
ORIGINAL RESEARCH
published: 10 September 2019
doi: 10.3389/fnsys.2019.00044

Edited by:

Preston E. Garraghty,
Indiana University Bloomington,

United States

Reviewed by:
Adam R. Ferguson,

University of California, San
Francisco, United States

Jamie Lynn Reed,
Vanderbilt University, United States

*Correspondence:
James W. Grau

j-grau@tamu.edu

†These authors have contributed
equally to this work

Received: 13 May 2019
Accepted: 15 August 2019

Published: 10 September 2019

Citation:
Reynolds JA, Henwood MK,

Turtle JD, Baine RE, Johnston DT and
Grau JW (2019) Brain-Dependent

Processes Fuel Pain-Induced
Hemorrhage After Spinal Cord Injury.

Front. Syst. Neurosci. 13:44.
doi: 10.3389/fnsys.2019.00044
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David T. Johnston and James W. Grau*

Department of Psychological and Brain Sciences, Texas A&M University, College Station, TX, United States

Pain (nociceptive) input caudal to a spinal contusion injury can undermine long-term
recovery and increase tissue loss (secondary injury). Prior work suggests that nociceptive
stimulation has this effect because it fosters the breakdown of the blood-spinal cord
barrier (BSCB) at the site of injury, allowing blood to infiltrate the tissue. The present
study examined whether these effects impact tissue rostral and caudal to the site of
injury. In addition, the study evaluated whether cutting communication with the brain,
by means of a rostral transection, affects the development of hemorrhage. Eighteen
hours after rats received a lower thoracic (T11–12) contusion injury, half underwent a
spinal transection at T2. Noxious electrical stimulation (shock) was applied 6 h later.
Cellular assays showed that, in non-transected rats, nociceptive stimulation increased
hemoglobin content, activated pro-inflammatory cytokines and engaged signals related
to cell death at the site of injury. These effects were not observed in transected animals. In
the next experiment, the spinal transection was performed at the time of contusion injury.
Nociceptive stimulation was applied 24 h later and tissue was sectioned for microscopy.
In non-transected rats, nociceptive stimulation increased the area of hemorrhage and
this effect was blocked by spinal transection. These findings imply that the adverse
effect of noxious stimulation depends upon spared ascending fibers and the activation
of rostral (brain) systems. If true, stimulation should induce less hemorrhage after a
severe contusion injury that blocks transmission to the brain. To test this, rats were
given a mild, moderate, or severe, injury and electrical stimulation was applied 24 h
later. Histological analyses of longitudinal sections showed that nociceptive stimulation
triggered less hemorrhage after a severe contusion injury. The results suggest that brain-
dependent processes drive pain-induced hemorrhage after spinal cord injury (SCI).

Keywords: spinal cord injury, pain, hemorrhage, cytokines, caspase, nociception

INTRODUCTION

Spinal cord injuries are frequently accompanied by additional tissue damage (polytrauma) that
can provide a source of pain (nociceptive) input after injury (Saboe et al., 1991; Chu et al., 2009).
This is clinically important because research has shown that nociceptive stimulation caudal to
spinal cord injury (SCI) can sensitize pain circuits, impair adaptive plasticity, increase tissue loss
(secondary injury) at the site of injury, and undermine long-term recovery (Grau et al., 2017).
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Our laboratory has studied the adverse effect of nociceptive
input on recovery using animals that have undergone a lower
thoracic (T11–12) contusion injury (Grau et al., 2004). Pain fibers
are engaged using intermittent electrical stimulation (shock)
applied at a intensity and duration known to impair adaptive
plasticity in spinally transected animals (Grau et al., 1998; Crown
et al., 2002). Using this paradigm, we have shown that just
6 min of uncontrollable shock applied to the tail or hind leg a
day after injury impairs long-term recovery and increases tissue
loss. Noxious stimulation also delays the recovery of bladder
function and fosters the development of spasticity and chronic
pain (Grau et al., 2004). Application of the irritant capsaicin,
which engages unmyelinated nociceptive (C) fibers that express
the transient receptor potential cation channel subfamily V
member 1 (TRPV1) receptor, also impairs long-term recovery
(Turtle et al., 2018). Research has shown that noxious stimulation
has an especially robust effect if given within 4 days of injury
(Grau et al., 2004). The acute effect of engaging nociceptive fibers
has been linked to the expression of pro-inflammatory cytokines
[e.g., tumor necrosis factor (TNF), interleukin-1β (IL-1β), and
IL-18] and the activation of cellular signals (e.g., caspase 1, 3, 8)
related to cell death (Garraway et al., 2011, 2014; Lossi et al., 2015;
Grau and Huang, 2018; Turtle et al., 2018).

New data suggest that nociceptive input (from electrical
stimulation or the application of capsaicin) caudal to a contusion
injury increases tissue loss (secondary injury) because it leads
to a breakdown of the blood-spinal cord barrier (BSCB; Turtle
et al., 2017, 2019). The development of this effect is associated
with capillary fragmentation and the de novo formation of the
sulfonylurea receptor 1-transient receptor potential melastatin 4
(SUR1-TRPM4) cation channel, two pathogenic features of
progressive hemorrhagic necrosis (Simard et al., 2013). Because
blood borne cells and proteins are neurotoxic (Mautes et al.,
2000), the infiltration of blood will expand the area of injury
and undermine long-term recovery. To date, our exploration of
these effects has been limited to a 1-cm region of the spinal cord
that encompasses the area of injury. The present study uses a
combination of cellular assays and histology to evaluate whether
noxious stimulation has an effect that extends beyond this area to
affect hemorrhage and cytokine expression rostral and caudal to
the site of injury.

We also explored whether communication with the brain
influences the development of hemorrhage in response to
noxious electrical stimulation. To explore this issue, animals
underwent a second surgery that transected the spinal cord
at T2, rostral to the T11/12 contusion injury. Prior work has
shown that electrical stimulation at an intensity that engages
C-fibers, or chemically engaging pain fibers with capsaicin,
sensitizes nociceptive processes within the lumbosacral spinal
cord and impairs adaptive learning in spinally transected rats
(Grau et al., 1998, 2012, 2014; Crown et al., 2002; Ferguson
et al., 2006, 2012; Baumbauer et al., 2008; Hook et al., 2008;
Grau, 2014). Interestingly, noxious stimulation does not induce
an alteration in spinal processing in uninjured (intact) animals
(Washburn et al., 2007). Likewise, electrical stimulation of the
sciatic nerve can induce long-term potentiation (LTP) in spinally
transected, but not intact, animals (Sandkühler, 2000, 2009).

These observations suggest that descending fibers can quell over-
excitation, which would be expected to mitigate the adverse
effect noxious input has on tissue survival after a contusion
injury. From this perspective, cutting communication with the
brain should amplify the effect of nociceptive input, fueling
cytokine expression and hemorrhage at the site (T11/12) of
injury. Contrary to our expectations, our data demonstrated
exactly the opposite—a rostral T2 transection blocked the
effect noxious electrical stimulation. Recognizing the novelty
of this finding, we replicated the finding using histological
procedures to evaluate the extent of hemorrhage. The results
imply that surviving ascending fibers engage brain-dependent
processes that fuel tissue loss at the site of injury. If this is
true, increasing the severity of the contusion injury should
weaken pain signaling to the brain and thereby mitigate
the adverse effect of noxious stimulation applied caudal
to injury. Our last experiment provides evidence for this
type of interaction.

