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Abstract

Chronic pain after traumatic brain injury (TBI) is very common, but the mechanisms linking TBI to pain and the pain-related
interactions of TBI with peripheral injuries are poorly understood. Chemokine receptors play an important role in both pain
and brain injury. In the current work, we pursued the hypothesis that the epigenetically regulated CXC chemokine receptor
2 (CXCR?2) is a crucial modulator of nociceptive sensitization induced by TBI. For these studies, we used the rat lateral fluid
percussion model of TBI. Histone actyltransferase activity was blocked using anacardic acid beginning immediately following
injury, or delayed for seven days prior to administration. The selective CXCR2 antagonist SCH527123 administered sys-
temically or intrathecally was used to probe the role of chemokine signaling on mechanical hindpaw sensitization after TBI.
The expression of the CXCR2 receptor was accomplished using real-time PCR, immunohistochemistry, and Western
blotting, while epigenetic regulation was assessed using chromatin immunoprecipitation assay. The spinal levels of several
pain-related mediators including CXCLI, an endogenous ligand for CXCR?2, as well as brain-derived neurotrophic factor and
prodynorphin were measured by enzyme-linked immunosorbent assay. Ve observed that anacardic acid potently blocked
and reversed mechanical hindpaw sensitization after TBI. The same drug was able to prevent the upregulation of CXCR2
after TBI, but did not affect the spinal expression of other pain mediators. On the other hand, both systemically and
intrathecally administered SCH527123 reversed hindpaw allodynia after TBI. Most of the spinal CXCR?2 appeared to be
expressed by spinal cord neurons. Chromatin immunoprecipitation experiments demonstrated TBI-enhanced association of
the CXCR?2 promoter with acetylated-H3K9 histone protein that was also reversible using anacardic acid. Taken together,
our findings suggested that TBI causes the upregulation of spinal CXCR2 through an epigenetic mechanism ultimately
supporting nociceptive sensitization. The use of CXCR2 antagonists may, therefore, be useful in pain resulting from TBI.
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Traumatic brain injury (TBI) is a leading cause of death
and disability worldwide, affecting all ages and demo-
graphics." In the United States alone, approximately
1.7 million new cases are reported annually.>® Severe
TBI results in death in roughly 5% of individuals and
long-term disability in greater than 40% of those
affected.*> The vast majority of these injuries are, how-
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ever, mild, though even mild injuries have been asso-
ciated with a number of adverse consequences. TBI
results in wide-ranging physical and psychological
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sequelae including motor deficits, spasticity, memory
impairment, anxiety, depression, and other changes
with variable patterns of onset and persistence.®’ One
of the most common complaints of patients after TBI
is chronic pain; it has been estimated that more than
50% of TBI patients develop chronic pain at some
point after their injuries.® TBI was observed to confer
an odds ratio of 5.0 for chronic pain in a recently
described military cohort.” Unlike some of the more
severe motor and cognitive consequences, chronic pain
after TBI appears to be at least as likely to be experi-
enced by those with mild injuries as more severe ones.®

C-X-C Motif Chemokine Receptor 2 (CXCR2) is a
chemokine receptor expressed on the cellular surface of
leukocytes including neutrophils, mast cells and mono-
cytes, endothelial cells, and a range of other cells
throughout the human body, which was cloned for the
first time in 1991 from the human cell line HL-60."
Several high-affinity endogenous ligands for CXCR2
have been discovered including the C-X-C chemokine
ligand CXCLI1.'"“'> Accumulating evidence suggests
that CXCR2 and its corresponding chemokine ligands
regulate pain, including pain related to cancer, nerve
damage, inflammation, surgery, and chronic opioid
administration.”*'® Unclear at this point is how pain
after TBI is supported and whether CXCR?2 participates
although several reports have suggested that CXCR?2 is
upregulated in the brain after TBI.' 2!

The molecular mechanisms underlying the upregula-
tion of CXCR?2 in inflammatory and pain-related states
remain ill defined. Recently published studies have
demonstrated that the expression of CXCR2 involves
epigenetic mechanisms. For example, Kiguchi et al.*
reported that the administration of the histone acetyl-
transferase inhibitor anacardic acid (AA) suppressed
the upregulation of CXCR?2 in the injured sciatic nerve
site in the partial sciatic nerve ligation neuropathic pain
model. Our lab demonstrated a role for CXCR2 in post-
surgical pain using a mouse incisional model, and
showed that CXCR2 was upregulated through histone
acetylation in spinal cord tissue.'>'® Moreover, acetyl-
ation of histone proteins in spinal cord neurons has been
reported in a rat TBI model.”® Here, we hypothesized
that TBI causes nociceptive sensitization at least in
part by causing the upregulation of spinal CXCR2
expression.

