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Abstract

The high comorbidity rates of posttraumatic stress disorder and chronic pain have been widely reported, but the underlying
mechanisms remain unclear. Emerging evidence suggested that an excess of inflammatory immune activities in the hippocampus
involved in the progression of both posttraumatic stress disorder and chronic pain. Considering that microglia are substrates
underlying the initiation and propagation of the neuroimmune response, we hypothesized that stress-induced activation of
hippocampal microglia may contribute to the pathogenesis of posttraumatic stress disorder-pain comorbidity. Ve showed that
rats exposed to single prolonged stress, an established posttraumatic stress disorder model, exhibited persistent mechanical
allodynia and anxiety-like behavior, which were accompanied by increased activation of microglia and secretion of
pro-inflammatory cytokines in the hippocampus. Correlation analyses showed that hippocampal activation of microglia was
significantly correlated with mechanical allodynia and anxiety-like behavior. Our data also showed that both intraperitoneal and
intra-hippocampal injection of minocycline suppressed single prolonged stress-induced microglia activation and inflammatory
cytokines accumulation in the hippocampus, and attenuated both single prolonged stress-induced mechanical allodynia and
anxiety-like behavior. Taken together, the present study suggests that stress-induced microglia activation in the hippocampus
may serve as a critical mechanistic link in the comorbid relationship between posttraumatic stress disorder and chronic pain.
The novel concept introduces the possibility of cotreating chronic pain and posttraumatic stress disorder.
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animal model of PTSD, rats exhibited elevated
pro-inflammatory cytokines in the hippocampus,'® a brain
region critically involved in the pathophysiology of PTSD.'!
Further study showed that the changes of pro-inflammatory
cytokines in the hippocampus paralleled PTSD-like behav-
jors.!” Moreover, as one of the central components of
limbic system, the hippocampus is also implicated in both
the processing and modification of nociceptive stimuli.'* '
Inflammatory response in the hippocampus is considered to
facilitate the perception of pain.'® Elevated levels of hippo-
campal cytokines including interleukin-1f (IL-1B) and IL-6
were observed in rodents with neuropathic pain.'”'®
Decreasing hippocampal tumor necrosis factor (TNF) by
nanomedicine was reported to reduce the neuropathic pain-
like behavior."” Further study indicated that increasing
TNF levels solely in the rat hippocampus produced persist-
ent pain-like symptoms.*” Since accumulated pro-inflamma-
tory cytokines in the hippocampus have been implicated in
the pathophysiology of both pain and PTSD, it is assumed
that stress-induced neuroinflammation within the hippo-
campus may be a contributor to the pathogenesis of
PTSD-pain comorbidity.

In the CNS, microglia are the major source of pro-
inflammatory cytokines and have been considered as the
substrates underlying the initiation and propagation of
the neuroimmune response.”! Under pathological or
stress conditions, microglia are the vanguard to respond
to the injury or stimulus.** Through propagation of
inflammatory signaling, microglia can directly alter neu-
roplasticity after stress™ and mediate the pathophysi-
ology of neuropsychiatric disorders.”* 2 Although
microglia activation has been implicated in the progres-
sion of various stress-related disorders, there is no
research investigating whether pro-inflammatory activa-
tion of microglia underlies the shared neurobiology of
comorbid PTSD and chronic pain.

Single prolonged stress (SPS) is an established animal
model of PTSD that has recently been reported to induce
pain-like behavior, which provided a reliable preclinical
model to investigate the mechanism of PTSD-pain
comorbidity.?” In this study, we used the rat model of
PTSD (SPS) to test the hypothesis that stress-induced
activation of hippocampal microglia may underlie the
shared neurobiology of comorbid PTSD and chronic
pain. The study would provide a novel perspective that
targeting this key biological pathway may introduce the
possibility of cotreating chronic pain and PTSD.

Materials and methods

Experimental animals

Adult male Sprague-Dawley rats (180-200g, obtained
from the Laboratory Animal Center of Nanjing Drum
Tower Hospital) were used in this study. The rats were
pair-housed in a vivarium where they were allowed to get

food and water ad libitum. The temperature of the viv-
arium was set to 21 £ 1°C, and the interval of dark/light
cycles was set to 12 h. All experimental procedures were
conducted under the approval of the Animal Care and
Use Committee at Nanjing Drum Tower Hospital and in
accordance with the ethical guidelines for the use of
experimental animals.”®

Drug preparation

Minocycline hydrochloride (Sigma—Aldrich, St. Louis,
USA), an inhibitor of microglial activation, was dis-
solved in 0.9% sterile, isotonic saline. The drug was pre-
pared with a dosage of 30 mg/kg in a volume of 1.5ml
for intraperitoneal injection and with a dosage of 10 pg
in a volume of 0.5ul for intra-hippocampal injection.
The dosage of minocycline was chosen referring to pre-
vious studies?® 3! and based on our preliminary experi-
ment. Meanwhile, a same volume of isotonic saline was
used for vehicle treatment.

