially detrimental to future recovery or adaptive plasticity. Interestingly, this relation
is not unique to the spinal cord, but has been reported elsewhere. Rasmusson et al. (2002)
showed that footshock-induced stress caused a down-regulation of BDNF mRNA level in
the hippocampus, while more recently; Barichello et al. (2010) showed that meningitis-
induced memory impairment is associated with a decrease in hippocampal BDNF levels.
Throughout the CNS, it appears that down-regulation of BDNF has a detrimental effect.

While numerous reports have shown that BDNF can promote adaptive plasticity, it must
also be recognized that an increase in BDNF could adversely affect some spinal processes.
These paradoxical effects of BDNF can ultimately limit its therapeutic benefits. For
instance, BDNF has been implicated in central sensitization in the spinal cord (Mannion et
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al., 1999), the neural mechanism proposed to underlie inflammatory and chronic pain. Also,
BDNF induces synaptic facilitation of pain fiber evoked responses in neonatal rat spinal
cord (Garraway et al., 2003), increases phosphorylation of the NMDARZ1 subunit (Slack et
al., 2004) and treatments that increase endogenous BDNF have contributed to pain
hypersensitivity (Kerr et al., 1999). These studies, although not conducted in SCI subjects,
suggest that BDNF is pro-nociceptive, at least in the naive spinal cord. While several studies
suggest that elevated levels of BDNF in the naive spinal cord can have a pro-nociceptive
effect, relatively few studies have examined the relation between BDNF and nociception
following SCI. Hutchinson et al. (2004) addressed this issue in contused subjects undergoing
treadmill training. They found that this training restored BDNF mRNA to control levels and
attenuated allodynia. However, these effects were observed at a much later time point (three
weeks or more following injury), suggesting again that impact of BDNF on recovery and
function may vary over time after injury. Consequently, given the prevalence of pain
following SCI; nearly 70% of patients experience pain, (e.g. Siddall & Loeser, 2001; Felix
et al., 2007), there is a need to carefully evaluate BDNF functions; given the likelihood that
it too can produce pain hypersensitivity.

Our current work suggests that the cellular mechanisms that underlie the adverse effect of
nociceptive stimulation are neuronal and dorsally mediated. The first observation in support
of this is the fact that c fos labeling was observed only in neurons. In addition to being an
immediate early gene, ¢ fos has been linked to nociceptive activity and the expression of
pain for over 2 decades (e.g. Bullitt, 1989). Similarly, TrkB labeling was observed primarily
in neurons, with no evidence of glial expression. While these observations suggest that
activation of TrkB by BDNF and subsequent engagement of downstream signaling protein
will most likely recruit neuronal mechanisms, they do not rule out the involvement of glia
cells. Furthermore, this study does not identify the source of spinal BDNF, which can be
released from both primary afferents (Thompson et al., 1999) and activated microglia (Coull
et al., 2005). Given that we previously reported that intrathecal administration of the glial
blocker fluorocitrate blocks the induction of shock-induced learning deficit (Vichaya et al.,
2009), we infer that two (or more) distinct pathways are involved in mediating the
deleterious effects of intermittent shock: one that is glial-mediated and another that may
involve a decrease in neuronal BDNF-TrkB signaling.

It is not surprising that shock exerted very similar effects on the expression of CAMKII and
ERK1/2. These signaling proteins are also implicated in a variety of neural processes such as
hippocampal LTP, learning and memory (Silva et al., 1992; Lisman et al., 2002; Selcher et
al., 2003), spinal LTP (Yang et al., 2004; Pedersen et al., 2005; Xin et al., 2006; Zhou et al.,
2008), and central sensitization and pain (Fang et al., 2002; Ji et al., 1999, 2002; Xu et al.,
2008). Furthermore, because activation of TrkB can turn on these protein kinases, both post-
translational and transcriptional effects, critical steps in adaptive plasticity, can be induced
secondary to TrkB receptor activation. A decrease in BDNF and TrkB expression will
unequivocally reduce the expression of the signaling kinases and ultimately diminish these
processes. Therefore, these observations substantiate the idea that intermittent shock
engages a very specific dorsal spinal cord neuronal pathway; one that prevents two
processes (post-translation and transcription) that are necessary for beneficial plasticity, such
as functional recovery and learning.