MATERIALS AND METHODS

Animals
Male Sprague–Dawley rats were purchased from Envigo
(Houston, TX, USA) and were acclimated to housing for at
least 7 days prior to surgery. Animals (308 and 373 g) were
dual housed with water and food ad libitum and maintained
on a 12-h light-dark cycle. Behavioral testing and surgeries were
performed during the light portion of the cycle. All experiments
and procedures followed the 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
(IACUC) at Texas A&M University. A power analysis was used
to determine the minimum number of animals needed to achieve
statistical significance, and every effort was made to minimize
pain and suffering.

Contusion Injury
Rats were anesthetized with 5% isoflurane using an induction
chamber. An area approximately 6 cm wide was shaved from
the base of the skull to the tail. After shaving, the surgery
area was sterilized with iodine and 70% ethanol. Anesthesia
was maintained with 2–4% isoflurane administered through a
nose cone. A 7 cm longitudinal incision was made through
the skin centered around the twelfth thoracic vertebra (T12).
Next, an incision was made through the musculature on either
side of the spinal column cut to the depth of just above the
rib cage. Soft tissue was then removed from the dorsal surface
of the spinal column with rongeurs and a laminectomy was
performed on the T12 vertebra and the caudal half of the
T11 vertebra prior. Prior to injury, the surgery area was flushed
with sterile saline to remove debris. The MASCIS device was
used to perform the contusion injury (Gruner, 1992). Clamps
on the MASCIS device were inserted into the previously made
incisions, and the subjects were suspended by their spine. The
spine was aligned and pulled taut prior centering the impactor
over the exposed cord. In the first two experiments, a moderate
contusion injury was performed by dropping the 10 g impactor
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(2.5 mm head) from a height of 12.5 mm directly onto the
exposed cord. In the last experiment, the impactor height
was set at 0 (no impact), 6.25, 12.5, or 25 mm. Following
contusion, the surgery site was closed with Michel clips. Subjects
were administered 100,000 units/kg of penicillin and 3 mL of
saline after surgery through intraperitoneal injection to prevent
infection and account for blood loss that occurred during
the procedure.

Spinal Transection
Half of the animals in first two experiments also had the
spinal cord transected (Trans) at the second thoracic vertebra
(T2). In the first, the spinal cord was transected 18 h after
the contusion injury while in the second it was transected
immediately after, when animals were still anesthetized. For
the remote transection (at 18 h after the contusion injury)
anesthesia was induced as described above, with 5% isoflurane
in an induction chamber. Thereafter, anesthesia was maintained
with 2–4% isoflurane applied through a nose cone. To transect
the spinal cord, a 3 cm incision was made starting 2 cm
rostral to the T2 vertebra and extending 1 cm caudal. A
V-cut was made through the musculature originating just
rostral to the T2 vertebra and extending caudally to isolate
the spinous process of the T2 vertebra. Spreaders were used
to open the surgery site and the spinous process of the
T2 vertebra was followed down to the body of the vertebra.
Soft tissue was cleared between the T1 and T2 vertebrae,
exposing the cord, and a spinal transection was performed
immediately rostral to the T2 vertebra. Transections were
performed with the Thermal Cautery Unit, manufactured by
Geiger. The surgical incision was closed with Michel clips and
animals were administered 3 ml of saline following surgery. The
remaining rats underwent a sham surgery. For these animals,
the procedure was identical except the spinal cord was not
transected. Transections were verified by visual inspection of
the site during surgery and a post-mortem examination of the
spinal cord.

Nociceptive Stimulation
Animals were loosely restrained in opaque Plexiglass tubes
housed in an acoustic isolation chamber. Electrical stimulation
was applied through tail electrodes formed from a modified fuse
clip, as described in 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 connected to a BRS/LVE
shock generator (Model SG-903), and constant current 1.5-
mA, AC (60 Hz) electrical stimuli (100 ms in duration) was
applied on a variable intermittent schedule (0.2–3.8 s; rectangular
distribution) for 6 min. Prior work has shown that this level of
stimulation expands the region of secondary injury, promotes
hemorrhage, and impairs long-term recovery (Grau et al., 2004;
Turtle et al., 2017, 2019). Unshocked controls were treated the
same except shock was withheld.

Assessment of Recovery
In the last experiment, locomotor function was assessed using
the scoring system developed (BBB) by Basso et al. (1995) while

animals explored an open field. Performance was assessed prior
to (−1 h) shock treatment, or equivalent period of restraint
(Unshock). Motor behavior was re-assessed immediately after
(0 h) and again 1, 2, and 3 h later. Care was taken to
assure that individuals performing behavioral scoring had
high inter-observer reliability (>95%) and were unaware of
treatment condition.

Tissue Collection
Animals were euthanized with pentobarbital (100 mg/kg) 3 h
after animals had received shock or an equivalent period of
restraint (Unshock). Tissue in the first experiment was collected
and flash-frozen in liquid nitrogen. Tissue collected included a
1 cm region that encompassed the site of injury. In addition, we
obtained 1 cm of tissue rostral and caudal to the site of injury.

In the next two experiments, animals were euthanized and a
3 cm segment of the spinal cord, centered at the site of injury,
was collected. After the heartbeat had terminated, subjects were
perfused transcardially with ∼300 mL of ice-cold phosphate-
buffered saline (PBS; pH 7.3) followed by ∼400 mL of 4%
paraformaldehyde (PFA). Spinal cord tissue at the site of injury
was collected and incubated in 4% PFA for 24 h at 4◦C. The tissue
was rinsed with PBS before cryoprotection in a solution of 30%
sucrose in PBS for at least 72 h.

Cellular Assays
Tissue was prepared as described in Garraway et al. (2014).
Briefly, the cord was processed for the extraction of both
total RNA (RNeasy Mini Kit; Qiagen, Valencia, CA, USA) and
total protein. 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 4× Laemmli
buffer to a final concentration of 3 mg/mL.

Spectral analyses for free hemoglobin were conducted using
protein extracts from the lesioned tissue. Spectrophotometric
absorbance was measured from 200 to 800 nm from 1.0 µL
of protein extract (NanoDrop, Thermo Scientific). Absorbance
at 420 nm was used as a measure of hemoglobin content
(Turtle et al., 2019).

Western blot analysis was then used to quantify TNF,
caspase-1, and 3, IL-1β, and IL-18 as described in Turtle
et al. (2018). Briefly, samples were transferred 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: TNFα (1:500; #ARC3012—Invitrogen, Camarillo,
CA, USA; AB_305641), caspase-1 (1:1,000; #ab1872—Abcam,
Cambridge, MA, USA; AB_302644), caspase-3 (1:1,500; #NB600-
1235—Novus Biological, Littleton, CO, USA; AB_2069897),
IL-1β (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),
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or lamin B (1:1,000; #ab16048—Abcam, Cambridge, MA,
USA; AB_443298). The next day, blots were washed in
TBST (3 × 10 min) at room temperature then incubated in
HRP-conjugated goat anti-rabbit secondary antibodies (1:5,000;
#31460; Pierce, Rockford, IL, USA) for 1 h at room temperature.
After another 3 × 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 (lamin B) were
calculated and normalized to a control group (run on the same
blot) that did not receive nociceptive stimulation.