Methods
Animals

Male Sprague-Dawley rats (3004+20g) from Harlan
(Indianapolis, IN, USA) were used in these experiments.
Each cage housed two rats in 30 x 30 x 19-cm isolator
cages with solid floors covered with 3cm of wood chip

bedding, and food and water were available ad [libitum.
Animals were kept under standard conditions with a
12-h light-dark cycle (6am to 6 pm). All experiments
were approved by the Veterans Affairs Palo Alto
Health Care System Institutional Animal Care and Use
Committee (Palo Alto, CA, USA) and followed the
animal subject guidelines of the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. All in vivo experiments were performed between
10 am and 4pm in the Veterinary Medical Unit of the
Veterans Affairs Palo Alto Health Care System.

TBI surgery

TBI was performed with a modification of the lateral
fluid percussion (LFP) rat model described previ-
ously.?* 2 Briefly, rats were anesthetized using isoflurane
inhalation and secured prone in a stereotactic frame.
A midline incision in the head was made in the scalp,
and underlying periosteum removed. To deliver LFP, a
craniotomy of Smm in the rat skull was performed
between the Bregma and lambda sutures, and centered
approx. 2mm to the right of the midline. Using a method
commonly employed in human craniotomies, the bone
flap was moved under the adjacent scalp providing better
preservation. A female luer-lock hub was implanted at
the craniotomy site and fixed using cyanoacrylate glue.
Dental acrylic was then applied to the exposed rat skull
to secure the lure-lock hub. Following slight recovery,
the luer-lock hub was connected to the LFP apparatus
(Amscien Instruments, USA), and a pressure wave of
1.5atm, (£0.1atm) or no pressure wave (sham) was
applied to rat dura. Thereafter, the luer-lock hub and
dental acrylic were removed, the bone flap replaced
and the overlying wound closed using 4-0 silk suture.
Both TBI and sham rats were allowed to recover in
their home cages until awake and responsive.

Drug administration

Anarcardic acid (Cayman Biochemical, Ann Arbor,
Michigan) and SCHS527123 (MCE, Medical Express,
NJ) were freshly dissolved in DMSO and diluted in
0.9% saline (final DMSO concentration 10%). For AA
experiments, AA (5.0mg/kg, 100pul) or vehicle were
administered daily via intra-peritoneal (i.p.) injection
for seven days beginning immediately after surgery,
and in other experiments the initiation of daily injections
was delayed for one week after TBI.

For experiments involving systemic SCH527123
administration, animals received SCH527123 (5.0 mg/
kg) or vehicle daily via intra-peritoneal (i.p.) injection
for seven days beginning immediately after TBI surgery.
For Intrathecal (i.t.) injection, rats were slightly anesthe-
tized using isoflurane inhalation, and SCH527123 (4 ug,
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2 ul) was injected intrathecally (i.t.) between the L4 and
LS5 vertebra on day 7 post-TBI.

Behavioral testing

Mechanical allodynia—Mechanical withdrawal thresh-
olds were measured using a modification of the
up-down method and von Frey filaments as described
previously.”” Animals were placed on wire mesh plat-
forms in clear cylindrical plastic enclosures of 20cm
diameter and 30cm in height. After 30 min of acclima-
tion, fibers of sequentially increasing stiffness with initial
bending force of 2.0 g were applied to the plantar surface
of the hind paw, and left in place 5s with enough force to
slightly bend the fiber. Withdrawal of the hind paw from
the fiber was scored as a response. When no response
was obtained, the next stiffer fiber in the series was
applied in the same manner. If a response was observed,
the next less stiff fiber was applied. Testing proceeded in
this manner until four fibers had been applied after the
first one causing a withdrawal response, allowing the
estimation of the mechanical withdrawal threshold
using a curve fitting algorithm.?®

Immunohistochemistry

The techniques employed for immunohistochemical ana-
lysis of spinal cord tissue were based on those described
previously by our group.'® Briefly, animals were eutha-
nized with CO, and perfused with 4% paraformaldehyde
in phosphate-buffered saline (PBS), pH 7.4, via the
ascending aorta. The spinal cords were extruded, and
the lumbar section was collected at time points before
and at day 2 after TBI surgery. The collected issue was
incubated in 0.5 M sucrose in PBS overnight, mounted in
Tissue-Tek OCT embedding compound (Sakura
Finetek), frozen and cut into 10 um sections.