This study identifies a potential mechanism for stimulation-induced maladaptive plasticity
following SCI. Stimulation that produces a learning deficit significantly decreased
components of the BDNF pathway at the lesion site. While excess BDNF, indicative of
peripheral injury or inflammation, can increase BDNF levels beyond normal and
consequently lead to central sensitization or pain, following SCI, an increase in spinal
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BDNF levels can be restorative. On the other end of the spectrum, significant decreases in
BDNF can result in a behavioral deficit and compromised locomotor recovery. We therefore
propose that carefully titrated levels of BDNF are essential to maintaining adaptive spinal
plasticity following SCI.
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Fig. 1.

BBB score: Histogram shows the average locomotor performance of the rats. Shock subjects
had significantly (p<0.05) lower BBB scores over the 7 days period than unshock subjects.
Significant differences in shock and unshock subjects were observed on days 2-6 (*;
p<0.05).
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Fig. 2.

c¢ fos mRNA and protein expression: A) qRT-PCR analyses show that both contusion injury
alone (unshock) and shock significantly elevated ¢ fos mMRNA levels in the 1 hr group
relative to sham controls. Shock significantly increased c fos levels above the increase
induced by contusion injury alone. At 24 hr and 7 d post shock, there were no differences in
c fos mRNA levels in either the dorsal or ventral spinal cords. [*, p<0.05; indicates
significance relative to sham controls and #, p<0.05; indicates significance relative to
unshock]. B) Double fluorescent labeling shows that ¢ fos protein (green; A) is expressed
primarily in neurons (red; B). Merged images in C and D indicate co-labeling of ¢ fos with
NeuN (yellow; white arrow heads). White arrows in A and B indicate ¢ fos and NeuN
positive labeling, respectively. There is no co-expression of ¢ fos (green; E & 1) with either
GFAP (red; F & G) or OX42 (red; J & K). The enlarged images in H and L indicate that
astrocytes and microglia are in close proximity to c fos positive labeling (yellow arrow
heads), although not co-expressed.
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Fig. 3.

BDNF mRNA and protein expression: A) gRT-PCR analyses show that neither contusion
injury alone (unshock) nor shock changed BDNF mRNA levels in the 1 hr group relative to
sham controls. At 24 hr post treatment, BDNF mRNA levels in both dorsal and ventral
spinal cords were significantly reduced in the unshock group. Shock additionally decreased
BDNF mRNA levels in the dorsal spinal cord. At 7 d post treatment, BDNF mRNA levels
returned to unshock levels. B) Western blotting shows that contusion injury alone
significantly reduced BDNF protein levels, whereas shock had no additional effect relative
to sham controls in the 1 hr group. At 24 hr and 7 d post treatment, shock significantly
decreased BDNF levels in the dorsal spinal cord only. [*, p<0.05; indicates significance
relative to sham controls and #, p<0.05; indicates significance relative to unshock]. C)
Examples of representative western blot images for BDNF. B-tubulin served as a control
gene.
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TrkB mRNA and protein expression: A) (i) Contusion injury alone significantly decreased
TrkB mRNA at 1 hr post treatment compared to sham controls. Shock had no additional
effect. At 24 hr, both dorsal and ventral levels were decreased in unshock subjects compared
to sham controls. However, shock significantly reduced TrkB mRNA level in the dorsal
spinal cord only. Shock had no effect on TrkB mRNA levels at 7 d. (ii) At 1 hr post
treatment, TrkB95 protein levels were significantly reduced by contusion injury alone. At 24
hr, shock significantly reduced its levels in the dorsal spinal cord only. Shock had no effect
on TrkB95 levels at 7 d. (iii) TrkB145 protein level was significantly decreased in the 1 hr
group by contusion injury alone. At 24 hr, shock significantly reduced its levels in the dorsal
spinal cord, but had no effect on the ventral levels. Shock had no effect on TrkB145 levels at
7 d. (iv) In the 1 hr group, pTrkB145 levels were significantly decreased by contusion injury
alone. This decrease persisted at 24 hr in both dorsal and ventral spinal cords, although
shock did not induce any additional effects. Dorsal levels of pTrkB145 were significantly
decreased by shock in the 7 d group. [**, p<0.001, and *, p<0.05; indicate significance
relative to sham controls and #, p<0.05; indicates significance relative to unshock]. B)
Examples of representative western blot images for TrkB95, TrkB145 and pTrkB145. -
tubulin served as a control gene.
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Fig. 5.