Microscopy
To quantify hemorrhage in the second experiment, collected
spinal cords were sectioned into evenly spaced 20 µm-thick
coronal sections in the 3 cm of cord surrounding the injury site.
Sections were mounted on Fisherbrand Superfrost Plus (Fisher
Scientific) microscope slides.

The tissue was stained with hematoxylin and eosin (H&E) as
previously described (Turtle et al., 2019). Sections were washed
with distilled water to remove residual tissue, then incubated
in hematoxylin for 4 min. Slides were then dipped in acid
alcohol (1% hydrochloric acid in 70% ethanol) twice. Next,
slides were incubated in Scott’s tap water (Sigma-Aldrich, Cat#
S5134) substitute for 1 min. Finally, slides were incubated in
70% eosin for 1 min, and dehydrated with ethanol and xylene
before mounting with Permount. Sections were imaged using
light microscopy at 4× magnification and were analyzed by
blinded observers using ImageJ software. Hemorrhaged areas
appeared substantially redder than surrounding tissue, which
was confirmed by the presence of red blood cells at a higher
magnification. To determine the total area of hemorrhage, the
affected region was traced by a blinded observer. The amount
of hemorrhage was quantified as a percentage of the total
section area.

For the last experiment, the impact of injury severity on
hemorrhage was assessed by taking 3 cm longitudinal sections
of spinal cord centered on the site of injury. Sections (20 µm)
were collected along the dorsal-ventral axis and mounted
on microscope slides. Sections were prepared and stained as
described above. For each animal, the section set was divided
evenly into three clusters (dorsal, medial, and ventral) and the
median section from each was selected for analysis. The extent
of hemorrhage was analyzed at 2× magnification using ImageJ
software to assess the area of hemorrhage. The amount of
hemorrhage was assessed as a percentage of the total section area.

Experimental Designs
To evaluate the rostral/caudal spread of hemorrhage and
cytokine expression, rats received lower thoracic (T11–12)
contusion injury. To determine whether brain systems influence
how noxious input affects these processes, half the animals under
went a second surgery to transect (Trans) the spinal cord at
T2 18 h after the contusion injury. The remaining rats received
a laminectomy at T2, but the spinal cord was not transected
(Sham). Six hours later, animals were placed in the restraining

tubes and prepared for tail shock. Half of the rats in each
surgery condition (n = 6) then received 6 min of intermittent
shock (Shock). The remaining rats served as the unshocked
controls (Unshock). Three hours later, a 1 cm segment of tissue
that encompassed the injury, as well as 1 cm segments rostral
and caudal, were collected. Hemorrhage was assessed using
spectrophotometry and Western blotting for alpha hemoglobin.
Western blotting was also used to assess the expression of key
cytokines (TNF, IL-1β, IL-18) and signals related to cell death
(caspase 1, 3; Lossi et al., 2015). The complete experiment
involved a 2 (Sham vs. Trans) × 2 (Shock vs. Unshock) factorial
and used 24 rats (n = 6).

Next, histology was used to evaluate the rostral/caudal spread
of hemorrhage and the effect of cutting communication with the
brain. Immediately after the spinal cord was contused at T11–12,
half of the rats had the spinal cord transected at T2 (Trans).
The remaining animals underwent a laminectomy at T2, but the
spinal cord was not transected (Sham). Twenty-four hours later,
the animals were placed in restraining tubes and given shock, or
nothing (Unshock), as described above (n = 4). Three hours later,
a 3-cm length of the spinal cord that encompassed the area of
injury was collected and prepared for histology. Coronal tissue
sections were collected at the injury center and ±0.17, 0.35, 0.52,
and 1.02 cm and stained with H&E. The area of hemorrhage
was quantified using ImageJ software by researchers who were
blinded to treatment condition. The experiment involved 2
(Sham vs. Trans) × 2 (Shock vs. Unshock) factorial and used
16 rats (n = 4).

Finally, we evaluated whether the effect of pain input on
hemorrhage varies with injury severity. Rats received a contusion
injury with the impactor height set at 0, 6.25, 12.5, or 25 mm for
a sham, mild, moderate, or severe injury, respectively. The next
day, locomotor performance was assessed before animals were
exposed to 6 min of intermittent electrical stimulation (Shock)
applied to the tail or nothing (Unshock; n = 4). Locomotor
behavior was assessed again immediately after stimulation and
1, 2, and 3 h later. Animals were then euthanized and 3-cm of the
spinal cord, encompassing the area of injury, was collected and
prepared for histology. Longitudinal sections were collected from
the dorsal, medial, and ventral regions, stained with H&E, and
the area of hemorrhage was quantified as described above. The
experiment involved a 4 [injury severity (0, 6.25, 12.5 or 25 mm
drop)]× 2 (Shock vs. Unshock) factorial and used 32 rats (n = 4).

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 sizes (4–6 per group) were sufficient to
achieve statistical significance. 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). For key
terms, we also provide a measure of the proportion of variance
accounted for [eta squared (η2)]. When necessary, post hoc
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comparisons of the group means were performed using
Duncan’s New Multiple Range test. A Bonferroni t-test was
used to evaluate group differences across region or time. In
all cases, a criterion of p < 0.05 was set as the threshold for
statistical significance.

RESULTS

Spinal Transection Blocks the Effect of
Nociceptive Stimulation on Hemorrhage
The first experiment evaluated whether nociceptive stimulation
applied a day after animals received a lower thoracic contusion
injury affects tissue rostral and caudal to the site of injury. The
experiment also tested whether cutting communication with the
brain, by means of an upper thoracic transection, would amplify
the effect of stimulation on hemorrhage and pro-inflammatory
cytokine expression.

As previously reported (Grau et al., 2017; Turtle et al., 2019),
in non-transected shocked rats (Sham-Shock) protein samples
from the site of injury had a reddish tint. To quantify this effect,
spectrophotometry was used to assess absorbance at 420 nm,
the wavelength associated with hemoglobin. Non-transected rats
that received intermittent shock a day after injury exhibited
greater absorbance at the site of injury (Figure 1A). Surprisingly,
this effect was blocked by spinal transection. An ANOVA
confirmed that the main effects of surgery, pain treatment, and
the surgery × shock treatment interaction, were statistically
significant, all Fs> 4.49, p< 0.0468 (all η2 > 0.136). In addition,
the main effect of tissue region (caudal, injury, or rostral), and its
interactions with surgery and shock treatment, were significant,
all Fs> 3.76, p< 0.0318. The three-way interaction indicates that
the effect of shock treatment varied across tissue region (rostral,
injury, or caudal) and surgery condition (sham vs. transected).
Post hoc comparisons of the group means, collapsed across
tissue region, showed that non-transected rats that received
shock (Sham-Shock) differed from the other three groups
(p < 0.05). No other group difference approached statistical
significance (p> 0.05).