Blocking of the sections took place at 4°C for 1h in
PBS containing 10% normal donkey serum, followed by
exposure to the primary antibodies including rabbit anti-
CXCR2 antibody (1:50, Santa Cruz, Dallas, TX) and
mouse anti-NeuN (1:300, Millipore) overnight at 4°C.
Sections were then rinsed and incubated with fluores-
cein-conjugated secondary antibodies against the pri-
mary antibodies (1:500, Jackson ImmunoResearch
Laboratories, West Grove, PA) for 1 h. Double-labeling
immunofluorescence was performed with donkey anti-
mouse IgG conjugated with cyanine dye 3 or donkey
anti-rabbit IgG conjugated with fluorescein isothiocyan-
ate secondary antibodies. Confocal laser scanning
microscopy was carried out using a Zeiss LSM/510
META microscope (Thornwood, NY). Sections from
control and experimental animals were processed in
parallel. Control experiments omitting either primary
or secondary antibody revealed no significant staining.

Enzyme immunoassay for CXCLI, BDNF, and
dynorphin levels in spinal cord

Rat spinal cord (L4, 5 lumbar enlargement) was collected
after behavioral testing and frozen immediately on dry
ice. The spinal cord tissue was cut into fine pieces in
ice-cold PBS, pH 7.4, containing a cocktail of protease
inhibitors (Roche Applied Science) followed by
homogenization using a Dounce tissue grinder.
Homogenates were centrifuged for 15min at 12,000 g,
4°C. The supernatants were aliquoted and stored at
—80°C until required for enzyme immunoassay (EIA)
performance. Total protein contents in all tissue extracts
were measured using the DC protein assay kit (Bio-Rad).
Brain-derived neurotrophic factor (BDNF), prodynor-
phin (PDYN), and CXCLI levels were determined in
duplicate using respective EIA kits, according to the
manufacturer’s instructions. BDNF EIA kit was from
LifeSpan BioSciences. PDYN concentration was mea-
sured using the PDYN EIA kit (antibodies-online).
CXCL1 level was determined with an EIA kit from
R&D Systems. These assay systems detect rat BDNF,
PDYN, and CXCL1 with sensitivity of 12.29 pg/ml,
3.9pg/ml, and 1.3 pg/ml, respectively. The concentra-
tions of BNDF, PDYN, and CXCLI1 proteins were
calculated from the standard curve at each assay.
Each protein concentration was expressed as pg/mg
total protein.

Western blot

To test whether TBI can induce the expression of C-X-C
motif chemokine receptor 2 protein (CXCR2) in the
spinal cord posttrauma, rat spinal cord (L4, 5 lumbar
enlargement) was collected after treatment and frozen
immediately on dry ice. Spinal cord samples were later
homogenized in ice-cold Tris buffer with 0.7% (v/v)
B-mercaptoethanol and 10% glycerol. Homogenates
were centrifuged at 12,000g for 15min at 4°C. Total
protein concentration of the supernatant was measured
with BCA protein assay kit (Thermo Scientific). Then
equal amounts of protein (50 pg) were subjected to
sodium dodecyl sulfate/polyacrylamide gel electrophor-
esis (SDS-PAGE) and clectrotransferred onto a polyvi-
nylidene difluorided membrane. The blots were blocked
with 5% non-fat dry milk in tris-buffered saline and
incubated with primary CXCR?2 antibody on a rocking
platform overnight at 4°C. After three washes in
Tris-buffered saline with 0.5% Tween-20 (TBST), the
membrane was further incubated with HRP-conjugated
secondary antibody for 1hr at room temperature.
The membrane was then washed again with TBST, and
proteins were detected using ECL chemiluminescence
reagent (Thermo Scientific). Bands were quantified by
densitometry of digitalized images. Each blot was then
stripped and re-probed with B-actin antibody, allowing
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normalization of expression between samples. All anti-
bodies were from Santa Cruz Biotechnology. The band
intensity was analyzed using National Institutes of
Health ImageJ. CXCR2/ACTIN band intensity ratio
was calculated to demonstrate the change of the specific
protein after treatments. The results of all assays were
confirmed by repeating the experiment three times.