TrkB immunolabeling: TrkB (green; A, E, | & M) is expressed in both dorsal (NeuN: red; B
& C) and ventral (red; F & G) neurons, but is not expressed in astrocytes (GFAP: red; J &
K) or microglia (OX42: red N & O). Not all TrkB positive labeling is neuronal (white
arrows, C & G). To further illustrate TrkB co-labeling with NeuN in the dorsal and ventral
spinal cord, GFAP and OX42, the areas indicated by the white rectangles are enlarged in D,
H, L & P, respectively.
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Fig. 6.

Protein kinase expression: A) (i) CAMKIla protein level is significantly reduced by
contusion injury only at 1 hr and in the dorsal cord at 24 hr. At 7 d, shock significantly
reduced both dorsal and ventral levels of CAMKIla. (ii) ERK1 levels are decreased by
contusion injury alone at 24 hr. (iii) Contusion injury alone decreased the dorsal levels of
ERK2 at 24 hr. In addition, shock significantly decreased ERK2 levels in the dorsal cord at
both 24 hr and 7 d post treatment. [*, p<0.05; indicates significance relative to sham controls
and #, p<0.05; indicates significance relative to unshock]. B) Examples of western blot
images for ERK1, ERK2 and CAMKIIa for each time point are shown in to the right of each
histogram. B-tubulin (not shown) served as a control gene.
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Fig. 7.

Expression of pERK1 and pERK2: A) Neither contusion injury nor shock altered the
expression of pERK1 at 1hr or 24 hr. At 7 d post shock, pERK1 levels were significantly (#,
p<0.05) reduced by shock in the dorsal spinal cord only. B) pERK?2 levels were not affected
by contusion injury or shock at any time point.
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Fig. 8.

NeuN immunoreactivity: A) Average estimated number of NeuN positive labeling (viable
neurons) at 24 hr post shock is unchanged relative to unshock. B) Low magnification (10x)
images showing the overall integrity and NeuN labeling in the dorsal horn of an unshock (i)
and shock (ii) subject. NeuN labeling from the superficial dorsal is shown at higher
magnifications for unshock (iii; 20x & v; 40x) and shock (iv; 20x & vi; 40x) subjects. NeuN
labeling from spinal sections of a shock subject immediately rostral (vii) and caudal (viii) to
the lesion are shown for comparison.
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Behavioral correlation: BDNF mRNA expression was moderately correlated with locomotor
recovery in unshock (A) but not shock (B), subjects. A strong correlation was observed
between TrkB expression and locomotor performance in unshock (C), but not shock (D),

contused rats.
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Summary of estimated neuronal count

suject | wor | Averaget | oy | e
sections
Unshock #1 4 1518 143 0.05
Unshock #2 4 934 61 0.07
Unshock #3 4 1178 254 0.07
Unshock #4 4 1020 51 0.07
Shock #1 4 1364 129 0.06
Shock #2 4 1555 442 0.06
Shock #3 4 1795 342 0.05
Shock #4 4 867 79 0.07
Shock #5 4 928 99 0.07
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