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Abstract Pain consists of sensory-discriminative and
emotional-affective components. The anterior cingulate
cortex (ACC) is a critical brain area in mediating the
affective pain. However, the molecular mechanisms
involved remain largely unknown. Our recent study
indicated that C-X-C motif chemokine 13 (CXCL13) and
its sole receptor CXCRS5 are involved in sensory sensiti-
zation in the spinal cord after spinal nerve ligation (SNL).
Whether CXCL13/CXCRS5 signaling in the ACC con-
tributes to the pathogenesis of pain-related aversion
remains unknown. Here, we showed that SNL increased
the CXCL13 level and CXCRS5 expression in the ACC after
SNL. Knockdown of CXCRS5 by microinjection of Cxcr5
shRNA into the ACC did not affect SNL-induced mechan-
ical allodynia but effectively alleviated neuropathic pain-
related place avoidance behavior. Furthermore, electro-
physiological recording from layer II-III neurons in the
ACC showed that SNL increased the frequency and
amplitude of spontaneous excitatory postsynaptic currents
(sEPSCs), decreased the EPSC paired-pulse ratio, and
increased the  o-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptor/N-methyl-D-aspartate receptor
ratio, indicating enhanced glutamatergic synaptic
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transmission. Finally, superfusion of CXCL13 onto ACC
slices increased the frequency and amplitude of sponta-
neous EPSCs. Pre-injection of Cxcr5 shRNA into the ACC
reduced the increase in glutamatergic synaptic transmission
induced by SNL. Collectively, these results suggest that
CXCL13/CXCRS signaling in the ACC is involved in
neuropathic pain-related aversion via synaptic potentiation.
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Introduction

Pain is a complex experience composed of both sensory
and affective components. Neuropathic pain caused by
peripheral nerve injury is a systemic disease that lacks
effective treatment. Clinical observations have shown that
patients with neuropathic pain suffer from both severe pain
and negative affect such as unpleasantness, aversion,
depression, and anxiety [1]. However, the neural and
molecular mechanisms of the affective component of
neuropathic pain are still unclear.

Although the neuronal pathways and brain areas
involved in the affective component of pain remain elusive,
accumulating evidence has implicated the anterior cingu-
late cortex (ACC) as a critical brain region for the
emotional processing of pain [2—6]. Neuroimaging studies
indicate that ACC activity increases during the presentation
of a noxious stimulus and during chronic pain conditions
[7, 8]. In animals, lesioning of the ACC abolishes formalin-
induced conditioned place avoidance (pain-related aver-
sion) without affecting formalin-induced spontaneous pain
behavior (pain sensation) [3, 6, 9]. Microinjection of an
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excitatory amino-acid into the ACC produces avoidance
learning in the absence of a peripheral noxious stimulus
[10]. A recent study has shown that ketamine reduces the
aversive response to noxious stimuli in rats with neuro-
pathic pain or inflammatory pain via the suppression of
neuronal hyperactivity in the ACC [11]. These reports
suggest that the ACC is involved in the affective compo-
nent of pain, but little is known about the molecular
mechanisms.

C-X-C motif chemokine 13 (CXCL13), a member of the
chemokine family (also known as B lymphocyte chemoat-
tractant) is critical for B-cell recruitment and the functional
organization of peripheral lymphoid tissue [12]. CXCL13
is also produced in actively demyelinating multiple scle-
rosis lesions, and is expressed in perivascular infiltrates and
scattered infiltrating cells in lesion parenchyma [13, 14].
CXCRS, the receptor for CXCL13, occurs on all B cells
and a subset of T cells in blood, lymphatic tissue, and
cerebrospinal fluid [13, 15]. Recent studies have demon-
strated that CXCL13 and CXCRS are expressed in the
dorsal root ganglia (DRG), trigeminal ganglion (TG), and
spinal cord, and are upregulated under chronic pain
conditions [16-18]. For example, the expression of
CXCL13 and CXCRS5 is increased in neurons of the
DRG after complete Freund’s adjuvant-induced inflamma-
tory pain [16], and in neurons of the TG after partial
infraorbital nerve ligation-induced trigeminal neuropathic
pain [17]. CXCL13 is expressed in neurons and CXCRS5 in
astrocytes in the spinal cord after spinal nerve ligation
(SNL) [18]. Also, inhibition of CXCL13/CXCRS signaling
effectively attenuates the pain hypersensitivity induced by
inflammation or nerve injury [16, 17, 19].