Chromatin immune precipitation assay

The assay was performed following the protocol adopted
and refined previously by our lab.?’ Rats were sacrificed
using carbon dioxide asphyxiation and the spinal cord
lumbar dorsal horn segments were quickly dissected on a
pre-chilled surface at day 7 after TBI. Tissue was flash
frozen in liquid nitrogen and stored at —80°C until use.
Later, small pieces of minced tissue were cross-linked
using 1% formaldehyde and sonicated on ice. The soni-
cated chromatin was clarified by centrifugation, ali-
quoted, and snap-frozen in liquid nitrogen. To perform
chromatin immune precipitation (ChIP), chromatin
(150 ul) was diluted 10-fold and purified with specific
antibody against H3K9 acetylated histone protein
(Millipore, Waltham, MA) or IgG antibody as control,
and protein G-agarose (60pul). The DNA that was
released from the bound chromatin after cross-linking
reversal and proteinase K treatment was precipitated
and diluted in low-TE buffer (I1mM Tris, 0.1 mM
EDTA). Quantitative PCR of target gene promoter
enrichment in ChIP samples was done using an ABI
prism 7900HT system and SYBR green. Five microliters
of input ChIP or IgG sample were used in each reaction
in duplicate for four biological samples (N =4) in each
condition. Percentage input was calculated for both the
ChIP and IgG samples and then fold enrichment was
calculated as a ratio of the ChIP to IgG. An in-plate
standard curve determined amplification efficiency™®,
and the 100 fold dilution factor for the input was
included.

Gene expression

For CXCR2 and CXCLI1 gene expression, the spinal
lumbar dorsal horn segments were quickly dissected
on a pre-chilled surface on day 2 and day 7 after
TBI, and then total RNA was isolated using the
RNeasy Mini Kit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions. RNA purity and
concentration were determined spectrophotometrically
as described previously for spinal cord.”” ¢cDNA was
synthesized from total RNA using random hexamer
primer and a First Strand cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA). Briefly, 1 pug of total RNA
was mixed with 4pul of 10 x RT buffer, 8 ul of 25mM
MgCl,, 4l 0.1 M DTT, 1 ul RNasin, 2 ul SSIT (50 u/ul),

Sul  hexomers, and RNase-free water to 40ul
Incubation was then carried out at 42°C for 60 min
followed by heat inactivation at 70°C. Finally, 1pul
RNase H was added to each reaction and incubated
at 37°C for 20min to degrade the RNA. For real-
time quantitative PCR, reactions were conducted in a
volume of 10 ul using the SYBR green I master kit (Life
Technologies, Foster City, CA). Briefly, Sul of a
mixture of 2x SYBR green and primers was loaded
with Sul diluted c¢cDNA template in each well.
Following this, 8 ul mineral oil was loaded in each
well to prevent loss of solution. Using an ABI prism
7900HT system, PCR was carried out using the param-
eters 52°C, Smin — 95, 10 min then [95°C, 30s— 60°C,
60s] for 40 cycles. The primer sequences: CXCR2:
atctttgetgtggtectegt (forward) and ggggttaagacagetgtgga
(reverse); CXCLI1: ggattcacttcaagaacatccag (forward)
and agcatcttttggacaatcttctg (reverse). Samples were ana-
lyzed in triplicate. B-actin was used as an internal con-
trol. Quantification was performed with AACt method.

Rat epigenetic gene expression measurements were
performed using the Rat Epigenetic Chromatin
Modification Enzymes RT? Profiler™ PCR Array
(Qiagen, Valencia, CA) according to the handbook.
It profiles the expression of 84key genes encoding
enzymes known or predicted to modify genomic DNA
and histones to control gene expression, which are listed
in Supplementary Tables in Supplementary Data section.
cDNA synthesis from 1pg of total RNA was made in
20 ul with RT2 first strand kit (Qiagen, Valencia, CA).
After reverse-transcription reaction, cDNA sample was
suitably diluted with RNase-free water for PCR analysis.
PCR components were prepared with 2x RT® SYBR
green mastermix, diluted cDNA sample, and RNase-
free water. 10pul of the PCR components of each
sample was added to corresponding well of the Profiler
PCR Array. Using an ABI prism 7900HT system, PCR
was carried out using the parameters 95°C, 10 min then
[95°C, 15s— 60°C, 60 s] for 40 cycles. PCR data analysis
was performed using PCR Array Data Analysis Software
(http://www.sabiosciences.com/rt_pcr_product/ HTML/
PARN-085 Z.html#accessory). The expression of candi-
date genes showing at least 1.5-fold changes in expres-
sion on the array were validated using a similar PCR
method with custom primers and 2x SYBR green mas-
termix. The specific gene primers were ordered from
Qiagen. The gene information was listed in Table 1
(Valencia, CA).

Statistical analysis

For multiple group comparisons, two-way analysis of
variance followed by Newman—Keuls post hoc testing
was employed. Prism 6 (GraphPad Software) was used
for statistical calculations. Significance was set as
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Table 1. Gene expression alteration induced by TBI on day 2 and
day 7.

Gene symbol Fold regulation Time (Day)
Ciita 1.579 2
Crebbp —1.8312 2
Aurkb 1.7803 7
Ciita 1.8557 7
Dnmt3b —1.7449 7
Rnf20 —1.5055 7

p <0.05. Data are presented as mean values + standard
error of the mean (SEM).

