l\' frontiers

in Systems Neuroscience

ORIGINAL RESEARCH
published: 21 June 2018
doi: 10.3389/fnsys.2018.00027

OPEN ACCESS

Edited by:

Maria V. Sanchez-Vives,
Consorci Institut D’Investigacions
Biomediques August Pi | Sunyer,
Spain

Reviewed by:

Isaura Tavares,

Faculty of Medicine, University of
Porto, Portugal

Zhouguang Wang,

Wenzhou Medical University, China

*Correspondence:
James W. Grau
J-grau@tamu.edu

Received: 15 January 2018
Accepted: 17 May 2018
Published: 21 June 2018

Citation:

Turtle JD, Strain MM, Reynolds JA,
Huang Y-J, Lee KH, Henwood MK,
Garraway SM and Grau JW

(2018) Pain Input After Spinal Cord
Injury (SCI) Undermines Long-Term
Recovery and Engages Signal
Pathways That Promote Cell Death.
Front. Syst. Neurosci. 12:27.

doi: 10.3389/fnsys.2018.00027

®

Check for
updates

Pain Input After Spinal Cord Injury
(SCI) Undermines Long-Term
Recovery and Engages Signal
Pathways That Promote Cell Death

Joel D. Turtle, Misty M. Strain?, Joshua A. Reynolds’, Yung-Jen Huang', Kuan H. Lee’,
Melissa K. Henwood', Sandra M. Garraway?® and James W. Grau™*

Lab of Dr. James Grau, Department of Psychology, Cellular and Behavioral Neuroscience, Texas A&M University, College
Station, TX, United States, 2United States Army Institute of Surgical Research, JBSA-Fort Sam Houston, San Antonio, TX,
United States, Department of Physiology, Emory University School of Medicine, Atlanta, GA, United States

Pain (nociceptive) input caudal to a spinal contusion injury increases tissue loss and
impairs long-term recovery. It was hypothesized that noxious stimulation has this effect
because it engages unmyelinated pain (C) fibers that produce a state of over-excitation
in central pathways. The present article explored this issue by assessing the effect
of capsaicin, which activates C-fibers that express the transient receptor potential
vanilloid receptor-1 (TRPV1). Rats received a lower thoracic (T11) contusion injury and
capsaicin was applied to one hind paw the next day. For comparison, other animals
received noxious electrical stimulation at an intensity that engages C fibers. Both forms
of stimulation elicited similar levels of c-fos mMRBNA expression, a cellular marker of
nociceptive activation, and impaired long-term behavioral recovery. Cellular assays were
then performed to compare the acute effect of shock and capsaicin treatment. Both
forms of noxious stimulation increased expression of tumor necrosis factor (TNF) and
caspase-3, which promotes apoptotic cell death. Shock, but not capsaicin, enhanced
expression of signals related to pyroptotic cell death [caspase-1, inteleukin-1 beta
(IL-1B)]. Pyroptosis has been linked to the activation of the P2X7 receptor and the
outward flow of adenosine triphosphate (ATP) through the pannexin-1 channel. Blocking
the P2X7 receptor with Brilliant Blue G (BBG) reduced the expression of signals
related to pyroptotic cell death in contused rats that had received shock. Blocking
the pannexin-1 channel with probenecid paradoxically had the opposite effect. BBG
enhanced long-term recovery and lowered reactivity to mechanical stimulation applied
to the girdle region (an index of chronic pain), but did not block the adverse effect
of nociceptive stimulation. The results suggest that C-fiber input after injury impairs
long-term recovery and that this effect may arise because it induces apoptotic cell death.

Keywords: spinal cord injury, pain, capsaicin, cell death, apoptosis, pyroptosis, recovery

INTRODUCTION

Spinal cord injury (SCI) represents a significant cost to society, both in the direct costs of treating
patients and even greater indirect costs including loss of employment and caregiver time (DeVivo,
1997). Spinal cord injuries disproportionately impact the young and active, particularly athletes and
soldiers (Wyndaele and Wyndaele, 2006). The vast majority of SCI cases occur following traumatic
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accidents and are often accompanied by associated injuries
(e.g., fractures, lacerations and abrasions). These associated
injuries could provide a continued source of C-fiber input
throughout recovery that may significantly impact outcomes.

Prior work has shown that noxious stimulation can impact
spinal cord function and undermine neural plasticity (Grau et al.,
1998; Crown et al.,, 2002; Joynes et al., 2003; reviewed in Grau
et al., 2006, 2012, 2017). These findings emerged from studies
examining whether neurons caudal to a complete spinal cord
transection could support learning (Grau et al., 1998; Grau, 2014;
Joynes and Grau, 2004). For this purpose, brief (80-100 ms)
electrical stimulation (shock) was used to engage peripheral
sensory fibers. Intermittent stimulation applied on a variable
(0.2-3.8 s) schedule, in an uncontrollable manner, sensitized
behavioral reactivity to mechanical stimulation and inhibited
adaptive learning. Just 6 min of intermittent stimulation
undermined learning for 24-48 h. The development and
expression of this learning deficit depends upon signaling
through the pro-inflammatory pathways of tumor necrosis
factor-a (TNF-a) and interleukin-1f (IL-1B; Young et al., 2007;
Vichaya et al., 2009). It was hypothesized that the induction
of this effect was linked to the activation of C-fibers and the
sensitization of nociceptive pathways (Ferguson et al., 2006,
2012). Supporting this, electrical stimulation of the sciatic
nerve only affected adaptive plasticity when given at intensities
sufficient to engage C-fiber activity (Baumbauer et al., 2008).
More importantly, selectively engaging C-fibers that express
the transient receptor potential vanilloid receptor-1 (TRPV1)
with the TRPV1 agonist capsaicin increased neural excitability
(as evidenced by the expression of the immediate early proto-
oncogene c-fos, Huang et al, 2016) and impaired adaptive
learning for 24 h (Hook et al., 2008).

To explore whether pain input affects recovery after SCI,
noxious electrical stimulation was applied a day after rats
received a moderate contusion injury (Grau et al., 2004). Variable
intermittent shock applied to the tail or leg in an uncontrollable
manner impaired the recovery of locomotor function. Across
experiments, we found that shock increased the incidence of
spasticity, increased tissue loss at the site of injury, slowed the
recovery of bladder function, and promoted the development
of chronic pain (Grau et al., 2004). Cellular assays showed that
the adverse effects of shock are linked to increased expression
of TNF, cellular excitation (c-fos mRNA), and the activation of
signal pathways (e.g., caspase 3) that are implicated in apoptotic
cell death (Garraway et al., 2011, 2014). Immunohistochemistry
revealed that c-Fos protein was co-localized with a neuronal
marker (NeuN) whereas caspase-3 was co-localized with both
OX-42 (microglia) and NeuN, but not GFAP (astrocytes;
Garraway et al., 2014).

Conclusions from past work are limited by the use of
shock to engage sensory fibers. The advantage of this form of
stimulation is that intensity and duration are readily controlled.
The disadvantage is that intense electrical stimulation engages
a broad range of myelinated and unmyelinated sensory fibers.
For this reason, it remains unclear whether activation of C-fibers
alone is both necessary and sufficient to induce these adverse
effects. Having previously shown that electrical stimulation

at an intensity that engages C-fibers is required, the current
study addresses the issue of sufficiency using the irritant
capsaicin, which selectively activates TRPV1 expressing C-fibers
(Willis, 2001). Here we tested whether capsaicin treatment
impairs long-term recovery and acutely engages signal pathways
associated with apoptotic cell death. As a positive control, we also
examined the effect of shock.

A second limitation of past work is that we have only explored
the impact of noxious stimulation on one form of cell death
(apoptosis). Recent work has shown that SCI can also engage
a form of pro-inflammatory cell death known as pyroptosis
(de Rivero Vaccari et al., 2008, 2016; Mortezaee et al., 2018).
Pyroptosis was originally discovered in circulating macrophages
and is defined by the activation of caspase-1 (Fink and
Cookson, 2006; Sharma and Kanneganti, 2016). This protease is
responsible for the processing of the pro-inflammatory cytokines
interleukin-1f (IL-1p) and interleukin-18 (IL-18) from their
immature forms into their mature, biologically active forms
(Cerretti et al., 1992; Wilson et al., 1994). In addition to its
role in processing IL-1f and IL-18, caspase-1 is known to
degrade a number of other targets and promote cell death (Shao
et al,, 2007; Denes et al., 2012). Therapeutics targeting caspase-1
activation and pyroptosis have been shown to improve functional
recovery and histopathological scores in an animal model of
SCI (de Rivero Vaccari et al., 2008, 2016). To evaluate whether
this form of cell death is amplified by noxious stimulation, we
evaluated the expression of caspase-1, IL-18 and IL-18 (Galluzzi
et al., 2012). Our results imply that the relative contribution of
apoptosis vs. pyroptosis depends upon the form of nociceptive
stimulation; only shock strongly engaged signal pathways related
to pyroptosis.