Accumulating evidence based on animal models of
chronic pain has indicated that maladaptive synaptic
plasticity in ACC neurons is crucial for pain-related
negative emotion [19-21]. Notably, some molecules, such
as adenylyl cyclase 1 and the enzyme protein kinase M
zeta, are involved in the glutamatergic synaptic plasticity in
different layers of the ACC under chronic pain conditions
[19, 22, 23]. However, less is known about the effect of
CXCLI13/CXCRS on the excitatory synaptic transmission
in the ACC under neuropathic pain conditions. In this
study, we examined the role of CXCL13/CXCRS in the
ACC in SNL-induced neuropathic pain and negative
emotion. We also checked the role of CXCRS in the
glutamatergic transmission of layers II-III neurons of the
ACC. Our data suggest that CXCL13/CXCRS signaling in
the ACC contributes to pain-related aversion by regulating
the synaptic transmission of ACC pyramidal neurons.
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Materials and Methods
Animals and Surgery

Adult ICR mice (male, 6 weeks—8 weeks old) were housed
under a 12:12 light—dark cycle with free access to food and
water. The animal procedures were reviewed and approved
by the Animal Care and Use Committee of Nantong
University. All experiments were performed in accordance
with the guidelines of the International Association for the
Study of Pain. SNL was performed as previously described
[18]. In brief, mice were anesthetized with isoflurane and
the L6 transverse process was removed to expose the L4
and L5 spinal nerves. The L5 spinal nerve was then
isolated and tightly ligated with 6-0 silk. In the sham
operation, the L5 spinal nerve was isolated but not ligated.

Real-Time Quantitative PCR (qPCR)

The bilateral ACC was dissected from mice after perfusion
with phosphate-buffered saline (PBS). Total RNA extrac-
tion, reverse transcription, and qPCR analysis were per-
formed as previously described [25]. The following
primers were used: Cxcll3 forward, 5'-GGC CAC GGT
ATT CTG GAA GC-3'; Cxcli3 reverse, 5-ACC GAC
AAC AGT TGA AAT CAC TC-3'; Cxcr5 forward, 5'-TGG
CCT TCT ACA GTA ACA GCA-3'; Cxcr5 reverse, 5'-
GCA TGA ATA CCG CCT TAA AGG AC-3'; Gapdh
forward, 5'-AAA TGG TGA AGG TCG GTG TGA AC-3;
Gapdh reverse, 5'-CAA CAA TCT CCA CTT TGC CAC
TG-3'. The PCR amplification are performed at 95 °C for
30 s, followed by 40 cycles of cycling at 95 °C for 5 s and
60 °C for 45 s. Melting curves were generated to confirm
the specificity of the products. Quantification was con-
ducted by normalizing cycle threshold (Ct) values with
GAPDH Ct and analyzed with the 27T method.

Elisa

Animals were transcardially perfused with PBS, and the
bilateral ACC was dissected. The tissue was homogenized
in lysis buffer (Sigma, St. Louis, MO, USA). After
determination of the protein concentration by BCA protein
assay, 30-pg protein samples were used for assessment of
the CXCL13 level according to the manufacturer’s proto-
col (R&D Systems, Minneapolis, MN, USA).

Western Blot
ACC tissue was harvested after perfusion with PBS.

Thirty-microgram protein samples were loaded onto
SDS-PAGE gel. The separated proteins were then
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transferred to PVDF membranes and blocked with 5% milk
for 1 h. The following antibodies were added and incu-
bated overnight at 4 °C: CXCRS5 (1:100, rabbit, Santa Cruz
Dallas, TX, USA) and GAPDH (1:20000, mouse, Milli-
pore, Billerica, MA, USA). After washing with PBS, the
membranes were incubated with an HRP-conjugated
secondary antibody, developed in enhanced chemilumines-
cence solution, and exposed on Hyperfilm (Millipore,
Billerica, MA). The intensity of selected bands was
analyzed using ImageJ software (NIH, Bethesda, MD,
USA).

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously [25]. In brief, animals were transcardially perfused
with PBS followed by 4% paraformaldehyde. The ACC-
containing tissue was removed and postfixed overnight.
ACC sections (30 um, free-floating) were cut on a cryostat.
For immunofluorescence, the sections were first blocked
with 5% donkey serum for 2 h, followed by CXCRS5
antibody (1:100, rabbit, Santa Cruz, Dallas, TX) and NeuN
antibody (1:800, mouse, Millipore, Billerica, MA) over-
night at 4 °C, and Cy3- or FITC-conjugated secondary
antibodies (1:1000, Jackson, West Grove, PA, USA) for
2 h. After that, the sections were examined under a Leica
SP8 Gated stimulated emission depletion (STED) confocal
microscope.