Western blotting for alpha hemoglobin confirmed that the
extent of blood infiltration depended upon surgery and shock
treatment (Figures 1B,G), both Fs > 8.79, p < 0.0077 (both
η2 > 0.185). Further, the effect of shock treatment interacted
with surgery condition, F(1,20) = 8.92, p = 0.0073 (η2 = 0.102).
Comparisons of the groupmeans showed that the non-transected
group that received shock (Sham-Shock) differed from the
other three (p < 0.05). No other group differences (collapsed
across region) were significant (p > 0.05). Overall levels also
varied across region, F(2,40) = 22.75, p < 0.0001. The two-way
and three-way interactions between region, surgery, and pain
treatment were also statistically significant, all Fs > 7.74,
p < 0.0014. To further analyze the nature of this three-way
interaction, we compared groups at each region using the
Bonferroni t-test, which keeps the error rate at 0.05 for a family
of contrasts. These analyses showed that the Sham-Shock group
differed from the other three at, and rostral to, the site of injury
(p< 0.05). No other comparisons were significant (p> 0.05).

Nociceptive stimulation has been shown to engage the
proinflammatory cytokine TNF (Garraway et al., 2014). In the
present study, we found that shock treatment increased TNF
expression at the site of injury (Figure 1C). This yielded a
significant interaction between region, surgery condition, and
shock treatment, F(2,40) = 4.12, p = 0.0237 (η2 = 0.102). The
main effects of surgery and region, and their interaction, were
also significant, all Fs > 4.25, p < 0.0213. In addition, the
effect of shock treatment varied with region, F(2,40) = 6.03,
p = 0.0051. No other term from the ANOVA reached statistical
significance, all Fs > 4.08, p > 0.05. Post hoc comparisons of
the group means showed that the Sham-Shock group differed
from the other three (p< 0.05). No other group comparison was
significant (p> 0.05).

We previously showed that nociceptive stimulation increases
the expression of caspase 1, which cleaves IL-1β and IL-18 to
their active (mature) forms (Turtle et al., 2018). Here, we found
that nociceptive stimulation augmented caspase 1 expression in
the non-transected rats (Sham-Shock), but not transected rats
(Trans-Shock; Figure 1D). An ANOVA verified that the effect of
shock treatment depended upon surgery condition, F(1,20) = 5.09,
p < 0.0354 (η2 = 0.166). No other term was statistically
significant, all Fs < 2.91, p > 0.05. Post hoc comparisons of
the group means confirmed that the Sham-Shock group differed
from the other three (p< 0.05). No other group comparison was
significant (p> 0.05).

Western blotting for the mature form of IL-1β revealed
greater expression at the site of injury and that the magnitude
of this effect was amplified by shock treatment (Figure 1E).
Here too, the effect of shock treatment was blocked by spinal
transection. An ANOVA confirmed that the effect surgery
and shock treatment, and their interaction, were statistically
significant, all F’s > 4.94, p < 0.0379 (all η2 > 0.0941).
Post hoc comparisons of the group means showed that the
non-transected group that received shock (Sham-Shock) differed
from the other three (p < 0.05). No other group comparisons
were significant (p > 0.05). The level of IL-1β expression also
varied across region, F(2,40) = 186.82, p < 0.0001, and the
magnitude of this effect depended upon surgery condition (sham
vs. transected), F(2,40) = 6.98, p = 0.0025. The latter effect emerged
because spinal transection attenuated the overall levels of IL-1β
expression. No other term reached statistical significance, both
Fs< 1.50, p> 0.05.

The overall profile of expression for the mature form of IL-18
(Figure 1F) mirrored the pattern observed for caspase 1. An
ANOVA showed that the effect of shock treatment depended
upon surgery condition, F(1,20) = 4.90, p < 0.0387 (η2 = 0.167).
No other term was significant, all Fs < 4.21, p > 0.05. Post
hoc comparisons of the group means (collapsed across region)
showed that the non-transected group that received shock
(Sham-Shock) differed from the other three (p< 0.05). No other
difference was statistically significant (p> 0.05).

We also assessed the active form of caspase 3 (17 kDa).
Western blotting failed to detect any activity within the rostral
or caudal regions. At the site of injury, non-transected rats
that received shock exhibited higher expression [224.8% ± 26.6
(mean ± SE)] relative to the non-transected unshocked
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FIGURE 1 | Impact of shock on indices of hemorrhage and signals linked to inflammation and cell death. The experimental design is illustrated at the top of the
figure. Eighteen hours after rats received a lower thoracic (T11–12 vertebrae) contusion injury, animals received a T2 spinal transection (Trans) or sham surgery. Six
hours later, animals were exposed to noxious electrical stimulation (Shock) to the tail, or nothing (Unshock) and 3 h later a 1 cm portion of the spinal cord that
encompassed the injury was collected. Additional tissue, 1-cm rostral and caudal to injury, was also obtained and prepared for cellular assays. Protein samples from
non-transected animals that received shock (Sham-Shock) exhibited greater (A) absorbance at 420 nm, the absorption peak for hemoglobin. Western blotting
showed that animals in the Sham-Shock group had higher levels of (B) alpha hemoglobin, (C) tumor necrosis factor (TNF), (D) caspase 1, (E) interleukin-1β (IL-1β),
and (F) IL-18 at the site of injury. Nociceptive stimulation had no effect in animals that had received a spinal transection (Trans-Shock). (G) Representative blots from
the injury center are depicted to the right of the figures. Error bars indicate the standard error of the mean (SEM). An asterisk above an error bar indicates that the
effect of nociceptive stimulation was significant for that region of the spinal cord (p < 0.05, n = 6). An asterisk placed to the right indicates that stimulation had a
broader effect that did not vary across the regions assayed.

controls (100% ± 20.4). Expression was low in both shocked
(68.7%± 12.8) and unshocked (115%± 18.2) transected rats. An
ANOVA conducted on the tissue from the injury site confirmed
that both surgery and its interaction with shock treatment were
statistically significant, both Fs > 12.18, p < 0.0023. The main
effect of shock was not significant, F(1,20) = 3.74, p > 0.05.
Post hoc comparisons showed that the non-transected shocked

(Sham-Shock) group differed from the other three (p< 0.05). No
other group comparisons were significant (p> 0.05).

Because there was some evidence of hemorrhage and IL-1/IL-
18/caspase 1 expression rostral to injury, we also assessed the
levels of these proteins within the cervical region. In no case
was there a significant effect of shock treatment or transection
surgery, all Fs< 2.10, p> 0.05.
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Histological Evidence that Spinal
Transection Blocks Hemorrhage
The results reported above yielded an unexpected outcome,
demonstrating that an upper (T2) thoracic transection
blocks nociception-induced hemorrhage in contused rats.
The implication is that pain input after a contusion injury
only expands the area of hemorrhage if some communication
with the brain is preserved. To gain converging evidence that
a transection impacts hemorrhage, histological analyses were
used to quantify hemorrhage extent. Because our cellular
assays revealed some hemorrhage rostral to the site of injury,
hemorrhage was assessed across 3 cm longitudinal sections of
the spinal cord that encompassed the site of injury.