SPS procedure

The SPS procedure was carried out as previously
described by Liberzon et al.*® Briefly, rats were
restrained for 2h inside a plastic animal holder, and
then they were forced to swim for 20 min individually
in an acrylic water tank (height 60 cm, diameter 25cm)
that was filled with clean water (24°C) of two-thirds of its
height. After swimming, the rats were allowed to rest for
15min, followed by inhalation of anesthetic ether until
they lost consciousness. Meanwhile, control rats were
maintained in an adjacent room without any treatment.

Stereotaxic surgery and intra-hippocampal injection

Rats were anesthetized intraperitoneally with 10%
chloral hydrate (250 mg/kg) and placed in a stereotaxic
apparatus with a flat skull position. Two holes were
drilled through the skull for the implantation of bilateral
stainless steel guide cannulas (22 gauge) targeting the
hippocampus (coordinates relative to bregma: A/P
—2.8mm, L/R+2.0mm, D/V —2.6mm).>*** Cannulas
were secured to the skull with stainless steel screws and
dental cement. Each rat was allowed to recover for six
days before the experiment.

Intra-hippocampal injections were performed by
means of an internal cannula (27 gauge), terminating
1 mm below the tip of the guides and connected by poly-
ethylene tubing to a 0.5-ul Hamilton syringe. The rats
received bilateral injection of 0.25 ul of either vehicle or
minocycline (20 pg/pl) over a 60s period (a total volume
of 0.5 ul per rat).*' After injection, the inner cannula was
left in place for an additional 60s to allow diffusion of
the solution and to reduce the possibility of reflux.
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Experimental design

Experiment 1. Sixteen rats were randomly divided into
two groups (n = 8): group control (rats without any treat-
ment) and group SPS (rats underwent an SPS proced-
ure). Pain behavioral tests were performed on the day
before (baseline) and on days 1, 2, 3, 5, and 7 after
SPS. Anxiety-like behavior was tested in the elevated
plus maze (EPM) on day 7 after SPS. After the last
behavioral testing, the brain samples of rats were col-
lected either for immunohistochemistry (n=3) or for
enzyme-linked immuno sorbent assay (ELISA) and
Western blot analysis (n=75).

Experiment 2. Thirty-two rats were randomly divided into
four groups (n=38): group control+ vehicle i.p. (rats
were administered vehicle); group SPS+ vehicle i.p.
(rats were administered vehicle and underwent an SPS
procedure); group control + minocycline i.p. (rats were
administered  minocycline  hydrochloride);  group
SPS + minocycline i.p. (rats were administered minocyc-
line hydrochloride and underwent an SPS procedure).
Minocycline hydrochloride (i.p. 30mg/kg) or vehicle
was injected once daily for eight days (at 30 min before
and on days 1-7 after SPS). Pain behavioral tests were
performed on the day before (baseline) and on days 1, 2,
3, 5, 7 after SPS. Anxiety-like behavior was tested in the
EPM on day 7 after SPS. After the last behavioral test-
ing, the brain samples of rats were collected either for
Immunohistochemistry (n=3) or for ELISA and
Western blot analysis (n=15).

Experiment 3. Thirty-two rats were randomly divided into
four groups (n = 8): group control + vehicle IH (rats were
intra-hippocampally administered vehicle); group
SPS + vehicle IH (rats were intra-hippocampally admin-
istered vehicle and underwent an SPS procedure); group
control + minocycline IH (rats were intra-hippocampally
administered  minocycline  hydrochloride);  group
SPS + minocycline TH (rats were intra-hippocampally
administered minocycline hydrochloride and underwent
an SPS procedure). All the rats underwent a stereotaxic
surgery to implant cannulas into the hippocampus. On
the day after SPS, vehicle or minocycline hydrochloride
(10 pg) was injected into the hippocampus of rats via the
cannulas. Pain behavioral tests were performed at 1h
before and at 1, 2, 4, 8, 12h after intra-hippocampal
injection. Another 32 rats were randomly divided into
four groups in the same way (i.e. group control 4 vehicle
IH, group SPS+ vehicle TH, group control + minocyc-
line IH, and group SPS+minocycline IH; n=3).
Anxiety-like behavior was tested in the EPM at 2h
after intra-hippocampal injection, and the brain samples
of rats were collected immediately after the behavioral
testing for ELISA and Western blot analysis (n=15).