Fluorescence In Situ Hybridization (ISH) and Im-
munofluorescence Double Staining

The distribution of Cxcll3 was checked using a Cxcll3
mRNA ISH Assay Kit (Boster, China) as described
previously [18]. The ACC sections (14 um) were fixed in
4% paraformaldehyde/0.1 mol/L PBS for 30 min and
treated with a mixture of 30% H,0, and methanol (v/v,
1:50) for 30 min. The sections were then treated with
proteinase K for 2 min at room temperature. After pre-
hybridization, the sections were incubated with a probe
specific to Cxcll3 at 42 °C overnight in hybridization
buffer, followed by incubation with mouse-anti-digoxi-
genin-biotin for 60 min, and SABC-FITC regent (Boster,
China) for 30 min.

To identify the neuronal distribution of CXCL13, we
incubated the sections with primary antibody against NeuN
(1:1000, mouse, Millipore, Billerica, MA) overnight at
4 °C. The Cy3-conjugated secondary antibody was then
added and incubated for 2 h. The signal was detected with
the Leica SP8 Gated STED confocal microscope.

Lentiviral Vectors Production and Intra-ACC
Injection

An shRNA targeting the sequence of Cxcr5 was designed.
The recombinant lentivirus shRNA expressing vectors
containing Cxcr5 shRNA (LV-Cxcr5 shRNA, 5-CCA
TCA CCT TGT GTG AAT T-3') or non-specific control
(NC) shRNA (LV-NC, 5'-TTC TCC GAA CGT GTC ACG
T-3") were constructed by Shanghai GeneChem using the
pGCSIL-GFP vector. The knockdown effect of the LV-
Cxcr5 shRNA was checked in vitro using 293FT cells [18].

For lentivirus injection, mice were anesthetized with
isoflurane, the head was fixed in a stereotaxic apparatus,
and two small holes were drilled on each side (anteropos-
terior, 1.53 mm; lateral, 0.5 mm). A 32 G syringe was
directly lowered into the ACC (depth, 2.0 mm) and 0.3 pl
lentivirus solution was injected over a period of 6 min.
Before and after injection, the syringe remained in the
ACC for 10 min. This procedure was then repeated in the
opposite side. The scalp was then sutured.

Behavioral Testing

Animals were habituated to the testing environment daily
for 2 days—3 days before experiments. The experimenters
were blinded to the treatment.

Von Frey test. Before testing, mice were acclimated for
30 min—60 min on an elevated wire mesh floor. The plantar
surface of the left hindpaw was stimulated with a series of
von Frey hairs of logarithmically incrementing stiffness
(0.02 g-2.56 g, Stoelting, Wood Dale, IL, USA). The 50%
paw withdrawal threshold (PWT) was determined using
Dixon’s up-down method [24]

Conditioned place avoidance (CPA) test. The CPA test
was conducted as previously described [26]. Briefly, two
15 cm x 15 cm x 15 cm Plexiglas chambers were placed
parallel on top of a mesh screen, and a square door (10 cm
per side) was situated between the chambers. One chamber
with an opaque ceiling was painted black as a dark area,
and the other with a transparent ceiling was painted white
as a light area. Before SNL (baseline) and 3 days after
SNL, the animals were put into one chamber and allowed
free access to the two chambers through the door for
30 min. During this period, a mechanical stimulus (0.16 g)
was applied at 15-s intervals to the left paw when the
animal was in the dark chamber and to the right paw when
the animal was in the light chamber. The time spent in each
chamber was recorded every 5 min. The percentage of time
spent in the light chamber was calculated for every 5 min
and for a total of 30 min. The sham control animals were
stimulated and calculations were made in the same way.
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Brain Slice Preparation

Coronal brain slices through the ACC were prepared as
previously reported [20]. Briefly, mice were anesthetized
with isoflurane and decapitated. The brain was rapidly
removed and placed in ice-cold oxygenated (95%
0, + 5% CO.,) artificial cerebrospinal fluid (ACSF) con-
taining (in mmol/L) 230 sucrose, 2.5 KCI, 2.4 CaCl,, 1.2
MgCl,, 11 D-glucose, 1.25 NaH,PO,4, and 26 NaHCO;.
Coronal slices (300 um) containing the ACC were cut on a
vibratome (VTI1000 S, Leica Microsystems, Buffalo
Grove, IL). The slices were kept in a standard oxygenated
ACSF containing (in mmol/L) 125 NaCl, 2.5 KCI, 1.25
NaH,PO,, 25 NaHCO;, 11 glucose, 1.2 MgCl,, and 2.4
CaCl, at 34 °C for 30 min and then at room temperature for
at least 1 h before recording.