Results
Effects of AA on TBl-induced allodynia

Histone acetylation is a major mechanism governing
neuroplasticity. Previous laboratory studies have shown
that the activation of histone acetyltransferase activity is
required for maximal sensitization and duration of allo-
dynia after incision and other injuries.'® Using AA, a
well-characterized non-subtype selective histone acetyl-
ation transferase (HAT) inhibitor, we determined the
likely contributions of HAT to nociceptive sensitization
after TBI. We used this compound at a dose of 1 and
5.0 mg/kg, with the latter dose shown previously to have
large effects on sensitization after hindpaw incision.'® In
Figure 1 it is shown that the administration of Smg/kg
AA blocked and reversed nociceptive sensitization after
TBI. When AA was administered beginning immediately
after injury and continued for seven days, rats failed to
develop the mechanical allodynia observed in the vehicle-
treated rats. Sensitization after cessation of Smg/kg AA
administration was similar to control group. To further
refine our understanding of AA’s effects, we treated TBI
animals with AA beginning seven days after TBI and
continuing for another seven days. When administered
in this way, the AA-treated animals showed a decrease in
hindpaw allodynia resulting in the full normalization of
mechanical thresholds.

Effects of CXCR2 antagonist on nociceptive sensiti-
zation after TBI

TBI can cause chronic pain in patients and nociceptive
sensitization in rodent TBI models.>* Recent work sug-
gests that TBI activates epigenetic changes in spinal
dorsal horn neurons through as-yet unidentified mechan-
isms. Although the expression of many genes is potentially
altered though epigenetic changes, the spinal CXCL1/
CXCR2 chemokine signaling pathway has been shown
to be epigenectically upregulated and participates in
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Figure 1. Effect of anacardic acid (AA) on TBI-induced nocicep-
tive sensitization induced in rats. AA | or 5mg/kg (i.p.) was
injected daily from day 0 to day 7 beginning immediately after
injuries. In addition, one group of TBI animals received AA 5 mg/kg
beginning on day 7 postinjury and continuing for seven days.
Nociceptive sensitivity in hindpaws contralateral to TBI was
assessed using von Frey fibers at the indicated time points prior to
daily injections. Threshold values are expressed as the

mean £ SEM, N = 6. *p < 0.05; **p < 0.01; ***p < 0.001 compari-
son of contralateral paws in vehicle-treated rats to the paws of
AA-treated animals.

mechanical sensitization after limb injury.'>'® Therefore,
we hypothesized that the highly selective CXCR2 antag-
onist SCH527123*"32 would reduce nociceptive sensitiza-
tion after TBI. As demonstrated in Figure 2(a), TBI
induced a persistent mechanical allodynia from day 1 to
day 21. SCH527123 administered 5 mg/kg caused a pro-
found reversal of allodynia 1h after injection, and the
effect was consistent over the course of seven days of
administration although a lower dose had no discernable
effect. However, the nociceptive sensitivity returned to the
level of TBI-vehicle-treated group after SCHS527123
administration was terminated suggesting that the drug
did not alter the underlying mechanism of sensitization.

Since we hypothesized it was spinal CXCL1/CXCR2
signaling that is critical for post-TBI sensitization, we
administered SCH527123 into the lumbar intrathecal
space. Consistent with our hypothesis, TBI rats given
intrathecal SCH527123 showed a rapid reversal of noci-
ceptive sensitization when the drug was given either two
or seven days after TBI (Figure 2(b)).

Effects of AA on CXCR2 and CXCLI gene
expression in spinal cord tissue

We used real-time qPCR to detect the changes in CXCLI
and CXCR2 gene expression in spinal cord tissue after
TBI and AA treatment. In Figure 3, the data presented
suggest that TBI induced a significant increase in
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Figure 2. Effects of CXCR2 blockade on TBI-induced nocicep-
tive sensitization. (a) systemic adminsitration of SCH527123 (SCH,
| or 5mg/kg, i.p.) was performed daily from day O to day 7
beginning immediately after TBI. Nociceptive sensitivity was
assessed using von Frey fibers | h after daily SCH injections during
the treatment period. (b) Lumbar intrathecal injection of SCH, 2 g
in 2 uL, on the effects of TBI-induced nociceptive sensitization in
day 2 and day 7 injury animals was tested from O to 2 h after
injection. Threshold values are expressed as mean = SEM, N = 6.
*p < 0.01; ¥*p < 0.00] comparison of contralateral paws in
vehicle-treated rats to the paws of SCH-treated animals;

###p < 0.001 comparison of SCH-treated groups to sham + vehicle
groups.