Pain sensitivity tests

In this study, we examined the changes of nociceptive
responses to mechanical stimuli after SPS with an elec-
tronic von Frey Anaesthesiometer (IITC, Woodland
Hills, USA). Before each test, rats were placed in trans-
parent Plexiglas compartments (length 20cm, width
25 cm, height 15cm) individually for 30 min to be habi-
tuated. The compartments were on a metal mesh floor,
which allowed the tip of anaesthesiometer to stimulate
the mid-plantar aspect of the right hind paw. The test
was repeated five times and the interval between each
stimulation was at least 10min. The paw withdrawal
mechanical threshold (PWMT) was recorded as the tol-
erance level in grams, and the mean PWMT of each hind
paw was calculated by averaging the latter three tests.
The data of PWMT were also expressed as hyperalgesic
index, which was represented by the area under the curve
(i.e. percent change from baseline x day), to define the
magnitude of hyperalgesia.®”

EPM test

The EPM was utilized to determine anxiety-like behav-
ior,*® a hallmark of PTSD phenotype. The EPM appar-
atus consists of two opposed open arms (60 cm x 10 cm)
and two opposed closed arms (60cm x 10cm x 40 cm)
with 40-cm-high opaque walls on sides. The four arms
are crossed at right angle and delimit a central area of
10cm? where the arms cross. The maze was elevated
40cm above the floor and placed in a room with dim
light. Each rat was placed on the central platform
facing an open arm at the start of testing. The behavior
was recorded with a video camera for Smin and ana-
lyzed by an investigator who was blind to treatment
conditions. The following behavioral parameters
were calculated: number of entries into open and
closed arms, duration of exploration in open and
closed arms, and total arm entries and total time on
all arms. Arm entry was defined as placing all four
paws in the arm. Percentage (%) of open-arm entries
was calculated as percentage of open-arm entries to the
total arm entries. Percentage (%) of time spent on open
arms was defined as percentage (%) of time on open
arms in reference to total time on all arms. Anxiety
index was also calculated as previously reported:
I —[(time spent in open arm/total time on the maze)/
2+ (number of entries to the open arms/total explor-
ation on the maze)/2].>’

Immunohistochemistry

Rats were transcardially perfused with heparinized
normal saline under deep anesthesia by intraperitoneal
injection of pentobarbital sodium (150 mg/kg) and then
the rats were fixed by perfusion fixative (i.e. 4%
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paraformaldehyde dissolved in 0.1 M phosphate buffer).
Whole brains were quickly removed, post-fixed in the
same fixative for 24h, and then paraffin embedded.
The prepared tissues were cut transversely into 5-pm-
thick sections using a microtome and mounted on glass
slides. The sections were deparaffinized in xylenes and
rehydrated in alcohols. Antigen retrieval procedure was
conducted by boiling the sections in citrate buffer (pH 6)
for 10min. Sections were treated with in 3% H,0,/
methanol for 15min to eliminate endogenous peroxid-
ase. After washed with phosphate buffer solution
(PBS), the sections were blocked with 10% rabbit
serum for 30 min at room temperature, and then they
were incubated in PBS containing the primary antibody
against Ibal (1:2000; Abcam, Cambridge, UK) overnight
at 4°C. The brain sections were washed in PBS and then
incubated with HRP-labeled rabbit anti-goat IgG sec-
ondary antibody (1:250; Abcam, Cambridge, UK) for
2h at room temperature. For visualization, an ABC kit
and a DAB peroxidase substrate kit were used. The sec-
tion was then counterstained with haematoxylin and cov-
erslipped. Images were captured using a light
microscope.

Glial activation was quantified by counting the num-
bers of immunoreaction-positive cells. For each group,
10 sections of lumbar spinal cord from three rats were
randomly selected for cell counting. With Image J soft-
ware (NIH, Washington, USA) being used, we manually
counted the number of Ibal-positive cell bodies in the
hippocampus.*®

Western blotting

The brain tissues of rats were removed after anesthesia.
The hippocampus was dissected and then weighed and
homogenized in lysis buffer. After centrifugation of the
tissue homogenates at 12,000 r/min for 20 min at 4°C, the
supernatants were collected. Protein concentration of
each supernatant was determined using the bicinchoni-
nine acid assay method. Protein samples were separated
on sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and then transferred onto a polyvinylidene
fluoride membrane (Millipore, Billerica, MA, USA).
The filter membranes were blocked with 5% non-fat
milk for 1h at room temperature and incubated with
the primary antibody against Ibal (1:500; Abcam,
Cambridge, UK) for a night at 4°C. After washed with
Tris-buffered saline with Tween 20 buffer, the mem-
branes were incubated with the rabbit anti-goat IgG sec-
ondary antibody (1:5000; Abcam, Cambridge, UK) for
2h at room temperature. The protein bands were visua-
lized in enhanced chemiluminescence solution for 1 min
and exposed to hyperfilms (Amersham Biosciences,
Piscataway, NJ, USA) for 1 to 10 min. B-actin (1:1000;
Abcam, Cambridge, UK) was used as the loading and

blotting control. The gray value of each band was mea-
sured with a computer-assisted imaging analysis system
(IPLab software, Scanalytics, Fairfax, VA, USA) and
quantified by NIH Image] software (Bethesda, MD,
USA).