The activation of caspase-1 has been linked to pathological
purinergic signaling (Bernier, 2012) involving the P2X7 receptor,
which regulates the flow of adenosine triphosphate (ATP)
through the pannexin-1 channel. In pyroptosis, the outward
flow of ATP through the pannexin-1 channel can engage the
P2X7 receptor, inducing a form of positive feedback that fuels
further ATP release and the activation of caspase-1 (Wicki-
Stordeur and Swayne, 2014). We tested whether blocking the
P2X7 receptor with Brilliant Blue G (BBG), or the pannexin-1
channel with probenecid, inhibits the activation of caspase-1
and IL-1£. Reasoning that blocking both the P2X7 receptor and
the pannexin-1 channel could have an additive effect, we also
assessed their combined effect. In injured rats that had received
shock, only BBG inhibited the activation of signals related to
pyroptosis. BBG promoted long-term recovery and attenuated a
marker for chronic pain, but did not attenuate the adverse effect
of nociceptive stimulation.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (100-120 days old) were
obtained from Envigo (Houston, TX, USA) and acclimated for at
least 7 days prior to experimentation. Before contusion, animals
were dual housed with water and food ad libitum and maintained
on a 12-h light-dark cycle. Behavioral testing and surgeries were
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performed during the light portion of the cycle. All experiments
were carried out in accordance with NIH standards for the care
and use of laboratory animals (NIH publication No. 80-23),
and were approved by the Institutional Animal Care and Use
Committee at Texas A&M University. Every effort was made to
minimize suffering and limit the number of animals used.

Spinal Contusion

All rats received a moderate contusion injury at the T10-11
vertebral level using the MASCIS device. Anesthesia was induced
using a mixture of 5% isoflurane in medical oxygen and
maintained at a concentration of 2%-3% during surgery. Two
longitudinal incisions were made on either side of the vertebral
column extending approximately 2 cm rostral and caudal to
the injury site. The T10-11 vertebrae were located by palpation,
exposed and a laminectomy was performed. The dura remained
intact. The MASCIS device was then secured around the vertebral
column and the 10-g impactor centered on the lesion site. The
drop height was set at 12.5 cm. After surgery, the wound was
closed using Michel clips. To prevent urinary tract infection and
compensate for fluid loss, subjects received 1,00,000 units/kg of
penicillin and 3 mL of saline after surgery.

After surgery, animals were singly housed and allowed to
recover overnight (18-24 h) in a temperature-controlled room
(25°C) with water and food ad libitum. Subjects were transferred
back to standard housing on the first day after injury.

Drug Preparation

BBG and probenecid drug treatments were prepared in 1 mL
of sterile phosphate buffered saline (PBS) at pH 7.4. BBG
was dissolved directly in PBS at the required concentrations.
Probenecid was dissolved in a small volume of 1 M sodium
hydroxide (NaOH). Then, PBS was added and the pH adjusted
to 7.4 using monobasic potassium phosphate. The drug
combination was created by preparing BBG and probenecid
solutions at twice the required concentrations, then mixing
the two solutions in equal parts. BBG and probenecid drug
treatments (100 mg/kg) were administered 3, 12 and 24 h
following injury. All drugs were given by intraperitoneal (i.p.)
injection.

Noxious Stimulation
Noxious electrical stimulation was applied while animals were
loosely restrained in opaque Plexiglas tubes housed in an acoustic
isolation chamber. Electrical stimulation was applied through
tail electrodes formed from a modified fuse clip, as previously
described (Grau et al., 1998). Briefly, the electrodes were coated
with electrode gel (Harvard Apparatus, Holliston, MA, USA)
and attached 2 cm from the tip of the tail with Orthaletic tape.
The electrodes were attached to a BRS/LVE shock generator
(Model SG-903), and constant current 1.5-mA, AC (60 Hz)
electrical stimuli (100 ms in duration) were applied on a variable
intermittent schedule (0.2-3.8 s; rectangular distribution) for
6 min. Unshocked controls were treated the same except shock
was withheld.

The irritant capsaicin was also applied while animals were
restrained in Plexiglas tubes, modified to allow access to each

hind limb (see Grau et al., 1998). Animals received a 50 pwL
intradermal injection of 3% capsaicin on the dorsal side of one
hind paw using a 27-gaugage needle. Controls received the same
volume of vehicle (7% Tween-20). Whether the left or right paw
was injected was counter-balanced across animals. The animals
remained in the apparatus for a total of 6 min, and then were
returned to their home cage.

Assessment of Recovery

Health checks were performed daily throughout the recovery
period. Animals were examined for signs of autophagy, stress
and infection. Weight was assessed daily as a measure of general
health. Bladders were expressed manually twice per day until
voluntary control was established (six consecutive expressions
with no urine).

Locomotor function was assessed using the scoring system
developed by Basso, Beattie and Bresnahan (BBB; Basso et al.,
1995) while animals explored an open field. Locomotor function
was assigned 1 day after injury prior to noxious stimulation
(Pre). Animals were then assigned to treatment conditions in
a manner that ensured that injury severity was balanced across
groups. To assess the long-term effects of noxious stimulation
on locomotor performance, animals were tested every day during
the first week on days 10 and 14, and weekly thereafter. Care was
taken to assure that individuals performing behavioral scoring
had high inter-observer reliability (>95%) and were unaware of
the animals treatment condition.

Reactivity to Mechanical and Thermal

Stimulation

Reactivity to mechanical stimulation applied to the plantar
surface of each hind paw was tested using von Frey filaments
(Stoelting, Wood Dale, IL, USA). Animals were tested while
loosely restrained with the hind limbs hanging freely below a
Plexiglas tube. After a 15 min acclimation period, the filament
series was tested using the up-down technique (Chaplan et al.,
1994), recording the filament thickness that elicited a flexion
response. At-level pain was determined by counting the number
of vocal responses to a 26-g mechanical stimulus applied on a
four by eleven grid across the girdle region of the rat. Reactivity
to a thermal stimulus was assessed using the IITC Tail Flick
Analgesia Meter. Again, animals were loosely restrained in
Plexlglas tubes. The thermal stimulus was applied approximately
3 cm from the tip of the tail and terminated after 8 s to avoid
tissue damage.

Tissue Collection and Cellular Assays

Animals were euthanized with 100 mg/kg of pentobarbital
and 1 cm of spinal cord tissue centered at the lesion was
dissected and flash frozen in liquid nitrogen. Tissue was
prepared and mRNA/protein levels were assessed as described
in Garraway et al. (2011, 2014). Briefly, the cord was processed
for the extraction of both total RNA (RNeasy Mini Kit;
Qiagen, Valencia, CA, USA) and total protein (see later in
the text). Total RNA (100 ng) was converted into cDNA
using TagMan EZ RT-PCR Core reagents (Applied Biosystems,
Carlsbad, CA, USA), and the mRNA levels of all targets were
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measured by TagMan quantitative real-time (RT)-PCR using
a StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA), with f3-Actin serving as a control gene. The
probes and primers for 8-actin and c-fos were obtained from
Applied Biosystems.