H&E stained sections from non-transected contused rats
that received shock (Sham-Shock) showed extensive areas of
hemorrhage at the epicenter of injury (Figure 2A). The area of
hemorrhage was confined to less than 1-cm of tissue (Figure 2B)
and skewed towards the rostral side of the injury. The effect of
shock treatment was completely blocked by spinal transection
(Trans-Shock). An ANOVA confirmed that the effect of shock
treatment interacted with spinal transection, F(1,12) = 4.811,
p = 0.0487 (η2 = 0.187). The extent of hemorrhage varied
across the caudal-rostral axis, F(8,96) = 10.122, p < 0.0001, and
this effect interacted with both spinal transection and shock
treatment, all Fs > 2.050, p < 0.0484. A three-way interaction
emerged because animals in the Sham-Shock condition exhibited
greater hemorrhage along the caudal-rostral axis. Post hoc
comparisons of the group means, collapsed across the caudal-
rostral axis, confirmed that the Sham-Shock group differed
from the other three (p < 0.05). No other comparisons were
significant (p> 0.05).

Nociceptive Stimulation Induces Greater
Hemorrhage After a Less Severe Injury
Our results provide further evidence that pain input caudal to
a contusion injury can expand the area of hemorrhage (Grau
et al., 2004, 2017; Turtle et al., 2019). Contrary to our original
hypothesis, cutting communication with the brain eliminated
this effect. This implies that the development of hemorrhage
after injury is regulated by spared fibers. These observations
suggest that the extent to which noxious stimulation induces
hemorrhage will vary with injury severity, with a more robust
effect being observed after less severe (mild to moderate) injuries.
Conversely, noxious stimulation may have little effect when
applied after a severe injury that disrupts communication with
rostral systems. Our last experiment evaluates this implication by
testing the effect of nociceptive stimulation on the development
of hemorrhage in rats that have undergone a light (6.25 mm
drop), moderate (12 mm drop), or severe (25 mm drop) injury.
A no injury (0 mm drop) control was also included. To verify
that manipulating injury severity had the expected behavioral
effect, and to assess whether shock treatment has an acute
effect on motor performance, locomotor behavior was assessed
before and after nociceptive stimulation was applied a day
after injury.

FIGURE 2 | Noxious electrical stimulation increased the area of hemorrhage
in non-transected animals. The experimental design is illustrated at the top of
the figure. Rats received a lower thoracic (T11–12 vertebrae) contusion injury
and a spinal transection (Trans) at T2 or sham surgery. A day later, half the
animals were exposed to electrical stimulation (Shock) or nothing (Unshock).
Tissue was collected 3 h later, sectioned, and stained with H&E. (A) Noxious
stimulation increased the area of hemorrhage at the epicenter of injury in
non-transected rats that received shock (Sham-Shock). Areas of hemorrhage
appear darkly stained (bar = 500 µm). (B) Quantitation of hemorrhage extent
over the caudal-rostral axis showed that the maximal effect was observed
within 0.5 cm of the injury center and was positively skewed. Nociceptive
stimulation did not amplify hemorrhage in spinally-transected rats
(Trans-Shock). Error bars indicate the SEM. ∗ Indicates statistical significance
(p < 0.05, n = 4).

As expected, rats that underwent a sham surgery (0 mm
drop) exhibited unimpaired locomotor performance 24 h
later [mean (±SE) BBB score = 20.92 ± 0.08]. Nociceptive
stimulation had no effect on locomotor performance in
uninjured animals (change in BBB score = 0.0). Likewise,
histology revealed that neither the sham surgery or shock
treatment induced signs of hemorrhage, with just one animal per
condition exhibiting a small speck of hemorrhage-like staining
(mean % = 0.00015 ± 0.00001).

Prior to nociceptive stimulation (−1 h), injured rats exhibited
a disruption in locomotor performance and themagnitude of this
effect increased with injury severity (Figure 3A). An ANOVA
confirmed that injury severity had a statistically significant effect,
F(3,28) = 275.632, p < 0.0001. Post hoc comparisons showed that
each severity condition differed from the other three (p< 0.05).
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FIGURE 3 | Noxious electrical stimulation has a more robust effect after a mild (6.25 mm) contusion injury. The experimental design is illustrated at the top of the
figure. Rats received a sham surgery (0 mm), mild (6.25 mm), moderate (12.5 mm), or severe (25 mm) contusion injury. (A) Locomotor performance prior to
nociceptive stimulation (−1 h) declined as injury severity increased. Noxious electrical stimulation (Shocked) induced an acute disruption in motor behavior, relative to
the unstimulated (Unshock) controls, and this effect was most evident after a mild (6.25 mm) injury. (B) Nociceptive stimulation increased histological signs of
hemorrhage and this effect was most evident within the dorsal region in animals that received a mild (6.25 mm) injury. Nociceptive stimulation did not affect
locomotor scores, or induce signs of hemorrhage, in sham-operated animals. Representative sections are from the dorsal region (bar = 5 mm). Error bars indicate
the SEM. ∗ Indicates statistical significance (p < 0.05, n = 4).

Nociceptive stimulation had no effect on locomotor scores
in uninjured rats but led to an acute drop in motor behavior
after injury. This effect was most evident after the least severe
(6.25 mm) injury. An ANCOVA, using the baseline (−1 h)
behavioral score as a covariate, confirmed that the effect of shock
treatment, injury severity, and their interaction, were statistically
significant, all Fs > 6.076, p < 0.0034. Post hoc comparisons
confirmed that shocked 6.25 mm injured rats differed from their
unshocked (6.25 mm injured) controls (p < 0.05). Beyond this,
group differences were determined by injury severity.

Histological analyses confirmed that the extent of tissue
damage co-varied with injury severity (Figure 3B). Nociceptive
stimulation increased the area of hemorrhage, and this effect
was most evident in animals that received a 6.25 mm injury.
A comparison of the level of hemorrhage observed along the
dorsal-ventral axis revealed that shock treatment had a greater
effect in the dorsal region (illustrated in Figure 3B). An
ANOVA confirmed that the effect of shock treatment, injury
severity, and their interaction, were statistically significant, all
Fs > 10.102, p < 0.0002 (all η2 > 0.153). The amount of
hemorrhage varied across region, F(2,48) = 48.649, p < 0.0001,
and the magnitude of this effect depended upon shock
treatment and injury severity, all Fs > 3.924, p < 0.0029.

The three-way interaction emerged because the effect of shock
treatment on percent hemorrhage was most evident after a
less severe (6.25 mm injury) in the dorsal and medial regions.
To further analyze the nature of this three-way interaction,
independent ANOVAs were performed on the dorsal, medial,
and ventral sections. In all three cases, the effect of nociceptive
stimulation depended upon injury severity, all Fs > 4.74,
p < 0.0098. In each case, the interaction emerged because
the magnitude of the shock effect was inversely related to
injury severity.