ELISA

The concentrations of IL-1p and TNF-a in supernatants
of tissue homogenates were analyzed using ELISA kits
(Senbeijia, Nanjing, China) according to the manufac-
turer’s instructions. Hippocampal cytokine levels were
expressed in pg/mg wet tissue.

Statistical analysis

All data were expressed as the mean 4 standard deviation
(SD). A repeated measures analysis of variance (ANOVA)
followed by the Bonferroni post hoc test was performed to
assess the changes of PWMT over time. For the data of
hyperalgesic index and data from EPM testing, immuno-
histochemistry, Western blot, and ELISA experiments, a
two-tailed Student’s ¢ test (in Experiment 1) or a two-way
ANOVA with the Bonferroni post hoc test (in
Experiments 2 and 3) was used to compare the differences
between/among groups. Correlation between mechanical
allodynia, anxiety index, and microglia activation was
analyzed by Pearson’s coefficients. The statistical analysis
was conducted using SPSS 19.0 software (IBM, Armonk,
USA), and a P value < 0.05 was used as the criterion of
significance.

Results

SPS exposure produced persistent mechanical
allodynia and anxiety-like behavior

Changes of pain sensitivity after SPS exposure were
determined by measuring PWMTs on the day before
SPS (baseline) and on days 1, 2, 3, 5, 7 after SPS. The
PWMTs at baseline were similar in rats of group control
and group SPS (P>0.05, n=8 for each group,
Figure 1(a)). However, decreased PWMTs were exhib-
ited in SPS-exposed rats on day 1 after SPS compared
to control rats, and the allodynia was sustained for at
least seven days (P <0.001, n=8 for each group,
Figure 1(a)). Moreover, SPS-exposed rats also showed
higher hyperalgesic index (P <0.001, n=8 for each
group, Figure 1(b)). The results indicated that SPS
exposure produced persistent mechanical allodynia.
Anxiety-like behavior was tested in the EPM on day 7
after SPS. SPS-exposed rats showed lower open-arm
exploration (P <0.001, »n=8 for each group,
Figure 1(c) and (d)) and higher anxiety index
(P<0.001, n=8 for each group, Figure 1(e)), which
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Figure 1. Single prolonged stress (SPS) exposure induced mechanical allodynia and anxiety-like behavior. (a) Changes of pain sensitivity
after SPS exposure were determined by measuring PWMT on the day before SPS (baseline) and on days 1, 2, 3, 5, 7 after SPS. (b) The data
of PWMT were also expressed as the hyperalgesic index. Anxiety-like behavior was tested in the EPM on day 7 after SPS. Percentage (%) of
open-arm entries (c) and time spent in the open arms (d) as well as anxiety index (e) were calculated. (f) Correlation analysis between
PWMT and anxiety index on day 7 was conducted. Data were expressed as the mean = standard deviation; n=8 in each group.

P < 0.001 compared with control group.
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suggested anxiety-like behavior was induced after SPS
exposure.

Correlation analysis between mechanical allodynia
and anxiety-like behavior was conducted. The results
revealed that there was a significant correlation between
the PWMT and the anxiety index on day 7 (P <0.001,
n=2_8 for each group, Pearson’s correlation coefficient
(r)=-0.921) (Figure 1(f)).

SPS induced activation of microglia and accumulation
of pro-inflammatory cytokines in the hippocampus

After the last behavioral testing, the brain samples of
rats were collected for further determination of microglia
activation and pro-inflammatory cytokines levels.

Immunohistochemistry was used to visualize the mor-
phological changes of microglia after SPS exposure.
Figure 2(b) illustrates the representative micrographs of
immunostaining for Ibal in the CAl and CA3 regions of
rat hippocampus in each group. The number of positive
stained cells of Ibal was quantified and summarized in
Figure 2(c). As it shows, SPS-exposed rats presented an
increased expression of activated microglia in the hippo-
campus (P <0.001, n=10 sections of three rats for each
group). The Western blot data further confirmed the
results. Compared with control rats, stressed rats pre-
sented significantly higher Ibal levels in the hippocam-
pus (P <0.001, n=>5 for each group, Figure 2(d)).