After RNA extraction, total protein was extracted from
the organic layer using the QIAzol lysis reagent protocol
for isolation of genomic DNA and/or proteins from fatty
tissue (Qiagen, Valencia, CA, USA). A Bradford assay
(BioRad, Hercules, CA, USA) was used to determine the
concentration of protein extracts. Protein samples were
diluted in 4x Laemmli buffer to a final concentration of
3 mg/mL. Western blot analysis was then used to quantify
TNF, caspase-1, 3 and 8, IL-188 and IL-18. After transfer onto
PVDF membranes (Millipore, Bedford, MA, USA), the blots
were blocked for 1 h in 5% blotting-grade milk (BioRad,
Hercules, CA, USA) in Tris-buffered saline Tween-20 (TBST).
After blocking, the blots were incubated overnight at 4°C in
one of the following primary antibodies generated in rabbit:
TNF alpha (1:500; #ARC3012—Invitrogen, Camarillo, CA,
USA; AB_305641), caspase-1 (1:1000; #ab1872—Abcam,
Cambridge, MA, USA; AB_302644), caspase-3 (1:1500; #NB600-
1235—Novus Biological, Littleton, CO, USA; AB_2069897),
caspase-8 (1:1000; #NB100-56116—Novus Biological, Littleton,
CO, USA; AB_837874), IL-1f3 (1:200; #sc-7884—Santa Cruz
Biotechnology, Santa Cruz, CA, USA; AB_2124476), IL-18
(1:200; #sc-7954—Santa Cruz Biotechnology, Santa Cruz, CA,
USA; AB_1564060), or lamina B (1:1000; #ab16048—Abcam,
Cambridge, MA, USA; AB_443298). The next day, blots were
washed in TBST (3 x 10 min) at room temperature then
incubated in HRP-conjugated goat anti-rabbit secondary
antibodies (1:5000; #31460; Pierce, Rockford, IL, USA) for
1 h at room temperature. After another 3 x 10 min series of
washes, the blots were developed with electrochemiluminescence
(Pierce, Rockford, IL, USA) and imaged with Fluorchem
HD2 (ProteinSimple, Santa Clara, CA, USA). Ratios of the
integrated densitometry of each protein of interest to the loading
control (lamina B) were calculated and normalized to a control
group (run on the same blot) that did not receive nociceptive
stimulation.

Experimental Designs
The effect of nociceptive stimulation on mRNA and protein
expression was assessed in rats that had undergone a moderate
contusion injury. A day after injury, locomotor performance
was assessed and noxious stimulation was applied as described
above. A quarter of the animals were treated with capsaicin while
another quarter served as the vehicle treated controls. Likewise,
one fourth of the rats received shock while the remaining
animals served as the unshocked controls. Tissue was collected
1, 3, or 24 h after nociceptive stimulation. This yielded a 2
[noxious stimulation (or none)] x 2 [pain type (via peripheral
injection or shock electrodes)] x 3 [time of tissue collection
(1, 3, or 24 h)] experimental design with six animals per
treatment condition.

A similar procedure was used in a separate experiment to
prepare animals for the assessment of long-term recovery, using

a 2 (noxious stimulation) x 2 (pain type) factorial design with
six rats per condition. A day after injury, locomotor performance
was assessed and rats were treated with capsaicin, vehicle, shock,
or nothing (unshocked). Locomotor performance was assessed
over the next 4 weeks as described above. At the end of the
recovery period, tissue at the site of injury was prepared for
protein assays.

To evaluate the effect of drug treatment on nociception-
induced protein expression, locomotor performance was scored
2 h after injury. Half of the rats then received BBG (100 mg/kg),
probenecid (100 mg/kg), or BBG + probenecid via an ip.
injection. These doses were chosen based on previously
published results (Peng et al., 2009; Adamczak et al., 2014). For
each drug treatment, an equal number of animals received a
vehicle injection. Animals received the first i.p injection 3 h after
injury and two additional injections at 12 and 24 h after injury.
Thirty minutes after the last injection, rats were placed in the
restraining tubes and had shock electrodes attached to the tail.
Half the rats in each drug condition then received shock while the
remaining animals served as the unshocked controls. This yielded
a 2 (BBG or vehicle) x 2 (probenecid or vehicle) x 2 [noxious
stimulation (shock or unshocked)] experimental design with six
animals per treatment condition. Tissue was collected 3 h after
shock treatment and prepared for Western blotting as described
above.

The fourth experiment assessed whether BBG treatment
affects the long-term consequences of nociceptive stimulation.
Again, locomotor performance was scored 2 h after injury.
Half the animals then received three ip. injections of BBG
(100 mg/kg) at 3, 12 and 24 h after injury. The remaining
animals received the vehicle. Thirty minutes after the last
injection, rats were placed in the restraining tubes and half the
animals in each drug condition were given shock while the
remaining rats received nothing (unshocked). This yielded a 2
[drug treatment (BBG or vehicle)] x 2 [noxious stimulation
(shock or nothing)] factorial design with six animals per
treatment condition. Locomotor performance and weight were
monitored for 6 weeks. At the end of the recovery period,
behavioral reactivity to mechanical stimulation applied to the
paw or girdle region, and responsiveness to a thermal stimulus
applied to the tail (tail-flick test), was assessed as described
above.

Statistics

All of the experiments employed full factorial designs and an
equal number of animals per condition. Prior work has shown
that the experimental treatments examined have a large effect
size (d > 1.4). A power analysis confirmed that our sample size
(6/group) was sufficient to achieve statistical significance with
this effect size. Animals were randomly assigned to experimental
treatments and the researchers conducting behavioral or cellular
assays were blind to treatment condition. All data were analyzed
using analysis of variance (ANOVA) or analysis of covariance
(ANCOVA). When necessary, post hoc comparisons of the group
means were performed using Duncan’s New Multiple Range test.
In all cases, a criterion of p < 0.05 was set as the threshold for
statistical significance.
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RESULTS

Noxious Stimulation Increases c-Fos

mRNA Expression

Our comparison of shock and capsaicin treatment assumes
that both forms of stimulation engage a comparable level of
nociceptive activity. To explore this issue, we assessed the
expression of the immediate early gene c-fos. This target was
selected because it is rapidly engaged by noxious stimulation, is
widely used as an index of nociceptive activity within the pain
literature, and is typically engaged by treatments that produce
EMR and nociceptive sensitization (Willis, 2001; Ferguson et al.,
2006, 2012; Huang et al,, 2016). Here, we explored whether
these treatments exert similar cellular effects at the site of
injury. Contused rats were administered shock or treated with
capsaicin a day after injury. An equal number of animals received
nothing (unshocked) or an injection of the capsaicin vehicle
(vehicle). Three hours later a 1-cm segment of the spinal cord,
encompassing the injury site, was collected and prepared for
real-time RT-PCR. Noxious stimulation induced an increase in
c-fos expression at the site of injury (Figure 1), F(120) = 9.57,
p = 0.0057, and the magnitude of this effect did not vary across
pain type, F(120) < 1.0, p > 0.05.

Both Capsaicin and Shock Treatment

Impair Long-Term Recovery

To determine whether treatment with a peripheral irritant
impairs long-term recovery, contused rats were treated with
capsaicin or its vehicle a day after injury. As a positive
control, an equal number of rats received shock or remained
unshocked. Behavioral recovery was monitored over the next
28 days using the BBB locomotor score (Basso et al., 1995).
As expected, vehicle treated rats and the unshocked controls
recovered some locomotor function (Figures 2A,B). Relative to
these controls, both shock and capsaicin impaired long-term
recovery. In addition, it appears that rats that received a
peripheral injection generally exhibited poorer recovery. To

2501

2004

1504

1004

c-fos mMRNA/R-actin
(% Unshocked)

501

o-

Unshock Shock

Vehicle Capsaicin

FIGURE 1 | c-fos mRNA expression. Exposure to shock or capsaicin a day
after a moderate contusion increased c-fos MRNA expression at the site of
injury (n = 6). Error bars represent the standard error of the mean (SEM).

*p < 0.05.

control for variation in injury severity, the data were analyzed
using an ANCOVA with the pre-stimulation BBB score serving
as the covariate. Pain treatment impaired long-term recovery,
F(1,19) = 10.64, p = 0.0041, and the magnitude of this effect
did not vary across pain type, F(1,19) = 1.41, p > 0.05. The
within subjects terms revealed a significant effect of recovery
day, F(10,190) = 32.66, p < 0.0001, and that the magnitude of
change observed across days differed depending upon whether
rats had received noxious stimulation, F(19,190) = 6.17, p < 0.0001.
The inferior recovery observed in injected animals yielded
a Pain Type x Recovery Day interaction, Fo190) = 2.97,
p = 0.0017. Importantly, both forms of noxious stimulation
disrupted locomotor recovery (relative to their respective control
groups) across days to the same extent, Fg190) < 1.0,
p > 0.05.

Exposure to noxious stimulation also impaired weight
recovery (Figures 2C,D). Relative to pre-treatment (Pre) weight,
injury per se led to weight loss that slowly recovered over
the course of the 4 weeks recovery period, F(io200) = 62.18,
p < 0.0001. Animals that had received painful stimulation a
day after injury recovered less weight. This yielded both a main
effect of noxious stimulation, F(120) = 4.48, p = 0.0470, and
a Stimulation x Day interaction, F(jo200) = 2.74, p = 0.0035.
Importantly, the effect of noxious stimulation did not vary across
pain type, all F’s < 1.0, p > 0.05.