TBI: traumatic brain injury; SCH: SCH527123.

CXCR?2 after TBI. On the other hand, while there were
trends toward increased expression of CXCLI, these did
not reach statistical significance two or seven days after
TBI. The HAT inhibitor AA when administered begin-
ning immediately after injury prevented the increases in
spinal CXCR2 mRNA.

Effects of AA on CXCR2 protein expression
in spinal cord

To complement the CXCR2 mRNA experiments, we
measured CXCR2 protein expression in lumbar spinal

3 Control
TBI D2
Ea TBID7
Em TBID2+AA HitH
o TBID7+AA

*khk

Fold Change Relative to Control
[

Gene Target

Figure 3. Effect of the HAT inhibitor AA on the expression of
spinal CXCLI and CXCR2 induced by TBI on day 2 and 7 poster
injury. CXCLI and CXCR2 gene expression in spinal cord lumbar
area was detected by real-time PCR. Samples from 5 animals per
group were included (N =5). ¥p <0.01; **p < 0.00] comparing
TBI to TBI 4 AA; ### in comparison to TBI to control group.
The values are expressed as mean = SEM.

TBI: traumatic brain injury; AA: anacardic acid; HAT: histone
acetylation transferase.

cord after TBI and AA treatment. The data presented
in Figure 4 demonstrate that TBI caused an increase in
CXCR2 protein expression seven days after injury.
However, AA treatment significantly suppressed this
increase.

Effects of AA on pain-related mediators in
spinal cord tissue

To detect possible effects of AA on protein levels of
CXCLI1 and additional epigenetically regulated pain-
related mediators including BDNF and PDYN, we con-
ducted ELISA studies. Consistent with the mRNA
studies, the data in Figure 5 show that TBI did not ele-
vate CXCLI1 protein levels although there was a trend
toward greater abundance. Moreover, levels of BDNF
and PDYN were significantly increased on day 7 post-
TBI, but AA had no significant effects on these increases
suggesting that the analgesic effects of AA were not
through the reduction of abundance of spinal BDNF
and PDYN.

Location of CXCR2 expression in spinal cord

To identify the type of cell expressing CXCR2 in lumbar
spinal tissue, we undertook immunohistochemichal
experiments. Figure 6 presents data showing that
CXCR2 protein was primarily co-localized with the
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the effects of AA on CXCR2 expression and previous
evidence demonstrating this mechanism of epigenetic
control of CXCR2 expression in the setting of neuro-
pathic and postsurgical pain.'*'® To accomplish this, we
employed ChIP analysis of the CXCR2 gene promoter
association with acetylated histone H3 (Ac-H3K9) in
spinal cord tissue. The ChIP assay revealed a significantly
enhanced association of Ac-H3K9 with the promoter
region of CXCR2 seven days after TBI (Figure 7).
However, the treatment of animals with AA to block
HAT activity significantly suppressed this enhancement
consistent with AA reducing TBI-enhanced CXCR2 by
blocking spinal histone acetylation.

Epigenetic gene expression in spinal cord tissue

We used an epigenetic chromatin modification enzymes
array to determine if there were alterations in the expres-
sion of genes coding for epigenetic enzymes in spinal
cord tissue. This PCR array profiles the expression of
84 key genes encoding enzymes known or predicted to
modify genomic DNA and histone conformation

Figure 5. Alteration of BDNF, CXCLI, and prodynorphin in
contralateral lumbar spinal cord after TBI. Protein levels of (a) brain-
derived neurotrophic factor (BDNF), (b) C-X-C Motif Chemokine
Ligand 1(CXCLI), and (c) prodynorphin seven days after TBI inju-
ries. Animals were treated with vehicle or AA as described in
Materials and Methods. The values are displayed as mean = SEM
with pg/mg protein), N = 6. *p < 0.05, *p < 0.0 comparison of
TBIl-sham groups with TBI+ vehicle, TBI 4+ AA group.

TBI: traumatic brain injury; AA: anacardic acid; BDNF: brain-derived
neurotrophic factor.

and therefore gene expression. They include DNA
methyltransferases, histone cetyltransferases, histone
methyltransferases SET domain proteins, histone phos-
phorylation, histone ubiquitination, histoned, DNA, and
histone demethylases. We used 1.5-fold alteration as an
initial threshold to identify two genes involved in histone
acetylaton (Ciita and Crebbp), one involved in histone
phosphorylation (Aurkb), one involved in histone ubi-
quitination (Rnf20), and one DNA methyltransferase
(Dnmt3Db) as displayed in Table 1, and the heat map of
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Figure 6. Spinal CXCR2 immunohistochemistry. Double staining for CXCR?2 (a) and NeuN markers (b) demonstrates strong association
with CXCR2 in neuronal cells (c) in the contralateral side of spinal cord lumbar dorsal horn at day 2 after TBI. Arrows showed double

positive cells. Scale bar =20 um.
TBI: traumatic brain injury.
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Figure 7. Changes of CXCR2 in promoter region histone
acetylation in contralateral spinal cord tissue after TBI and TBI
with AA treatment detected using a ChlP assay and real-time PCR.
Data are presented as the means + SEM. **p < 0.01; N =4.