The hippocampal levels of pro-inflammatory cyto-
kines, including IL-1p and TNF-a, were determined by
ELISA. Coincident with the changes of hippocampal
microglia activation, SPS-exposed rats showed a signifi-
cant increase in the levels of IL-1P (P <0.01, n=>5 for
each group, Figure 2(e)) and TNF-a (P <0.01, n=>5 for
each group, Figure 2(f)) in the hippocampus compared
with control rats. Together, the above-mentioned results
indicated that SPS exposure induced morphological and
functional activation of hippocampal microglia.

We further conducted correlation analyses on the
relationship between hippocampal activation of micro-
glia and mechanical allodynia as well as anxiety-like
behavior. The results showed that the Ibal expression
level was negatively correlated with the PWMT
(P <0.001, Pearson’s correlation coefficient
(r)=—0.894, n=>5 for each group, Figure 2(g)) but posi-
tively correlated with the anxiety index (P <0.001,
Pearson’s correlation coefficient (r)=0.916, n=35 for
each group, Figure 2(h)) on day 7.

Intraperitoneal injection of minocycline attenuated
SPS-induced mechanical allodynia and anxiety-like
behavior

To further confirm the role of hippocampal activation of
microglia in the pathogenesis of PTSD-pain

comorbidity, minocycline was used to inhibit microglia
in the following experiment. Minocycline hydrochloride
(i.p- 30 mg/kg) or vehicle was injected once daily for eight
days (at 30min before and on days 1-7 after SPS) to
control and SPS-exposed rats.

PWMTs were measured at various time points (base-
line and days 1, 2, 3, 5, 7 after SPS). Compared to vehi-
cle, minocycline (i.p.) exerted anti-hyperalgesic effects as
early as 1day after SPS (P <0.05, n=38 for each group,
Figure 3(a)), and the effects lasted for seven days until
totally blocked the mechanical allodynia induced by SPS
(Figure 3(a)). Minocycline also decreased the hyperalge-
sic index in SPS-exposed rats (P <0.01, n=_8 for each
group, Figure 3(b)). However, minocycline had no effect
on pain behaviors in control rats (P > 0.05, n =8 for each
group, Figure 3(a) and (b)).

Anxiety-like behavior was tested in the EPM on day 7
after SPS. Compared with vehicle, minocycline (i.p.)
resulted in higher open-arm exploration (P <0.001 for
percentage of open-arm entries and P < 0.05 for percent-
age of time in open arms, n = 8 for each group, Figure 3(c)
and (d)) and lower anxiety index (P < 0.001, n =8 for each
group, Figure 3(e)) in SPS-exposed rats. The above data
indicated that minocycline (i.p.) attenuated both SPS-
induced mechanical allodynia and anxiety-like behavior.

The anti-hyperalgesic and anxiolytic effects of mino-
cycline were achieved by suppression of SPS-induced
microglia activation and pro-inflammatory cytokines

accumulation in the hippocampus

The brain samples of rats were collected after the last
behavioral testing on day 7 after SPS.

The morphological changes of microglia were visua-
lized by immunohistochemistry. Figure 4(a) illustrates
the representative micrographs of immunostaining for
Ibal in the CA1 and CA3 regions of rat hippocampus
in each group. The number of positive stained cells of
Ibal was quantified and summarized in Figure 4(b). As it
shows, minocycline (i.p.) suppressed the elevated activa-
tion of hippocampal microglia induced by SPS
(P<0.001, n=10 sections of three rats for each
group). The Western blot data further showed that
minocycline decreased the Ibal levels in the hippocam-
pus of SPS-exposed rats (P <0.001, n=>5 for each group,
Figure 4(c)). However, minocycline (i.p.) had no effect
on Ibal expression in control rats (P> 0.05, n=>5 for
each group, Figure 4 (b) and (c)).

Minocycline also suppressed the elevated accumula-
tion of pro-inflammatory cytokines in the hippocampus
induced by SPS. The levels of hippocampal IL-1p and
TNF-a were determined by ELISA. Compared to vehi-
cle, minocycline (i.p.) decreased the hippocampal levels
of IL-1B (P < 0.05, n=>5 for each group, Figure 4(d)) and
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Figure 2. Single prolonged stress (SPS) induced activation of microglia and accumulation of pro-inflammatory cytokines in the hippo-

campus. After the last behavioral testing on day 7 after SPS, the brain samples of rats were collected. Hippocampal microglia were visualized
using Immunohistochemistry, and images were captured under a light microscope. (a) The location of image capture.34 (b) The images were
captured in the CAl and CA3 regions of the hippocampus. (c) The number of Ibal-positive cell bodies was counted using Image] software
(n= 10 sections of three rats for each group). (d) Ibal protein levels in the hippocampus were measured using Western blot analysis, and

hippocampal levels of IL-1B (e) and TNF-o (f) were measured using

enzyme-linked immuno sorbent assay analysis (n=15 in each group).