Pain Type Affects Acute Cytokine and

Caspase Expression

Next, we assessed the acute effect of noxious stimulation on
the activation of pro-inflammatory cytokines (TNF, IL-1{3 and
IL-18) and indices of cell death (caspase-1, 3 and 8). A day after
a contusion injury, rats were treated with shock or capsaicin.
An equal number of contused rats served as the unshocked or
vehicle controls. One cm of tissue encompassing the injury site
was collected 1, 3, or 24 h after treatment.

Based on our prior work, we first assessed expression of the
inflammatory cytokine TNF, and key mediators of the apoptotic
cell death pathway, caspase-3 and 8. Consistent with past results
(Huie et al., 2012; Garraway et al., 2014), noxious stimulation
increased the expression of TNF (Figures 3A,B), F(157) = 17.43,
p < 0.0001. While it appears that TNF expression emerged
more slowly after capsaicin treatment, the three-way interaction
between Noxious Stimulation, Pain Type and Time did not
approach significance, F(;57) = 1.857, p > 0.05. Likewise, the
main effect of time and pain type, and their interaction, were not
statistically significant, F’s < 1.0, p > 0.05.

Exposure to either shock or capsaicin increased caspase-3
expression (Figures 3C,D), F(157) = 7.54, p = 0.0081. The
magnitude of this effect did not depend upon pain type or time,
all F’s < 2.098, p > 0.05.

Noxious stimulation also increased caspase-8 expression
(Figures 3E,F), F157 = 4.65, p = 0.0353. The magnitude
of this effect depended upon both pain type and time, with
both the Pain Type x Noxious Stimulation, and the Pain
Type x Noxious Stimulation x Time interactions approaching
statistical significance, both F's > 2.82, p < 0.0679. The main
effect of pain type also approached significance, F 57y = 3.76,
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FIGURE 2 | Impact of shock or capsaicin treatment on long-term recovery. (A) Rats exposed to variable intermittent shock (Shocked) a day after injury exhibited
poor locomotor recovery as indexed by the scale developed by Basso, Beattie and Bresnahan (BBB Score; Basso et al., 1995). (B) Exposure to capsaicin a day after
injury undermined long-term locomotor recovery. Exposure to shock (C) or capsaicin (D) also slowed the recovery of weight. Error bars indicate the SEM (n = 6).

p =0.0574. To further assess the nature of these effects, additional
ANOVAs were performed on the data subdivided by pain type.
These analyses revealed that shock had a significant effect,
Fagz0) = 7.77, p = 0.0091, but capsaicin treatment did not,
F230) < 1.0, p > 0.05. No other term approached significance,
all F’s < 2.01, p > 0.05.

We then extended our past observations, focusing on cell
signals (caspase-1, IL-18 and IL-18) related to pyroptotic cell
death. Shock exposure increased caspase-1 expression while
capsaicin treatment had little effect (Figures 4A,B). This
yielded a significant main effect of pain type, F(1,57) = 6.17,
p = 0.160, and a Pain Type by Noxious Stimulation interaction,
F57) = 6.17, p = 0.0160. Separate ANOVAs performed on the
data sub-divided by pain type verified that shock had a significant
effect, F(130) = 6.12, p = 0.192, while capsaicin treatment did not,
F(1727) < 10,p > 0.5.

IL-188 expression was enhanced by noxious stimulation
(Figures 4C,D), F(157) = 16.15, p = 0.0002, and the magnitude
of this effect varied across pain type and time, both F’s > 5.67,
p > 0.05. In addition, the overall levels of IL-1f3 expression
were higher soon after shock treatment, Fps7y = 3.94,
p = 0.0250. To further analyze the nature of these interactions,
we performed additional ANOVAs with the data sub-divided
by pain type. Shock treatment increased IL-1f3 expression,
Fa30) = 14.16, p = 0.0007, and overall levels declined over
time, F30) = 27.78, p = 0.0001. Conversely, vehicle and
capsaicin treated animals exhibited a significant increase in
IL-13 expression over time, F,7) = 5.76, p = 0.0083, and

the effect of pain input depended upon time, F;57 = 5.76,
p = 0.0083, with the strongest effect observed 3 h after
treatment.

The overall effect of noxious stimulation on IL-18 expression
(Figures 4E,F) was not statistically significant, F(; 57, = 3.39,
p = 0.071. While IL-18 expression generally declined over
time in the shocked/unshocked groups, it rose after a
peripheral injection. This yielded an overall effect of pain
type, Fas7) = 542, p = 0.0234, and a Pain Type by Time
interaction, F(;57 = 821, p = 0.0007. Again, to further
analyze the nature of these effects, we performed additional
ANOVAs on the data sub-divided by pain type. In both
cases, there was a significant effect of time, both F’s > 4.34,
p < 0.05. While shock treatment had an effect, F130) = 4.44,
p = 0.0436, capsaicin treatment did not, Fu,7 < 1.0,
p > 0.05.

We also examined the expression of pro-inflammatory
cytokines and caspase 1, 3, and 8 in rats 4 weeks after treatment.
In no case did noxious stimulation have a significant effect, all
F’s < 1.05, p > 0.05. Across all of the analyses, the only significant
effect observed stemmed from a general decrease in caspase-1
expression in the previously injected (vehicle and capsaicin)
animals (Figure 5), F120) = 5.34, p = 0.0317.

BBG Attenuates the Expression of Proteins
Related to Pyroptosis

Our results suggest that intermittent electrical stimulation may
impair long-term recovery because it fosters pyroptotic cell
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death. As noted earlier, the activation of caspase-1 is related
to the outward flow of ATP through the panexin-1 channel
and the activation of P2X7 receptor, which fuels further
ATP release (Wicki-Stordeur and Swayne, 2014). This model
suggests that blocking either the pannexin-1 channel with
probenecid, or the P2X7 receptor with BBG, should attenuate
the acute activation of signaling proteins related to pyroptosis.
Reasoning that these drugs could have an additive effect,
we also assessed the impact of combined (BBG+probenecid)
treatment. Drugs were administered starting 3 h after injury,
as described above. A day after injury, animals were exposed
to shock or nothing (unshocked) and tissue was collected
3 h later. Western blotting was then conducted to assess the

activation of ligands linked to apoptotic and pyroptotic cell
death.

Shock treatment generally increased the expression of TNF,
caspase-3 and caspase-8 (Figures 6A,C,E), all F’s > 4.48, p < 0.05.
While probenecid per se appeared to increase TNF, caspase-3
and 8 expression in the unshocked controls, this effect of drug
treatment did not approach statistical significance, all F’s < 1.84,
p > 0.05. To further assess the potential effect of drug treatment,
per se, an additional ANOVA was performed on the data from
the unshocked controls. For both caspase-3 and 8, the effect of
probenecid approached statistical significance, both F’s > 3.78,
p < 0.0668. For TNF, there was no effect, F19) = 1.68,
p < 0.2105.
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FIGURE 4 | Impact of shock or capsaicin treatment on cell signals associated with pyroptosis. Rats exposed to variable intermittent shock (Shocked) a day after
injury exhibited greater expression of caspase-1 (A), IL-163 (C), and IL-18 (E). Capsaicin treatment had no effect on caspase-1 (B), increased expression of IL-13 3 h
after treatment (D), and did not have a significant effect on IL-18 (F). Representative blots from 24 h (IL-18) after nociceptive stimulation. Error bars indicate the SEM
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Unexpectedly, BBG and probenecid had opposing effects
on caspase-1 expression (Figure 6B); whereas BBG attenuated
expression, probenecid amplified it. The latter effect was
extremely robust (to accommodate the range of values, these
data were plotted using a logarithmic scale). An ANOVA
confirmed that the main effects of BBG, probenecid, and
shock treatment were statistically significant, all F’'s > 29.86,
p < 0.0001. So too were all of the higher-order interactions,
all F’'s > 18.08, p < 0.0001. To clarify the nature of these
interactions, separate ANOVAs were performed on the data

from shocked and unshocked rats. For the unshocked animals,
drug treatment had no effect, all F’s < 1.0, p > 0.05. In
contrast, in shocked animals there was a main effect of BBG
and probenecid treatment, as well as a significant interaction,
all F’s > 53.33, p < 0.0001. This interaction emerged because
BBG and probenecid affected caspase-1 expression in opposite
ways.