DISCUSSION

Prior work established that noxious electrical stimulation caudal
to a spinal cord contusion injury impairs long-term recover
(Grau et al., 2004). We have suggested that electrical stimulation
has this effect because it engages pain fibers. Supporting
this, it has been shown that the maladaptive consequences of
shock treatment emerge at an intensity that engages C-fibers
and sensitizes nociceptive systems (Baumbauer et al., 2008;
Ferguson et al., 2008, 2012). More importantly, a treatment
that selectively engages pain fibers (peripheral application
of the irritant capsaicin) also impairs long-term recovery
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(Hook et al., 2008; Turtle et al., 2018). The adverse effect of
noxious stimulation on tissue sparing has been related to the
activation of cell signals that initiate cell death, the breakdown
of the BSCB and hemorrhage at the site of injury (Garraway
et al., 2014; Turtle et al., 2018, 2019). We previously assayed these
effects within a 1 cm region of the spinal cord that encompassed
the injury. Here we examined whether noxious stimulation has
a broader effect that impacts tissue rostral or caudal to the site
of injury. This issue was addressed by performing cellular assays,
and histopathology, along a 3-cm segment of the spinal cord. As
previously reported (Garraway et al., 2014; Turtle et al., 2018),
noxious stimulation increased the content of alpha hemoglobin
at the site of injury. It also elevated the expression of TNF, IL-
1β, IL-18, and caspases 1 and 3. Statistical analyses show that the
magnitude of the shock effect did not vary as a function of region
for caspase 1, IL-1β, or IL-18, implying that stimulation had a
relatively broad effect on these cellular signals. Western blotting
for hemoglobin revealed some hemorrhage rostral to the site of
injury. The latter observation was supported by histopathological
analyses, which showed that the spread of hemorrhage was
rostrally skewed. Hemorrhage may develop unevenly along the
rostral-caudal axis because blood enters the damaged region
largely from the rostral side.

It was originally hypothesized that uncontrollable noxious
stimulation impairs long-term recovery after a contusion injury
because this stimulation inhibits adaptive plasticity in spinally-
transected animals (Grau et al., 1998, 2006; Crown et al.,
2002). Research suggests that noxious stimulation has this
effect because it sensitizes nociceptive circuits within the
lumbosacral region (Ferguson et al., 2006, 2012; Grau, 2014;
Huang et al., 2016). Given this, it was hypothesized that pain
input caudal to a contusion injury would promote neural
over-excitation within the lumbosacral tissue and that this effect
could drive tissue loss at the site of injury (T11–12). From this
perspective, one would anticipate a pattern of hemorrhage and
proinflammatory cytokine expression that is skewed towards
the caudal (lumbosacral) region. The present study found the
opposite, providing a hint that other processes fuel the spread of
secondary injury.

The parallel with work conducted in spinally transected
rats also broke down when we tested the effect of transecting
surviving fibers rostral to the contusion injury. Considerable
evidence exists that descending fibers regulate the development
of nociceptive sensitization in the lumbosacral spinal cord (Hains
et al., 2003; Crown and Grau, 2005; Sandkühler, 2009; Huang
and Grau, 2018), a process that helps to quell over-excitation.
Supporting this, nociceptive stimulation does not induce a
lasting modification within the lumbosacral spinal cord in
uninjured (non-transected) rats (Gjerstad et al., 2001; Washburn
et al., 2007). Based on these observations, we hypothesized
that spared fibers have a protective effect that would lessen
tissue loss in contused animals. This predicts that cutting
communication with the brain, by means of a rostral (T2)
transection, would remove a brake on pain input and amplify
proinflammatory cytokine expression and hemorrhage. We
found the opposite—disrupting communication with the brain
blocked nociception-induced hemorrhage and proinflammatory

cytokine expression. Recognizing the novelty of this finding, we
sought converging evidence using histopathology to quantify
the extent of hemorrhage. In addition, we addressed the
possibility that the second surgery had a muting effect because
it was performed 6 h before testing. To address this issue, the
cord was transected at the time of the contusion injury. As
expected, noxious stimulation increased the area of hemorrhage
in non-transected animals and here too the effect was blocked
by a rostral transection. Elsewhere we have shown that
pharmacologically inhibiting communication with the brain,
by slowly infusing the anesthetic lidocaine at T2, also blocks
pain-induced hemorrhage (Davis et al., 2018). The latter suggests
that these effects emerge because they disrupt communication
with the brain and argue against interpretations based on
a surgery-induced spinal shock (Bach-y-Rita and Illis, 1993;
Dietz, 2010) or disruption in blood flow. Pain fibers are
implicated in these effects because a rostral transection also
blocks capsaicin-induced hemorrhage (Fauss et al., 2018). Taken
together, the findings imply that the adverse effect of noxious
stimulation on tissue sparing depends upon the engagement of
a brain-dependent process. Transecting ascending fibers blocks
the activation of these processes and prevents pain-induced
hemorrhage and the spread of secondary injury within the
spinal cord. This does not negate the idea that descending
fibers can have a protective effect. That effect, though, is
seemingly insufficient to counter a second brain-dependent
process that fuels hemorrhage. To our knowledge, this is the first
demonstration that rostral (brain systems) can drive tissue loss
after SCI.

If the adverse effect of noxious stimulation applied caudal
to injury depends upon ascending fibers and the activation of
brain processes, the effect of pain input should interact with
injury severity. The counter-intuitive prediction is that, the effect
of noxious stimulation should be most evident after a mild
to moderate injury; a severe injury should disrupt ascending
fibers and lessen the activation of brain-dependent processes
that fuel hemorrhage. The results of our last experiment were
consistent with this prediction. In addition, the experiment
showed that noxious stimulation induces an acute disruption in
behavioral function after a mild contusion injury. The fact that
locomotor performance declined immediately after stimulation
suggests that pain input may trigger hemorrhage within minutes
of application.

How could engaging brain processes affect tissue loss at the
site of injury? One potential answer builds on the observation
that pain input induces an acute rise in heart rate and blood
pressure (Fauss et al., 2018). Other work has shown that a period
of hypertension after injury is associated with poor prognosis
(Nielson et al., 2015). Given this, we suggest that nociceptive
input has a dual effect—it triggers processes at the site of injury
that weaken the BSCB and, through brain-dependent processes,
produces a rise in blood pressure that pushes blood into the
surrounding tissue, expanding the area of injury. This hypothesis
suggests caution is warranted during the acute period of clinical
treatment, where the standard of care recommends maintaining
systolic blood pressure above 85 mm Hg (Ryken et al., 2013;
Inoue et al., 2014).
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Other work has shown that noxious stimulation (e.g.,
colorectal distension) can induce a rise in heart rate and
blood pressure in animals that have undergone a high thoracic
transection (Weaver, 2002; Rabchevsky, 2006). These indices
of autonomic dysreflexia typically emerge slowly, in the days
to weeks after injury (Krassioukov et al., 2003). It could be
argued that these same pathways mediate the acute effect of
nociceptive stimulation on blood pressure in contused animals.
We recently evaluated this possibility, showing that noxious
stimulation caudal to a contusion injury induces an increase in
systolic blood pressure and that this effect too is eliminated by
a T2 transection (Fauss et al., 2018). These results suggest that
the acute effect of noxious stimulation does not reflect a form
of autonomic dysreflexia. It should be recognized, however, that
the emergence of dysreflexia after injury may induce bouts of
hypertension that could have a damaging effect (Weaver, 2002;
Rabchevsky and Kitzman, 2011).

In summary, we detailed the rostral-caudal spread of pain
induced hemorrhage, and cytokine expression, in contused
animals. In the process, we discovered that the emergence of
these effects depends on the integrity of spared fibers. The
implication is that pain input engages a brain-dependent process
that fuels hemorrhage at the site of SCI. The results are consistent
with other work demonstrating that a number of cell signals (e.g.,
brain-derived neurotrophic factor, GABA, and dopamine) can
have a bidirectional effect on nociceptive processing within the
spinal cord (Sandkühler and Gruber-Schoffnegger, 2012; Huang
et al., 2016, 2017; Puopolo, 2019). Further work is needed to
uncover the fiber pathways and brain systems involved, the
sensory/neurochemical triggers, and the systemic factors that
contribute to the development of pain-induced hemorrhage.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The work has been reviewed and approved by our Institutional
Animal Care and Use Committee. All of the authors have
reviewed and approved the current text.