Correlation analysis between hippocampal |bal expression level and PWMT (g) as well as anxiety index (h) on day 7 was conducted (n=5
in each group). Data were expressed as the mean =+ standard deviation. **P < 0.01, ***P < 0.00] compared with control group.

TNF-a (P <0.01, n=35 for each group, Figure 4(e)) in
SPS-exposed rats, but had no effects on control rats
(P>0.05, n=5 for each group, Figure 4(d) and (e)).
Together, the above data suggested that the anti-hyper-
algesic and anxiolytic effects of minocycline (i.p.) were
achieved by suppression of SPS-induced microglia acti-
vation and pro-inflammatory cytokines accumulation in
the hippocampus

Intra-hippocampal injection of minocycline suppressed
SPS-induced microglia activation and pro-inflamma-
tory cytokines accumulation and attenuated
SPS-induced mechanical allodynia and

anxiety-like behavior

Minocycline (10 pg) or vehicle was intra-hippocampally
injected to rats on the day after SPS. PWMTs were
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Figure 3. Intraperitoneal (i.p.) injection of minocycline attenuated single prolonged stress (SPS)-induced mechanical allodynia and
anxiety-like behavior. (a) Pain sensitivity was determined by measuring paw withdrawal mechanical threshold (PWMT) on the day before
SPS (baseline) and on days |, 2, 3, 5, 7 after SPS. (b) The data of PWMT was also expressed as the hyperalgesic index. Anxiety-like behavior
was tested in the EPM on day 7 after SPS. Percentage (%) of open-arm entries (c) and time spent in the open arms (d) as well as anxiety
index (e) were calculated. Data were expressed as the mean =+ standard deviation; n =8 in each group. *P < 0.05, **P < 0.01, **P < 0.001
compared with group control + vehicle i.p.; #P < 0.05, P < 0.01, ##P < 0.001 compared with group SPS 4+ vehicle i.p.

measured at 1 h before and at 1, 2, 4, 8, 12h after injec-
tion. Compared to vehicle, local injection of minocycline
exerted anti-hyperalgesic effects at 1h after injection
(P <0.05, n=8 for each group, Figure 5(a)), up to a
maximal effect at 2h after treatment (P <0.01, n=38
for each group, Figure 5(a)). A second cohort of rats
received hippocampal minocycline 2h before they were
tested in the EPM on the day after SPS. Compared with
vehicle, local injection of minocycline resulted in higher
open-arm exploration (P < 0.001 for percentage of open-
arm entries and P <0.01 for percentage of time in open
arms, n=_8 for each group, Figure 5(b) and (c)) and
lower anxiety index (P <0.001, n=28 for each group,
Figure 5(d)) in SPS-exposed rats. These data indicated
that intra-hippocampal minocycline attenuated both
mechanical allodynia and anxiety-like behavior induced
by SPS.

The brain samples of rats were collected after the
EPM testing on the day after SPS. Hippocampal levels

of Ibal and pro-inflammatory cytokines were deter-
mined using Western blot and ELISA analysis, respect-
ively. Compared with vehicle, local injection of
minocycline decreased the hippocampal levels of Ibal
(P<0.001, n=5 for each group, Figure 5(e)), IL-1B
(P<0.001, n=5 for each group, Figure 5(f)), and
TNF-a (P <0.01, n=>5 for each group, Figure 5(g)) in
SPS-exposed rats but had no effects in control rats.

Discussion

The comorbidity of PTSD and chronic pain was demon-
strated to negatively impact the course of both disorders.
Compared with either one disorder, co-occurrence of
PTSD and chronic pain results in more severe pain,
affective distress, and disability.**° Moreover, the
coprevalence of the two disorders is very high, with
approximately one-half to three-quarters of PTSD
patients being diagnosed with chronic pain.*”® The
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Figure 4. Intraperitoneal (i.p.) injection of minocycline suppressed hippocampal microglia activation and inflammatory cytokine accu-
mulation in rats exposed to single prolonged stress (SPS). After the last behavioral testing on day 7 after SPS, the brain samples of rats were
collected. Hippocampal microglia were visualized using immunohistochemistry. (a) The images were captured in the CAl and CA3 regions
of the hippocampus. (b) The number of Ibal-positive cell bodies was counted using Image] software (n = 10 sections of three rats for each
group). (c) Ibal protein levels in the hippocampus were measured using Western blot analysis, and hippocampal levels of IL-1B (d) and
TNF-o (e) were measured using enzyme-linked immuno sorbent assay analysis (n=>5 in each group). Data were expressed as the