Likewise, BBG reduced IL-1{3 expression, while probenecid
amplified it (Figure 6D). An ANOVA vyielded a main effect of
shock and probenecid treatment, both F’'s > 17.26, p < 0.0002.
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FIGURE 5 | Caspase-1 expression 28 days after contused rats were exposed
to nociceptive stimulation. Rats that had previously received an injection
(vehicle or capsaicin) exhibited lower caspase-1 expression. Error bars
indicate the SEM (n = 6). *p < 0.05.

More important, the three-way interaction showed that the
effect of shock depended on both BBG and probenecid,

Fauz9) = 9.70, p = 0.0034. Again, to assess the effect of
drug treatment per se, we performed an additional analysis
on the data from the unshocked animals. This revealed a
significant effect of probenecid, F(j0) = 22.44, p < 0.0001.
Interestingly, the effect of probenecid interacted with BBG
treatment, F(150) = 6.51, p = 0. 0190. In shocked animals,
BBG and probenecid affected IL-1{3 expression in opposite
ways. This yielded a main effect of probenecid, F(j,19) = 95.32,
p < 0.0001 and an interaction that approached significance,
Fa,19) = 3.55, p = 0.075. Post hoc comparisons showed that
shock induced greater expression in the drug-free (vehicle-
vehicle) animals and that this effect was amplified by probenecid
treatment (p < 0.05).

Shock also amplified the expression of IL-18 (Figure 6F),
F39) = 20.95, p < 0.0001. While less IL-18 expression was
observed in rats pretreated with BBG, this effect did not reach
statistical significance, F(1,39) = 3.07, p = 0.0874.

BBG Fosters Long-Term Recovery
Our results suggest that nociceptive stimulation can engage
signal pathways linked to pyroptotic cell death and that
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this acute effect is attenuated by pretreatment with BBG.
To evaluate whether pyroptosis contributes to the adverse
effect nociceptive stimulation has on long-term recovery,
contused rats were pretreated with BBG or its vehicle
and exposed to shock or nothing (unshocked) a day after
injury. Locomotor recovery was then assessed over the
next 6 weeks. In addition, to evaluate whether pyroptosis
contributes to the development of chronic pain, mechanical
and thermal reactivity was assessed at the end of the recovery
period.

As expected, locomotor performance improved over the
course of the recovery period (Figure 7A), F13351) = 8.40,
p < 0.0001. Exposure to shock impaired long-term recovery,
and the magnitude of this effect became stronger across days,
both F’s < 2.53, p < 0.05. Over days, BBG treatment improved
performance in the unshocked, but not the shocked rats, yielding
significant Day x BBG and Day x BBG x Shock treatment
interactions. To assess the nature of the three-way interaction,
additional ANCOVAs were perform on the unshocked and
shocked groups. In the unshocked rats, there was an effect of
BBG treatment that became stronger across days, F(11,143) = 6.23,
p = 0.0001. BBG treatment had no effect on locomotor
recovery in rats that had received shock, both F's < 1.0,
p > 0.05.

Shock treatment also slowed the rate at which animals
recovered weight over days (Figure 7B). An ANOVA performed
on the % change yielded a main effect of shock treatment,

Fa27) = 26.03, p < 0.0001, and a Day x Shock treatment
interaction, F(11,297) = 17.08, p = 0.0001. There was no effect of
BBG treatment, all F’s < 1.0, p > 0.05.

At the end of the recovery period, shocked rats were generally
more responsive to mechanical stimulation applied to the hind
paw (Figure 8A), F(1,7) = 5.58, p = 0.0257. Neither the main
effect of BBG treatment, F(157 = 2.82, p > 0.05, nor its
interaction with shock treatment, F(j 7 1.50, p > 0.05,
were statistically significant. Shock treatment had no effect
on behavioral reactivity on the girdle test (Figure 8B), both
Fuzs < 1.0. p > 0.05. Independent of shock treatment,
BBG reduced the number of vocalizations elicited during
stimulation of the girdle region, F(125 = 5.70, p = 0.0245.
Neither BBG nor shock treatment affected responsiveness to a
thermal stimulus applied to the tail (Figure 8C), all F’'s < 2.27,
p > 0.05.

DISCUSSION

Prior work has shown that nociceptive stimulation impairs
adaptive plasticity caudal to a complete spinal transection,
an effect that has been linked to the activation of C-fibers
and the sensitization of nociceptive processes within the
lumbosacral spinal cord (Grau et al., 2006, 2012; Baumbauer
et al, 2008; Hook et al, 2008; Ferguson et al, 2012).
Supporting this, we have shown that intermittent shock only
impairs learning if it is given at an intensity that engages
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C-fibers and that chemically activating TRPV1 expressing
C-fibers with capsaicin has the same effect (Baumbauer
et al., 2008; Hook et al., 2008). We had previously extended
this work to a contusion injury, demonstrating that just
6 min of intermittent electrical stimulation a day after
injury increases tissue loss and impairs long-term recovery
(Grau et al., 2004). This effect has been linked to the
activation of TNF and signals (caspase-3 and 8) related to the
initiation of cell death (Garraway et al,, 2014). The present
article explored the generality of this effect and whether
nociceptive stimulation engages signals linked to pyroptotic cell
death.

We examined the generality of the phenomenon by testing
the effect of the irritant capsaicin. To evaluate whether capsaicin
and shock engage a comparable level of neural excitation
at the site of injury, we assessed c-fos mRNA expression
(Gao and Ji, 2009). Six minutes of intermittent shock applied
to the tail and an intradermal injection of 3% capsaicin
applied to one hind paw engaged c-fos to roughly the same
extent. We then compared the impact of these treatments
on long-term recovery. Both undermined the recovery of
locomotor function and enhanced weight loss. Interestingly,
rats that received an intradermal injection exhibited poor
recovery relative to the rats that had been just restrained
for a comparable period of time (unshocked). Because an
intradermal injection induces some local irritation/swelling, this
observation is consistent with our finding that nociceptive
input after injury can impair long-term recovery (Grau
et al., 2004, 2012). What is surprising is that this relatively
subtle nociceptive input had an effect. The finding suggests
that minor clinical interventions (e.g., laceration repair or
debridement) after injury could have an unintended adverse
effect.

To explore the acute effect of nociceptive stimulation,
rats were exposed to shock or capsaicin a day after injury
and tissue was collected 1, 3, or 24 h later. As previously
reported (Garraway et al, 2014), we found that intermittent
shock increased the expression of TNF, caspase-3 and 8.
Treatment with capsaicin had a comparable effect. These
finding imply that both forms of noxious stimulation

engage that cell
death.

Exposure to noxious electrical stimulation also enhanced
the expression of ligands linked to pyroptotic cell death
(caspase-1, IL-18 and IL-18; Fink and Cookson, 2005;
Bergsbaken et al, 2009; Duprez et al, 2009). Treatment
with capsaicin had relatively little effect, producing an
increase in IL-1f that was statistically significant at just
one time point (at 3 h). Interestingly, the overall pattern
of IL-18 and IL-18 expression differed across treatment
conditions, an effect that was particularly evident from a
comparison of the unshocked and vehicle treated controls.
Unshocked animals exhibited a general decline in IL-
I8 and IL-18 expression from 1 h to 24 h after noxious
stimulation (Figure 4). In contrast, rats that received
an intradermal injection of the vehicle exhibited an
increase in expression over time. The latter observation
again suggests that the injection per se had an effect,
promoting the development of inflammation at the site of
injury.

Assays conducted on the tissue collected 4 weeks after
injury found no effect of nociceptive stimulation. The only
statistically significant finding was related to a general reduction
in caspase-1 expression in animals that had previously received
an intradermal injection.

Our results imply that both intermittent shock and the
application of a peripheral irritant foster cell death after injury
and impair long-term recovery. However, the cellular response
to stimulation varied with pain type, impacting the degree to
which alternative forms of cell death were engaged. It appears
that a stimulus that tonically engages just C-fibers (capsaicin)
fosters apoptotic cell death. In contrast, intermittent electrical
stimulation, which activates a broad range of sensory fibers in
a phasic manner, amplified the expression of signal pathways
related to both apoptosis and pyroptosis. The implication is
that how pain input and polytrauma affect the development of
secondary injury may vary depending upon the nature of the
tissue damage/stimulation.