TBI: traumatic brain injury; AA: anacardic acid.

these genes in Figure 8(a) and (b). Confirmatory PCR
studies demonstrated the increased expression of Ciita
and Aurkb and decreased expression of DNMT3b and
Rnf20 at seven days post-TBI.

Discussion

TBI affects individuals of all ages and constitutes a major
injury-related healthcare issue. Approximately two mil-
lion people in the United States suffer TBI each year with
the majority being mild in character and not requiring
hospitalization or extensive rehabilitative therapy.>
The recent recognition of the high prevalence of TBI in
athletes and military service members has focused atten-
tion on the long-term consequences of TBI. Cognitive
and psychological changes are commonly associated

with TBI, but chronic pain in the forms of headaches,
back pain, limb pain is gaining recognition as well.>*
This TBI-related pain contributes to long-term disability
and suffering. The very high prevalence of pain in those
with polytrauma involving TBI and additional injuries
also suggests that TBI might alter pain signaling mech-
anisms.>**> Even those with mild injuries are not
immune from pain-related sequalae, and, regrettably,
there are no specific treatments for TBI-related pain.®
A key problem in advancing our ability to treat
TBI-related pain is our lack of understanding of
TBI-related pain mechanisms. In these studies, we used
a rat fluid percussion model of TBI to explore the
enhancement of nociceptive signaling transmission at a
central nervous system site distant from but in neural
continuity with the brain, namely the spinal cord.
Our data suggest that epigenetically upregulated spinal
chemokine signaling supports nociceptive sensitization in
rats after TBI. Conceivably, similar mechanisms may
increase the prevalence or severity of pain after TBI
in humans.

Many mechanisms may contribute to persistent
pain after TBI in humans and prolonged nociceptive sen-
sitization in our rat model. These mechanisms include
damage to ascending sensory pathways including the
spinothalamic tract and thalamus, neuroplastic changes
in pain-related cortical areas including the sensory and
motor cortices, and the dysregulation or interruption of
descending pain modulatory mechanisms. The latter
descending mechanisms seem especially likely to be
linked to our observations as they functionally connect
the TBI-vulnerable midbrain and brainstem regions to
the spinal cord sensory processing circuits where we
observed enhanced expression of CXCR?2 receptors and
epigenetic changes in gene expression. The periaqueduc-
tal gray matter (PAG), locus coeruleus,>® and rostral
ventromedial medulla are three such centers involved in
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Figure 8. The expressions of genes involved in epigenetic pro-
cesses were screened in spinal cord lumbar tissue using a PCR
array. (a) Heat maps of gene expression in spinal cord two and
seven days after TBI; (b) Candidate genes with expression changed
at least |.5-fold in the PCR array experiment were validated by
real-time qPCR. Data are presented as the means + SEM. * < 0.05;
*p <0.01; N=4.

TBI: traumatic brain injury.

regulating spinal nociceptive signal processing through
descending fibers.>” Recently provided reports show
that deficient descending inhibitory tone can support
TBI-related and other forms of headache.*®* Patients
with headaches post-TBI had diminished responses in
conditioned pain modulation testing, an assay of des-
cending control efficiency.’* Additional experiments
using a closed-head model of TBI provided data suggest-
ing that descending control from the locus coeruleus and

possibly other brain structures was diminished in these
animals.*® Finally, MRI scans of TBI patients provide
evidence of dysregulation of the PAG, and these changes
were observed to be proportional to the pain experienced
by the individual patients.*!*?