mean = standard deviation. **P < 0.001 compared with group control + vehicle i.p.; #P < 0.05, *P < 0.01, *#P < 0.001 compared with
group SPS + vehicle i.p.
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Figure 5. Intra-hippocampal (IH) injection of minocycline suppressed single prolonged stress (SPS)-induced hippocampal microglia
activation and attenuated SPS-induced mechanical allodynia and anxiety-like behavior. (a) Pain sensitivity was determined by measuring paw
withdrawal mechanical threshold (PWMT) at | h before and at |, 2, 4, 8, and 12 h after IH injection on the day after SPS (n=8 in each
group). Anxiety-like behavior was tested in the EPM at 2 h after IH injection on the day after SPS. Percentage (%) of open-arm entries
(b) and time spent in the open arms (c) as well as anxiety index (d) were calculated (n =28 in each group). (e) Ibal protein levels in the
hippocampus were measured using Western blot analysis, and hippocampal levels of IL-1§ (f) and TNF-a (g) were measured using enzyme-
linked immuno sorbent assay analysis (n=1>5 in each group). Data were expressed as the mean =+ standard deviation. **P < 0.01,

#4P < 0.001 compared with group control + vehicle IH; #P < 0.05, #P < 0.01, ##P < 0.001 compared with group SPS + vehicle IH.

high rate of comorbidity between PTSD and pain sug-
gests that both disorders may underlie shared patho-
physiological processes.” However, few laboratory
studies were conducted to investigate the underlying
mechanisms. Recently, emerging evidence suggested
that inflammatory response in the CNS was involved in
the progression of both PTSD and chronic pain,'®!"#!
indicating neuroinflammation may be implicated in the
shared neurobiology of comorbid PTSD and chronic
pain. In this study, we tested whether microglia, one of
the most important immune cells in the CNS, could serve
as a critical mechanistic link in the comorbid relationship
between PTSD and chronic pain. The experiments were
conducted in a rat model of PTSD (SPS), which could
closely mimic the comorbidity of PTSD and chronic
pain. Our data revealed that SPS exposure induced
mechanical allodynia and anxiety-like behavior
that were accompanied by increased activation of micro-
glia and secretion of pro-inflammatory cytokines (i.e.
IL-1B and TNF-a) in the hippocampus. Both intraperi-
toneal and intra-hippocampal injection of minocycline,
an inhibitor of microglia activation, suppressed

SPS-induced microglial pro-inflammatory activation
and attenuated SPS-induced mechanical allodynia and
anxiety-like behavior. The results indicated that stress-
induced hippocampal activation of microglia may play a
critical role in regulating the comorbid PTSD and
chronic pain.

In the CNS, microglia are considered as the primary
responders to harmful stimuli, including insults and
stress.”? Although their responses are mainly organized
to eliminate pathogens and cellular debris,>' emerging
evidence revealed that microglia were also involved in
the shaping of neuronal networks via diverse path-
ways,*** one of which was through propagation of
inflammatory signaling.** After stress exposure, micro-
glia are activated and secrete various pro-inflammatory
cytokines, such as IL-1B and TNF-a, which promote the
inflammatory state and alter neuronal plasticity.?
Elevated neuroinflammatory signaling after stress was
reported to influence neuronal functions by inducing
neuronal hyperexcitability and altering metabolism of
neurotrophins and neurotransmitters.”>*> A growing
body of literature has demonstrated the crucial role of
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pro-inflammatory activation of microglia in mediating
neuropsychiatric disorders.>* 2 Recently, many clinical
studies suggested that PTSD was also associated with an
excess of inflammatory immune activities.*'**> Animal
studies showed that hippocampal levels of pro-inflamma-
tory cytokines were elevated in PTSD rats.'®!? A recent
study reported that minocycline was effective in prevent-
ing PTSD-like behavior in rats exposed to predator scent
stress.*® Although these studies suggested the potential
role of microglia in the pathogenesis of PTSD, the pre-
sent study further provided direct evidence that micro-
glia were morphologically and functionally activated in
the related brain regions in rats exhibiting PTSD-like
behaviors. Compared with control rats, more activated
microglia were present in the hippocampus of PTSD
rats, accompanied by elevated pro-inflammatory cyto-
kines. However, when we inhibited the microglia activa-
tion using minocycline, the pro-inflammatory cytokines
expression was suppressed and the PTSD-like behavior,
i.e. anxiety, was attenuated. Our study firstly demon-
strated the contribution of hippocampal activation of
microglia to the pathogenesis of PTSD.