We then examined whether drug treatments that target
pyroptosis impact the adverse effect of shock treatment. The

signal  pathways promote apoptotic

Frontiers in Systems Neuroscience | www.frontiersin.org

11

June 2018 | Volume 12 | Article 27


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Turtle et al.

Pain Impairs Recovery After SCI

development of pyroptosis has been linked to the release of
ATP through the pannexin-1 channel, which is regulated by
the protein receptor P2X7 (Dahl and Keane, 2012; de Rivero
Vaccari et al., 2014, 2016). Extracellular ATP can engage the
P2X7 receptor, which further engages the pannexin-1 channel,
fueling the release of ATP and enlarging the channel beyond
its normal functional bounds. This allows cytokines to flow
out of the cell, spreading the inflammatory fire, and the
inward flow of extracellular molecules (e.g., Ca* ™) that promote
cell death. To inhibit these processes, we administered the
P2X7 receptor antagonist BBG and/or the pannexin-1 channel
inhibitor probenecid. Neither drug treatment had a significant
effect on the shock-induced expression of TNF or ligands related
to apoptosis (caspase-3 and 8). Administration of BBG prior to
shock reduced the expression of caspase-1 and IL-18. This effect
was not observed after probenecid. Indeed, probenecid treatment
per se generally increased the expression of caspase-1 and IL-183.
Interestingly, the enhancement in IL-1f expression observed in
the probenecid treated unshocked animals was attenuated by
co-administration of BBG.

The fact BBG attenuates caspase-1 and IL-1f8 expression
supports the framework outlined above, wherein the activation
of the P2X7 receptor fuels the development of pyroptosis, and
suggests that this drug treatment may have therapeutic value
(Peng et al., 2009; de Rivero Vaccari et al., 2014, 2016). The
effect of probenecid, however, appears to run counter to the
standard view, which implied that inhibiting the pannexin-1
channel should dampen pyroptosis. At a functional level, it seems
that the administration of probenecid engaged a compensatory
process that amplified the activation of caspase-1 and IL-18. It
is not clear why this occurred. The observation does, however,
fit with the relative paucity of data demonstrating a therapeutic
effect of probenecid on recovery, relative to BBG.

The last experiment assessed whether pretreatment with BBG
attenuates the adverse effect of shock on long-term recovery.
We again found that shocked animals exhibit poor locomotor
recovery and less regain of weight. Pretreatment with BBG had
no effect on these measures. Interestingly, BBG did promote
locomotor recovery in the unshocked controls, replicating past
work (Peng et al., 2009; but also see Marcillo et al., 2012).
Also, as previously reported (Garraway et al., 2014), shock
treatment enhanced reactivity to mechanical stimulation applied
to the paw. This effect was not affected by drug treatment. BBG
did, however, generally reduce responsiveness to mechanical
stimulation applied to the girdle region, implying that the drug
may attenuate the development of chronic pain.

The fact that BBG does not reduce the adverse effect
of shock on recovery implies that pyroptosis may reflect a
down-stream consequence of another process that sets the stage
for cell death. Recent work suggests that this process is related
to the breakdown of the blood spinal cord barrier (BSCB).
Supporting this, Turtle et al. (2017) showed that the application
of shock or capsaicin a day after rats received a contusion injury
increased the infiltration of red blood cells into the injured
tissue. Because hemoglobin is cytotoxic (Regan and Guo, 1998),
this would fuel cell death and the expansion of injury. We
have related these effects to the up-regulation of Surl-Trpm4

channel (Grau et al., 2017), which can fuel the loss of endothelial
cells and lead to capillary fragmentation through a process
known as progressive hemorrhagic necrosis (Simard et al., 2007,
2012).

Our findings suggest that nociceptive input after injury can
expand the area of injury and impair long-term recovery. We
have related these effects to the activation of unmyelinated
pain (C) fibers. It is important to note, however, that these
processes are tied to pain-related nociceptive activity, not
to psychological (brain-dependent) pain. This conclusion is
based on work examining the effect of systemic morphine,
given at a dose that completely blocks both spinal and brain-
dependent responses to nociceptive stimulation (Hook et al,
2007). Morphine had no effect on shock-induced hemorrhage
(Turtle et al, 2017). Nor did it attenuate the effect of
shock treatment on long-term recovery (Hook et al, 2007).
Indeed, morphine per se had an adverse effect on recovery
(Hook et al., 2007, 2009), an observation that suggests caution
regarding its use in the acute treatment of pain after injury.
Interestingly, the adverse effect of morphine on recovery is
related to an up-regulation of IL-188 (Hook et al, 2011),
which suggests opiate treatment may foster pyroptotic cell
death.

More recently Turtle et al. (2017) tested the effect of inhibiting
cellular activity using the Nat channel blocker lidocaine.
Contused rats were given lidocaine prior to shock treatment a day
after injury. We found that lidocaine attenuated shock-induced
hemorrhage. More importantly, lidocaine completely blocked the
adverse effect nociceptive stimulation has on long-term recovery,
implying that epidural lidocaine could have therapeutic value in
cases of polytrauma.

AUTHOR CONTRIBUTIONS

The study was conducted by JT in partial fulfillment of the
degree requirements for a Ph.D. in Neuroscience at Texas
A&M University. JT orchestrated the performance of the work,
suggested pyroptosis could play a role, and wrote the first draft
of this manuscript. MS, SG and ]G provided input on pain
processes, TNF and apoptosis. The data were collected by JT, MS,
JR, Y-JH, KL and MH. The results were analyzed by JT and JG.
The article was written by JT and JG, with input from MS, JR,
Y-JH, KL, MH and SG.

FUNDING

The research was supported by grants from the Craig H. Neislen
Foundation and National Institutes of Health (NIH) (NINDS
NS091723) to JG.

ACKNOWLEDGMENTS

The authors would like to thank Jacob Davis, Gizelle Fauss, Julia
Forsberg, ChunChen Lu, Rajesh Miranda and Lauren Murphy
for their assistance in conducting the experiments.

Frontiers in Systems Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 27


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Turtle et al.

Pain Impairs Recovery After SCI

REFERENCES

Adamczak, S. E., de Rivero Vaccari, J. P., Dale, G., Brand, F. J. IIL., Nonner, D.,
Bullock, M. R,, et al. (2014). Pyroptotic neuronal cell death mediated
by the AIM2 inflammasome. J. Cereb. Blood Flow Metab. 34, 621-629.
doi: 10.1038/jcbfm.2013.236

Basso, D. M., Beattie, M. S., and Bresnahan, J. C. (1995). A sensitive and reliable
locomotor rating scale for open field testing in rats. J. Neurotrauma 12, 1-21.
doi: 10.1089/neu.1995.12.1

Baumbauer, K. M., Hoy, K. C. Jr., Huie, J. R.,, Hughes, A. J., Woller, S. A,,
Puga, D. A,, et al. (2008). Timing in the absence of supraspinal input I: variable,
but not fixed, spaced stimulation of the sciatic nerve undermines spinally-
mediated instrumental learning. Neuroscience 155, 1030-1047. doi: 10.1016/j.
neuroscience.2008.07.003

Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009). Pyroptosis: host cell death
and inflammation. Nat. Rev. Microbiol. 7, 99-109. doi: 10.1038/nrmicro2070

Bernier, L.-P. (2012). Purinergic regulation of inflammasome activation after
central nervous system injury. J. Gen. Physiol. 140, 571-575. doi: 10.1085/jgp.
201210875

Cerretti, D. P., Kozlosky, C. J., Mosley, B., Nelson, N., Van Ness, K,
Greenstreet, T. A., et al. (1992). Molecular cloning of the interleukin-1 B
converting enzyme. Science 256, 97-100. doi: 10.1126/science.1373520

Chaplan, S. R, Bach, F., Pogrel, J., Chung, J., and Yaksh, T. (1994). Quantitative
assessment of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55-63.
doi: 10.1016/0165-0270(94)90144-9

Crown, E. D., Joynes, R. L., Ferguson, A. R., and Grau, J]. W. (2002). Instrumental
learning within the spinal cord: IV. Induction and retention of the behavioral
deficit observed after noncontingent shock. Behav. Neurosci. 116, 1032-1051.
doi: 10.1037/0735-7044.116.6.1032