While we did not directly study descending modula-
tory tracts, we did examine the consequences of TBI on
spinal dorsal horn epigenetic gene regulation. Epigenetic
mechanisms were of particular interest as the nocicep-
tion-related changes in the rat TBI model we employed
persisted for weeks, and the pain syndromes experienced
by TBI patients can be very chronic. Epigenetic mechan-
isms are particularly strongly associated with persistent
changes in cell functions. They include DNA methyla-
tion and covalent changes in histone proteins.
Chromatin acetylation plays pivotal roles in chronic
pain. Here, we chose to begin by studying the effects of
a HAT inhibitor as recent data from our laboratory
demonstrated that the levels of acetylated H3K9 histone
protein were elevated after TBI in dorsal horn neurons.*?
Furthermore, we showed in the same group of experi-
ments that drugs that blocked the deacetylation of
histones greatly prolonged nociceptive sensitization in
this rat model. In the present study, the HAT inhibitor
AA very efficaciously blocked sensitization if adminis-
tered systemically beginning soon after TBI, and could
even reverse established sensitization if given a week
after TBI although the latter effects took a few days to
reach maximal levels. Importantly, our nociceptive meas-
urements were made approximately 23 h from the time of
the previous AA injections suggesting that long-lived
epigenetic rather than short-term non-specific pharmaco-
logical factors were operative. However, our systemic
administration experiments do not exclude non-spinal
sites as targets for AA or HAT inhibition. In addition,
the AA treatments affected the CXCR2 mRNA levels
and reduced the association of acetylated H3K9 histone
protein with the promoter of the CXCR2 gene as
hypothesized. TBI-enhanced levels of BDNF and
PDYN were not altered by AA suggesting that their
expression is regulated by other mechanisms after TBI.
Thus, TBI-induced effects on spinal cord functions may
involve a number of mechanisms.

We did attempt to determine whether changes in the
expression of genes involved in epigenetic regulation
were present or changed in spinal tissue after TBI.
Our array studies targeted 84 such genes, and in general,
only very small differences were observed. The two genes
achieving statistically significant expression increases
were Aurkb (aurora B kinase) and Ciita (class II major
histocompatibility complex transactivator). While
neither gene product appears to have direct histone
acetylase or deacetylase activities, Ciita has been shown
to interact with CBP/P300 to regulate histone acetylation
levels and, consequently, gene expression.*’ Somewhat



10

Molecular Pain

arguing against a role for Ciita in spinal tissue after TBI
is the increase in expression only at day 7 after injury,
while CXCR2 expression is upregulated as early as day
2. In addition, DNA Methyltransferase 3 Beta
(DNMT3b) was significantly reduced in the spinal cord
after TBI. DNMT3b is an important element in epigen-
etic methylation changes. DNA methylation is an
epigenetic modification associated with transcriptional
repression of promoters. Therefore, deduction of
DNMT3b expression may enhance the gene expression
in spinal tissue after TBI, although we did not seek to
identify target genes.

Our studies focused on CXCR?2 receptor signaling for
a number of reasons. First, spinal populations of this
receptor have been shown to mediate nociceptive sensi-
tization in models of neuropathic pain,** inflammation,*
incisional pain,'® and opioid-induced hyperalgesia.*® The
pain-related upregulation of the CXCR2 receptor has
been shown to rely on changes in histone acetylation.'®
In addition, CXCR2 has been noted to be upregulated in
the brains of animals after experimental TBI,' 2!
although our report appears to be the first to show upre-
gulation at a distant site. The present work demonstrated
not only that the systemic injection of a highly selective
CXCR2 antagonist provided profound analgesia sus-
tained over days of treatment, but that the selective
lumbar spinal intrathecal administration of this drug
was analgesic while vehicle had no effect. These observa-
tions suggest that spinal CXCR?2 receptors are involved
in nociceptive sensitization after TBI. Our immunohisto-
chemical studies demonstrated that the majority of
spinal CXCR?2 receptors are located on dorsal horn neu-
rons again consistent with previous reports'®!” though
the regulation of CXCR2 expression and actions of the
CXCR2 antagonist may also occur in non-neuronal cell
populations expressing CXCR2, which appear to be lim-
ited in number. Additional studies did not, however,
identify elevated levels of CXCLlin homogenates of
spinal cord tissue as has been shown after peripheral
injury.'® While it is perhaps not necessary for there to
be a profound change in ligand expression to achieve
nociceptive sensitization, it might also be the case that
only small numbers of cells, for example, astrocytes,
have an enhanced expression of CXCLI,"*>*7 or that
other CXCR?2 ligands, for example, CXCL2, CXLC3,
and CXCL4 are service to stimulate the CXCR2
receptor.*®

In summary, pain is often experienced in TBI patients
including in areas remote from the site of injury. We
have little information suggesting why this occurs, or
how we might rationally approach the treatment of
these individuals. Our animal model demonstrates that
epigenetically modulated neurochemical changes occur
in spinal cord tissue after TBI perhaps due to damage
to descending neural systems. CXCR2 contributes to

nociceptive sensitization after TBI, which is associated
with epigenetic regulation of chromatin DNA acetyl-
ation. The observation that the selective CXCR2 antag-
onist SCH527123 potently reverses sensitization after
TBI suggests that we may be able to use this or similar
compounds to control pain after TBI.
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