AUTHOR CONTRIBUTIONS

The study was conducted by JR andMH, who contributed equally
to the work. JT and JG provided input on study design. RB and
DJ assisted in the data collection. The data were analyzed by JR,
MH, RB, DJ, and JG. The article was written by JR, MH, and JG,
with input from JT, RB, and DJ.

FUNDING

The research was supported by grants from the Craig H.
Neilsen Foundation and NIH (National Institute of Neurological
Disorders and Stroke, NINDS NS091723 and NS104422) to JG.

ACKNOWLEDGMENTS

We would like to thank Paris Bean, Jacob Davis, Gizelle Fauss,
Kie Huang, Kelsey Hudson, Ashton Norris, Misty Strain, and
Megan Tarbet for their assistance in conducting the experiments
and comments on the article.

REFERENCES

Bach-y-Rita, P., and Illis, L. S. (1993). Spinal shock: possible role of receptor
plasticity and non synaptic transmission. Paraplegia 31, 82–87. doi: 10.1038/sc.
1993.14

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

Chu, D., Lee, Y. H., Lin, C. H., Chou, P., and Yang, N. P. (2009). Prevalence
of associated injuries of spinal trauma and their effect on medical utilization
among hospitalized adult subjects—a nationwide data-based study. BMC
Health Serv. Res. 9:137. doi: 10.1186/1472-6963-9-137

Crown, E. D., Ferguson, A. R., Joynes, R. L., 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

Crown, E. D., and Grau, J. W. (2005). Evidence that descending serotonergic
systems protect spinal cord plasticity against the disruptive effect of
uncontrollable stimulation. Exp. Neurol. 196, 164–176. doi: 10.1016/j.
expneurol.2005.07.016

Davis, J. A., Fauss, G. N. K., Strain,M.M., Henwood,M. K., andGrau, J.W. (2018).
Pain induced hemorrhage after spinal cord injury is blocked by lidocaine
applied rostrally to injury. J. Neurotrauma 35, A48–A49. doi: 10.1089/neu.
2018.29013

Dietz, V. (2010). Behavior of spinal neurons deprived of supraspinal input. Nat.
Rev. Neurol. 6, 167–174. doi: 10.1038/nrneurol.2009.227

Fauss, G. N. K., Strain, M. M., Huang, Y. J., Reynolds, J. A., Henwood, M. K.,
West, C. R., et al. (2018). Noxious stimulation after spinal cord injury induces
a brain-dependent increase in hemorrhage. J. Neurotrauma 35:A176. doi:
10.1089/neu.2018.29013

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., Bolding, K. A., Huie, M. A., Hook, M. A., Santillano, D. R.,
Miranda, R. C., et al. (2008). Group I metabotropic glutamate receptors control
metaplasticity of spinal cord learning through a PKC-dependent mechanism.
J. Neurosci. 28, 11939–11949. doi: 10.1523/JNEUROSCI.3098-08.2008

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
spinal learning and recovery in spinal cord injury. Front. Physiol. 3:399.
doi: 10.3389/fphys.2012.00399

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 brain-
derived neurotrophic factor-tropomyosin-receptor kinase 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 alpha and apoptosis. Pain 155, 2344–2359. doi: 10.1016/j.
pain.2014.08.034

Gjerstad, J., Tjølsen, A., and Hole, K. (2001). Induction of long-term potentiation
of single wide dynamic range neurones in the dorsal horn is inhibited

Frontiers in Systems Neuroscience | www.frontiersin.org 10 September 2019 | Volume 13 | Article 44

https://doi.org/10.1038/sc.1993.14
https://doi.org/10.1038/sc.1993.14
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/10.1186/1472-6963-9-137
https://doi.org/10.1037/0735-7044.116.6.1032
https://doi.org/10.1016/j.expneurol.2005.07.016
https://doi.org/10.1016/j.expneurol.2005.07.016
https://doi.org/10.1089/neu.2018.29013
https://doi.org/10.1089/neu.2018.29013
https://doi.org/10.1038/nrneurol.2009.227
https://doi.org/10.1089/neu.2018.29013
https://doi.org/10.1089/neu.2018.29013
https://doi.org/10.1016/j.neuroscience.2006.03.029
https://doi.org/10.1523/JNEUROSCI.3098-08.2008
https://doi.org/10.3389/fphys.2012.00399
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://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles


Reynolds et al. Pain-Induced Hemorrhage After SCI

by descending pathways. Pain 91, 263–268. doi: 10.1016/s0304-3959(00)
00448-6

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.nlm.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., and Huang, Y. J. (2018). Metaplasticity within the spinal cord:
evidence brain-derived neurotrophic factor (BDNF), tumor necrosis factor
(TNF), and alterations in GABA function (ionic plasticity) modulate pain and
the capacity to learn. Neurobiol. Learn. Mem. 154, 121–135. doi: 10.1016/j.nlm.
2018.04.007

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., Huie, J. R., Lee, K. H., Hoy, K. C., Huang, Y. J., Turtle, J. D., et al.
(2014). Metaplasticity and behavior: how training and inflammation affect
plastic potential within the spinal cord and recovery after injury. Front. Neural
Circuits 8:100. doi: 10.3389/fncir.2014.00100

Grau, J. W., Washburn, S. N., Hook, M. A., Ferguson, A. R., Crown, E. D.,
Garcia, G., et al. (2004). Uncontrollable stimulation undermines recovery after
spinal cord injury. J. Neurotrauma 21, 1795–1817. doi: 10.1089/neu.2004.21.
1795

Gruner, J. A. (1992). A monitored contusion model of spinal-cord injury in the
rat. J. Neurotrauma 9, 123–128. doi: 10.1089/neu.1992.9.123

Hains, B. C., Willis, W. D., and Hulsebosch, C. E. (2003). Serotonin receptors
5-HT1A and 5-HT3 reduce hyperexcitability of dorsal horn neurons after
chronic spinal cord hemisection injury in rat. Exp. Brain Res. 149, 174–186.
doi: 10.1007/s00221-002-1352-x

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

Huang, Y. J., and Grau, J. W. (2018). Ionic plasticity and pain: the loss
of descending serotonergic fibers after spinal cord injury transforms how
GABA affects pain. Exp. Neurol. 306, 105–116. doi: 10.1016/j.expneurol.2018.
05.002

Huang, Y. J., Lee, K. H., and Grau, J. W. (2017). Complete spinal cord injury (SCI)
transforms how brain derived neurotrophic factor (BDNF) affects nociceptive
sensitization. Exp. Neurol. 288, 38–50. doi: 10.1016/j.expneurol.2016.11.001

Huang, Y. J., Lee, K. H., Murphy, L., Garraway, S. M., and Grau, J. 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

Inoue, T., Manley, G. T., Patel, N., and Whetstone, W. D. (2014). Medical
and surgical management after spinal cord injury: vasopressor usage, early
surgerys, and complications. J. Neurotrauma 31, 284–291. doi: 10.1089/neu.
2013.3061