The present study also showed that exposure to SPS
resulted in increased nociceptive sensitivity demonstrated
by decreased paw withdrawal thresholds to mechanical
stimuli. Indeed, many stressors were reported to be asso-
ciated with allodynia or hyperalgesia.*’ * The phenom-
enon that exposure to physical or psychological stressors
could enhance nociception and pain sensitivity was
described as stress-induced  hyperalgesia  (SIH).”
Recently, microglia-mediated neuroinflammation was
considered as a potential contributor to SIH. Our previ-
ous study has demonstrated the vital role of spinal micro-
glia activation in the progression of SIH.”' Nevertheless,
whether microglia are involved in the supraspinal mech-
anisms of SIH has rarely been studied. At supraspinal
level, the hippocampus is one of the central components
of limbic system that plays a vital role in modulating the
emotional component of pain.'* "> Studies have revealed
that inflammatory response in the hippocampus contrib-
uted to the facilitation and modulation of the hyper-
responsive pain states.'® For example, elevated levels of
cytokines including IL-1p and IL-6 were present in the
hippocampus of rodents with neuropathic pain, and the
levels of these cytokines were negatively correlated with
pain threshold.'”'® Intracerebroventricular infusion of a
TNF antibody adjacent to the hippocampus completely
alleviated neuropathic pain.>* Martuscello et al.”* showed
that increasing TNF levels solely in the rat hippocampus
produced persistent pain-like symptoms. In the present
study, we showed that SPS-induced mechanical allodynia
was also associated with accumulation of pro-inflamma-
tory cytokines in the hippocampus, which was accompa-
nied by elevated microglia activation. Inhibition of
microglia activation in the hippocampus was shown to

attenuate the SPS-induced mechanical allodynia and
exert anti-hyperalgesic effects. The results indicated that
microglia activation in the hippocampus was implicated in
the pathogenesis of SIH by facilitating pain perception via
pro-inflammatory cytokines.

Pain is an unpleasant experience that does not only
consist of the sensory component but also encompasses
the cognitive and emotional components.'> Clinically,
patients suffering from chronic pain are often diagnosed
with mood disorders, such as anxiety and depression.>
Evidence from animal studies also showed that persistent
nociception could cause anxiety- and/or depression-like
behaviors.>*>> On the other hand, such mood disorders
could also induce altered nociceptive sensitivity.'*® The
comorbid relationship between pain and affective dis-
orders suggests that there may be shared neuroanatomy
mediating these disorders.” In the present study, our
results revealed that hippocampus, a brain region critic-
ally implicated in modulating the emotional component
of pain and also particularly vulnerable to stress, might
be the shared neuroanatomy underlying comorbid PTSD
and chronic pain. In this study, we measured the anxiety-
like and pain-like behaviors on day 1 and day 7 after
SPS, the results showed that these behaviors occurred
simultaneously after SPS exposure. Further data
showed that hippocampal activation of microglia was
positively correlated with both anxiety-like and pain-
like behaviors. To confirm the role of microglia activa-
tion in the pathogenesis of PTSD-pain comorbidity,
minocycline, a microglia inhibitor, was injected intraper-
itoneally and intra-hippocampally to rats. The results
showed that suppression of microglia activation in the
hippocampus attenuated both SPS-induced mechanical
allodynia and anxiety-like behavior. These data indi-
cated that stress-induced microglia activation might
serve as a critical mechanistic link in the comorbid rela-
tionship between PTSD and chronic pain.

The present study has several limitations. First, mino-
cycline, the drug we used in the study to suppress micro-
glial activation, is non-specific. Although minocycline is
widely reported to be an inhibitor of microglial activa-
tion,”! recent studies reported that it could directly act
on other CNS cells, for example neurons,’’ and revealed
anti-inflammatory effects. The direct action on other
CNS cells of minocycline cannot be ruled out in our
study. The results, therefore, should be interpreted with
caution, and also need to be confirmed by further
researches using specific inhibitory strategy for microglia
including microglia ablation.’® Second, we did not deter-
mine whether other glial cells in the hippocampus or
microglia in other brain regions contributed to the
pathogenesis of PTSD-pain comorbidity. Further studies
are needed to address these issues. Hopefully, our find-
ings would promote more studies to explore the under-
lying mechanisms of PTSD-pain comorbidity.
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In conclusion, the present study indicated that stress-
induced microglia activation in the hippocampus may
serve as a critical mechanistic link in the comorbid rela-
tionship between PTSD and chronic pain. Although this
novel concept needs to be confirmed by further
researches, our study provides clinical implications as
the results demonstrated that inhibition of microglia
may introduce the possibility of cotreating chronic pain
and PTSD.
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