Dahl, G., and Keane, R. W. (2012). Pannexin: from discovery to bedside
in 1144 years? Brain Res. 1487, 150-159. doi: 10.1016/j.brainres.2012.
04.058

de Rivero Vaccari, J. P., Dietrich, W. D., and Keane, R. W. (2014). Activation
and regulation of cellular inflammasomes: gaps in our knowledge for
central nervous system injury. J. Cereb. Blood Flow Metab. 34, 369-375.
doi: 10.1038/jcbfm.2013.227

de Rivero Vaccari, J. P., Dietrich, W. D., and Keane, R. W. (2016). Therapeutics
targeting the inflammasome after central nervous system injury. Transl. Res.
167, 35-45. doi: 10.1016/j.trs1.2015.05.003

de Rivero Vaccari, J. P., Lotocki, G., Marcillo, A. E., Dietrich, W. D., and
Keane, R. W. (2008). A molecular platform in neurons regulates inflammation
after injury. J. Neurosci. 28, 3404-3414. doi: 10.1523/JNEUROSCIL
0157-08.2008

Denes, A., Lopez-Castejon, G., and Brough, D. (2012). Caspase-1: is IL-1 just the
tip of the ICEberg? Cell Death Dis. 3:e338. doi: 10.1038/cddis.2012.86

DeVivo, M. J. (1997). Causes and costs of spinal cord injury in the United States.
Spinal Cord 35, 809-813. doi: 10.1038/sj.5¢.3100501

Duprez, L., Wirawam, E., Berghe, T. V., and Vandenabeele, P. (2009). Major cell
death pathways at a glance. Microb Infect. 11, 1050-1062. doi: 10.1016/j.micinf.
2009.08.013

Ferguson, A. R., Crown, E. D, and Grau, J. W. (2006). Nociceptive plasticity
inhibits adaptive learning in the spinal cord. Neuroscience 141, 421-431.
doi: 10.1016/j.neuroscience.2006.03.029

Ferguson, A. R., Huie, J. R,, Crown, E. D., Baumbauer, K. M., Hook, M. A,,
Garraway, S. M., et al. (2012). Maladaptive spinal plasticity opposes adaptive
spinal learning after spinal cord injury. Front. Physiol. 3:399. doi: 10.3389/fphys.
2012.00399

Fink, S. L., and Cookson, B. T. (2005). Apoptosis, pyroptosis, and necrosis:
mechanistic description of dead and dying eukaryotic cells. Infect. Immun. 73,
1907-1916. doi: 10.1128/IA1.73.4.1907-1916.2005

Fink, S. L, and Cookson, B. T. (2006). Caspase-1-dependent pore
formation during pyroptosis leads to osmotic lysis of infected host
macrophages. Cell. Microbiol. 8, 1812-1825. doi: 10.1111/j.1462-5822.2006.
00751.x

Galluzzi, L., Vitale, I., Abrams, J., Alnemri, E., Baehrecke, E., Blagosklonny, M.,
et al. (2012). Molecular definitions of cell death subroutines: recommendations
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ. 19,
107-120. doi: 10.1038/cdd.2011.96

Gao, Y.-J.,, and Ji, R-R. (2009). c-Fos and pERK, which is a better marker
for neuronal activation and central sensitization after noxious stimulation
and tissue injury? Open Pain J. 2, 11-17. doi: 10.2174/187638630090
2010011

Garraway, S. M., Turtle, J. D., Huie, J. R., Lee, K. H., Hook, M. A., Woller, S. A,,
et al. (2011). Intermittent noxious stimulation following spinal cord contusion
injury impairs locomotor recovery and reduces spinal BDNF-TrkB signaling
in adult rats. Neuroscience 199, 86-102. doi: 10.1016/j.neuroscience.2011.
10.007

Garraway, S. M., Woller, S. A., Huie, J. R, Hartman, J. J., Hook, M. A,
Miranda, R. C., et al. (2014). Peripheral noxious stimulation reduces
withdrawal threshold to mechanical stimuli after spinal cord injury: role of
tumor necrosis factor o and apoptosis. Pain 155, 2344-2359. doi: 10.1016/j.
pain.2014.08.034

Grau, J. W. (2014). Learning from the spinal cord: how the study of spinal cord
plasticity informs our view of learning. Neurobiol. Learn. Mem. 108, 155-171.
doi: 10.1016/j.n1m.2013.08.003

Grau, J. W., Barstow, D. G., and Joynes, R. L. (1998). Instrumental learning within
the spinal cord: I. Behavioral properties. Behav. Neurosci. 112, 1366-1386.
doi: 10.1037/0735-7044.112.6.1366

Grau, J. W., Crown, E. D., Ferguson, A. R., Washburn, S. N., Hook, M. A., and
Miranda, R. C. (2006). Instrumental learning within the spinal cord: underlying
mechanisms and implications for recovery after injury. Behav. Cogn. Neurosci.
Rev. 5,191-239. doi: 10.1177/1534582306289738

Grau, J. W., Huang, Y. J, Turtle, J. D., Strain, M. M., Miranda, R. C,
Garraway, S. M., et al. (2017). When pain hurts: nociceptive stimulation induces
a state of maladaptive plasticity and impairs recovery after spinal cord injury.
J. Neurotrauma 34, 1873-1890. doi: 10.1089/neu.2016.4626

Grau, J. W., Huie, J. R, Garraway, S. M., Hook, M. A., Crown, E. D,
Baumbauer, K. M., et al. (2012). Impact of behavioral control on the processing
of nociceptive stimulation. Front. Physiol. 3:262. doi: 10.3389/fphys.2012.00262

Grau, J. W., Washburn, S. N., Hook, M. A., Ferguson, A. R., Crown, E. D,,
Garcia, G., et al. (2004). Uncontrollable nociceptive stimulation undermines
recovery after spinal cord injury. J. Neurotrauma 21, 1795-1817.
doi: 10.1089/0897715042664948

Hook, M. A., Huie, J. R, and Grau, J. W. (2008). Peripheral inflammation
undermines the plasticity of the isolated spinal cord. Behav. Neurosci. 122,
233-249. doi: 10.1037/0735-7044.122.1.233

Hook, M. A,, Liu, G. T., Washburn, S. N., Ferguson, A. R, Bopp, A. C., Huie, J. R,,
et al. (2007). The impact of morphine after a spinal cord injury. Behav. Brain
Res. 179, 281-293. doi: 10.1016/j.bbr.2007.02.035

Hook, M. A., Moreno, G., Woller, S., Puga, D., Hoy, K. Jr., Balden, R, et al. (2009).
Intrathecal morphine attenuates recovery of function after a spinal cord injury.
J. Neurotrauma 26, 741-752. doi: 10.1089/neu.2008.0710

Hook, M. A., Washburn, S. N., Moreno, G., Woller, S., Lee, K. H., and Grau, J. W.
(2011). An IL1 receptor antagonist blocks a morphine-induced attenuation of
locomotor recovery after spinal cord injury. Brain Behav. Immun. 25, 349-359.
doi: 10.1016/j.bbi.2010.10.018

Huang, Y. J., Lee, K. H., Murphy, L., Garraway, S. M., and Grau, ]. W. (2016).
Acute spinal cord injury (SCI) transforms how GABA affects nociceptive
sensitization. Exp. Neurol. 285, 82-95. doi: 10.1016/j.expneurol.2016.09.005

Huie, J. R., Baumbauer, K. M., Lee, K. H., Beattie, M. S., Bresnahan, J. C.,
Ferguson, A. R, et al. (2012). Glial tumor necrosis factor o (TNFa)
Generates metaplastic inhibition of spinal learning. PLoS One 7:€39751.
doi: 10.1371/journal.pone.0039751

Joynes, R. L., Ferguson, A. R., Crown, E. D., Patton, B. C., and Grau, J. W. (2003).
Instrumental learning within the spinal cord: V. Evidence the behavioral
deficit observed after noncontingent nociceptive stimulation reflects an
intraspinal modification. Behav. Brain Res. 141, 159-170. doi: 10.1016/s0166-
4328(02)00372-8

Joynes, R. L., and Grau, J. W. (2004). Instrumental learning within the spinal
cord: III. Prior exposure to noncontingent shock induces a behavioral deficit
that is blocked by an opioid antagonist. Neurobiol. Learn. Mem. 82, 35-51.
doi: 10.1016/j.n1m.2004.04.001

Marcillo, A., Frydel, B., Bramlett, H. M., and Dietrich, W. D. (2012). A
reassessment of P2X7 receptor inhibition as a neuroprotective strategy in
rat models of contusion injury. Exp. Neurol. 233, 687-692. doi: 10.1016/j.
expneurol.2011.06.008