Krassioukov, A. V., Furlan, J. C., and Fehlings, M. G. (2003). Autonomic
dysreflexia in acute spinal cord injury: an under-recognized clinical entity.
J. Neurotrauma 20, 707–716. doi: 10.1089/089771503767869944

Lossi, L., Castagna, C., andMerighi, A. (2015). Neuronal cell death: an overview of
its different forms in central and peripheral neurons.Methods Mol. Biol. 1254,
1–18. doi: 10.1007/978-1-4939-2152-2_1

Mautes, A. E., Weinzierl, M. R., Donovan, F., and Noble, L. J. (2000). Vascular
events after spinal cord injury: contribution to secondary pathogenesis. Phys.
Ther. 80, 673–687. doi: 10.1093/ptj/80.7.673

Nielson, J. L., Paquette, J., Liu, A. W., Guandique, C. F., Tovar, C. A.,
Inoue, T., et al. (2015). Topological data analysis for discovery in preclinical
spinal cord injury and traumatic brain injury. Nat. Commun. 6:8581.
doi: 10.1038/ncomms9581

Puopolo, M. (2019). The hypothalamic-spinal dopaminergic system: a target for
pain modulation. Neural Regen. Res. 14, 925–930. doi: 10.4103/1673-5374.
250567

Rabchevsky, A. G. (2006). Segmental organization of spinal reflexes mediating
autonomic dysreflexia after spinal cord injury. Prog. Brain Res. 152, 265–274.
doi: 10.1016/s0079-6123(05)52017-x

Rabchevsky, A. G., and Kitzman, P. H. (2011). Latest approaches for the
treatment of spasticity and autonomic dysreflexia in chronic spinal cord injury.
Neurotherapeutics 8, 274–282. doi: 10.1007/s13311-011-0025-5

Ryken, T. C., Hurlbert, R. J., Hadley, M. N., Aarabi, B., Dhall, S. S., Gelb, D. E.,
et al. (2013). The acute cardiopulmonary management of patients with
cervical spinal cord injuries. Neurosurgery 72, 84–92. doi: 10.1227/NEU.
0b013e318276ee16

Saboe, L. A., Reid, D. C., Davis, L. A.,Warren, S. A., and Grace, M. G. (1991). Spine
trauma and associated injuries. J. Trauma 31, 43–48. doi: 10.1097/00005373-
199101000-00010

Sandkühler, J. (2000). Learning and memory in pain pathways. Pain 88, 113–118.
doi: 10.1016/s0304-3959(00)00424-3

Sandkühler, J. (2009). Models and mechanisms of hyperalgesia and allodynia.
Physiol. Rev. 89, 707–758. doi: 10.1152/physrev.00025.2008

Sandkühler, J., and Gruber-Schoffnegger, D. (2012). Hyperalgesia by synaptic
long-term potentiation: an update. Curr. Opin. Pharmacol. 12, 18–27.
doi: 10.1016/j.coph.2011.10.018

Simard, J. M., Woo, S. K., Aarabi, B., and Gerzanich, V. (2013). The Sur1-Trpm4
channel in spinal cord injury. J. Spine S4:002. doi: 10.4172/2165-7939.s4-002

Turtle, J. D., Henwood, M. K., Strain, M. M., Huang, Y. J., Miranda, R. C., and
Grau, J. W. (2019). Engaging pain fibers after a spinal cord injury fosters
hemorrhage and expands the area of secondary injury. Exp. Neurol. 311,
115–124. doi: 10.1016/j.expneurol.2018.09.018

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

Turtle, J. D., Strain, M. M., Reynolds, J. A., Huang, Y. J., Lee, K. H.,
Henwood, M. K., et al. (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

Washburn, S. N., Patton, B. C., Ferguson, A. R., Hudson, K. L., and Grau, J. W.
(2007). Exposure to intermittent nociceptive stimulation under pentobarbital
anesthesia disrupts spinal cord function in rats. Psychopharmacology 192,
243–252. doi: 10.1007/s00213-007-0707-1

Weaver, L. C. (2002). What causes autonomic dysreflexia after spinal cord injury?
Clin. Auton. Res. 12, 424–426. doi: 10.1007/s10286-002-0076-0

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 © 2019 Reynolds, Henwood, Turtle, Baine, Johnston 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(s) 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 11 September 2019 | Volume 13 | Article 44

https://doi.org/10.1016/s0304-3959(00)00448-6
https://doi.org/10.1016/s0304-3959(00)00448-6
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/10.1016/j.nlm.2018.04.007
https://doi.org/10.1016/j.nlm.2018.04.007
https://doi.org/10.1089/neu.2016.4626
https://doi.org/10.3389/fphys.2012.00262
https://doi.org/10.3389/fncir.2014.00100
https://doi.org/10.1089/neu.2004.21.1795
https://doi.org/10.1089/neu.2004.21.1795
https://doi.org/10.1089/neu.1992.9.123
https://doi.org/10.1007/s00221-002-1352-x
https://doi.org/10.1037/0735-7044.122.1.233
https://doi.org/10.1016/j.expneurol.2018.05.002
https://doi.org/10.1016/j.expneurol.2018.05.002
https://doi.org/10.1016/j.expneurol.2016.11.001
https://doi.org/10.1016/j.expneurol.2016.09.005
https://doi.org/10.1089/neu.2013.3061
https://doi.org/10.1089/neu.2013.3061
https://doi.org/10.1089/089771503767869944
https://doi.org/10.1007/978-1-4939-2152-2_1
https://doi.org/10.1093/ptj/80.7.673
https://doi.org/10.1038/ncomms9581
https://doi.org/10.4103/1673-5374.250567
https://doi.org/10.4103/1673-5374.250567
https://doi.org/10.1016/s0079-6123(05)52017-x
https://doi.org/10.1007/s13311-011-0025-5
https://doi.org/10.1227/NEU.0b013e318276ee16
https://doi.org/10.1227/NEU.0b013e318276ee16
https://doi.org/10.1097/00005373-199101000-00010
https://doi.org/10.1097/00005373-199101000-00010
https://doi.org/10.1016/s0304-3959(00)00424-3
https://doi.org/10.1152/physrev.00025.2008
https://doi.org/10.1016/j.coph.2011.10.018
https://doi.org/10.4172/2165-7939.s4-002
https://doi.org/10.1016/j.expneurol.2018.09.018
https://doi.org/10.1089/neu.2016.4778
https://doi.org/10.3389/fnsys.2018.00027
https://doi.org/10.1007/s00213-007-0707-1
https://doi.org/10.1007/s10286-002-0076-0
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

	Brain-Dependent Processes Fuel Pain-Induced Hemorrhage After Spinal Cord Injury
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Contusion Injury
	Spinal Transection
	Nociceptive Stimulation
	Assessment of Recovery
	Tissue Collection
	Cellular Assays
	Microscopy
	Experimental Designs
	Statistics


	RESULTS
	Spinal Transection Blocks the Effect of Nociceptive Stimulation on Hemorrhage
	Histological Evidence that Spinal Transection Blocks Hemorrhage
	Nociceptive Stimulation Induces Greater Hemorrhage After a Less Severe Injury

	DISCUSSION
	DATA AVAILABILITY
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