Frontiers in Systems Neuroscience | www.frontiersin.org

June 2018 | Volume 12 | Article 27


https://doi.org/10.1038/jcbfm.2013.236
https://doi.org/10.1089/neu.1995.12.1
https://doi.org/10.1016/j.neuroscience.2008.07.003
https://doi.org/10.1016/j.neuroscience.2008.07.003
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1085/jgp.201210875
https://doi.org/10.1085/jgp.201210875
https://doi.org/10.1126/science.1373520
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.1037/0735-7044.116.6.1032
https://doi.org/10.1016/j.brainres.2012.04.058
https://doi.org/10.1016/j.brainres.2012.04.058
https://doi.org/10.1038/jcbfm.2013.227
https://doi.org/10.1016/j.trsl.2015.05.003
https://doi.org/10.1523/JNEUROSCI.0157-08.2008
https://doi.org/10.1523/JNEUROSCI.0157-08.2008
https://doi.org/10.1038/cddis.2012.86
https://doi.org/10.1038/sj.sc.3100501
https://doi.org/10.1016/j.micinf.2009.08.013
https://doi.org/10.1016/j.micinf.2009.08.013
https://doi.org/10.1016/j.neuroscience.2006.03.029
https://doi.org/10.3389/fphys.2012.00399
https://doi.org/10.3389/fphys.2012.00399
https://doi.org/10.1128/IAI.73.4.1907-1916.2005
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1038/cdd.2011.96
https://doi.org/10.2174/1876386300902010011
https://doi.org/10.2174/1876386300902010011
https://doi.org/10.1016/j.neuroscience.2011.10.007
https://doi.org/10.1016/j.neuroscience.2011.10.007
https://doi.org/10.1016/j.pain.2014.08.034
https://doi.org/10.1016/j.pain.2014.08.034
https://doi.org/10.1016/j.nlm.2013.08.003
https://doi.org/10.1037/0735-7044.112.6.1366
https://doi.org/10.1177/1534582306289738
https://doi.org/10.1089/neu.2016.4626
https://doi.org/10.3389/fphys.2012.00262
https://doi.org/10.1089/0897715042664948
https://doi.org/10.1037/0735-7044.122.1.233
https://doi.org/10.1016/j.bbr.2007.02.035
https://doi.org/10.1089/neu.2008.0710
https://doi.org/10.1016/j.bbi.2010.10.018
https://doi.org/10.1016/j.expneurol.2016.09.005
https://doi.org/10.1371/journal.pone.0039751
https://doi.org/10.1016/s0166-4328(02)00372-8
https://doi.org/10.1016/s0166-4328(02)00372-8
https://doi.org/10.1016/j.nlm.2004.04.001
https://doi.org/10.1016/j.expneurol.2011.06.008
https://doi.org/10.1016/j.expneurol.2011.06.008
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Turtle et al.

Pain Impairs Recovery After SCI

Mortezaee, K., Khanlarkhani, N., Beyer, C., and Zendedel, A. (2018).
Inflammasome: its role in traumatic brain and spinal cord injury. J. Cell.
Physiol. 233, 5160-5169. doi: 10.1002/jcp.26287

Peng, W, Cotrina, M. L., Han, X,, Yu, H., Bekar, L., Blum, L., et al. (2009). Systemic
administration of an antagonist of the ATP-sensitive receptor P2X7 improves
recovery after spinal cord injury. Proc. Natl. Acad. Sci. U S A 106, 12489-12493.
doi: 10.1073/pnas.0902531106

Regan, R. F., and Guo, Y. (1998). Toxic effect of hemoglobin on spinal cord
neurons in culture. J. Neurotrauma 15, 645-653. doi: 10.1089/neu.1998.15.645

Shao, W., Yeretssian, G., Doiron, K., Hussain, S. N., and Saleh, M. (2007).
The caspase-1 digestome identifies the glycolysis pathway as a target during
infection and septic shock. J. Biol. Chem. 282, 36321-36329. doi: 10.1074/jbc.
m708182200

Sharma, D., and Kanneganti, T.-D. (2016). The cell biology of inflammasomes:
mechanisms of inflammasome activation and regulation. J. Cell Biol. 213,
617-629. doi: 10.1083/jcb.201602089

Simard, J. M., Tsymbalyuk, O., Ivanov, A., Ivanova, S., Bhatta, S., Geng, Z. H., et al.
(2007). Endothelial sulfonylurea receptor 1-regulated NCCa-ATP channels
mediate progressive hemorrhagic necrosis following spinal cord injury. J. Clin.
Invest. 117, 2105-2113. doi: 10.1172/JCI32041

Simard, J. M., Tsymbalyuk, O., Keledjian, K., Ivanov, A., Ivanova, S., and
Gerzanich, V. (2012). Comparative effects of glibenclamide and riluzole in a
rat model of severe cervical spinal cord injury. Exp. Neurol. 233, 566-574.
doi: 10.1016/j.expneurol.2011.11.044

Turtle, J. D., Strain, M. M., Aceves, M., Huang, Y. J., Reynolds, J. A., Hook, M. A,,
et al. (2017). Pain input impairs recovery after spinal cord injury: treatment
with lidocaine. J. Neurotrauma 34, 1200-1208. doi: 10.1089/neu.2016.4778

Vichaya, E. G., Baumbauer, K. M. Carcoba, L. M., Grau, J. W, and
Meagher, M. W. (2009). Spinal glia modulate both adaptive and pathological
processes. Brain Behav. Immun. 23, 969-976. doi: 10.1016/j.bbi.2009.05.001

Wicki-Stordeur, L. E., and Swayne, L. A. (2014). The emerging Pannexin
1 signalome: a new nexus revealed? Cell. 7:287.
doi: 10.3389/fncel.2013.00287

Willis, W. D. (2001). “Mechanisms of central sensitization of nociceptive dorsal
horn neurons,” in Spinal Cord Plasticity: Alterations in Reflex Function,
eds M. M. Patterson and J. W. Grau (Norwell, MA: Kluwer Academic
Publishers), 127-162.

Wilson, K. P., Black, J.-A. F., Thomson, J. A, Kim, E. E., Griffith, J. P.,
Navia, M. A., et al. (1994). Structure and mechanism of interleukin-
1B converting Nature 370, 270-275. doi: 10.1038/3
70270a0

Wyndaele, M., and Wyndaele, J.-J. (2006). Incidence, prevalence and epidemiology
of spinal cord injury: what learns a worldwide literature survey? Spinal Cord 44,
523-529. doi: 10.1038/sj.5¢.3101893

Young, E. E, Baumbauer, K. M., Elliot, A., and Joynes, R. L. (2007).
Lipopolysaccharide induces a spinal learning deficit that is blocked by IL-1
receptor antagonism. Brain Behav. Immun. 21, 748-757. doi: 10.1016/j.bbi.
2007.02.001

Front. Neurosci.

enzyme.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Turtle, Strain, Reynolds, Huang, Lee, Henwood, Garraway and
Grau. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

14

June 2018 | Volume 12 | Article 27


https://doi.org/10.1002/jcp.26287
https://doi.org/10.1073/pnas.0902531106
https://doi.org/10.1089/neu.1998.15.645
https://doi.org/10.1074/jbc.m708182200
https://doi.org/10.1074/jbc.m708182200
https://doi.org/10.1083/jcb.201602089
https://doi.org/10.1172/JCI32041
https://doi.org/10.1016/j.expneurol.2011.11.044
https://doi.org/10.1089/neu.2016.4778
https://doi.org/10.1016/j.bbi.2009.05.001
https://doi.org/10.3389/fncel.2013.00287
https://doi.org/10.1038/370270a0
https://doi.org/10.1038/370270a0
https://doi.org/10.1038/sj.sc.3101893
https://doi.org/10.1016/j.bbi.2007.02.001
https://doi.org/10.1016/j.bbi.2007.02.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

	Pain Input After Spinal Cord Injury (SCI) Undermines Long-Term Recovery and Engages Signal Pathways That Promote Cell Death
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Spinal Contusion
	Drug Preparation
	Noxious Stimulation
	Assessment of Recovery
	Reactivity to Mechanical and Thermal Stimulation
	Tissue Collection and Cellular Assays
	Experimental Designs
	Statistics

	RESULTS
	Noxious Stimulation Increases c-Fos mRNA Expression
	Both Capsaicin and Shock Treatment Impair Long-Term Recovery
	Pain Type Affects Acute Cytokine and Caspase Expression
	BBG Attenuates the Expression of Proteins Related to Pyroptosis
	BBG Fosters Long-Term Recovery

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