Whole-Cell Patch-Clamp Recordings

Whole-cell patch clamp was performed under a microscope
(BX51WI, Olympus, Tokyo, Japan) equipped with infrared
differential interference contrast optics. Brain slices were
superfused (2 ml/min-3 ml/min) with oxygenated ACSF at
room temperature. The micropipettes were pulled on a P-97
puller (Sutter Instruments, Novato, CA, USA) and had
resistances of 3 MQ-5 MQ when filled with internal
solution containing (in mmol/L) 130 Cs-methanesulfonate,
10 HEPES, 10 CsCl, 4 NaCl, 1 MgCl,, 0.5 EGTA, 5
tetraethylammonium-Cl, 5 MgATP, 0.5 Na,GTP, and 2.5
QX314 (adjusted to pH 7.2 with CsOH, 290 mOsm).
Whole-cell patch clamp recordings were obtained from
layer II/IIl pyramidal neurons in the ACC with a Mul-
tiClamp 700B amplifier (Molecular Devices, San Jose, CA,
USA). Data were digitized at 10 kHz and filtered at 2 kHz.
A seal resistance >2 GQ and an access resistance

< 35 MQ were considered acceptable. The cell capacity
transients were canceled by the capacitive cancelation
circuitry of the amplifier. If the series resistance changed by
> 25% during a recording was excluded from analysis.
The GABA, receptor antagonist picrotoxin (100 pmol/L)
was always present in the experiments. After establishing
the whole-cell configuration, the membrane potential was
held at — 70 mV for recording SEPSCs (spontaneous
excitatory post-synaptic currents). Cells that showed

> 10% changes from the baseline levels were regarded
as responding to the presence of drugs. Evoked EPSCs
were generated by a bipolar stimulation electrode with
pulses (0.1 Hz) from a stimulation isolation unit controlled
by an AMPI generator (Master-8, A.M.P.I., Jerusalem,
Israel. The stimulus-evoked currents at — 70 mV were
identified as o-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid receptor (AMPAR)-mediated currents. Cells
were then held at + 40 mV, and the amplitude of the

@ Springer

evoked EPSCs at 50 ms after the stimulus were considered
to be N-methyl-D-aspartate (NMDAR)-mediated currents
[27].

Quantification and Statistics

All data are expressed as the mean £ SEM. For Western
blots, the density of specific bands was measured with
Image J (NIH, Bethesda, MD). The levels of CXCRS were
normalized to GAPDH (loading control). For the quantifi-
cation of immunoreactive signals, three non-adjacent
sections from the ACC were randomly selected. The
numbers of CXCL13-, CXCR5-, and NeuN-labeled cells
were counted in layers II and III of the ACC in the optic
field. The behavioral data were analyzed by two-way
repeated-measures ANOVA, and Bonferroni’s test was
used for post hoc multiple-comparison analysis. Differ-
ences between two groups were compared using Student’s
t-test. The criterion for statistical significance was
P < 0.05.

Results
CXCL13 Increases in the ACC After SNL

To examine the CXCL13 expression in the ACC, we first
performed quantitative real-time PCR. As shown in
Fig. 1A, Cxcll3 mRNA expression was significantly
increased at 1 day (2.1-fold relative to naive mice,
P <0.01), 3 days (5.2-fold, P <0.05), and 10 days
(10.8-fold, P < 0.001) in SNL-operated mice (SNL versus
sham, Student’s #-test), but was not changed in sham-
operated animals (P > 0.05, one-way ANOVA). ELISA
showed a marked increase of CXCL13 protein in the ACC
at 1 day (1.7-fold, P < 0.01), 3 days (1.4-fold, P < 0.01),
and 10 days (1.9-fold, P < 0.001) after SNL (one-way
ANOVA followed by Bonferroni’s test, Fig. 1B). We then
checked if CXCL13 was produced by neurons. In situ
hybridization combined with immunostaining showed that
91 %+ 4% of Cxcli3* cells were NeuN™ in layers II-III of
the ACC, suggesting the expression of Cxcll3 in neurons
of the ACC (Fig. IC-E).

CXCRS5 Increases in the ACC After SNL

Since CXCRS5 is the sole receptor for the chemokine
CXCL13 [13], we further examined the expression and
distribution of CXCRS5 in the ACC after SNL. qPCR
showed that CXCR5 mRNA was increased at 3 days (2.8-
fold relative to naive mice) and was maintained at 10 days
(2.9-fold, P < 0.001 vs sham, Student’s z-test, Fig. 2A).
Western blot further showed an increased protein level of
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Fig. 2 SNL increases CXCRS5 expression in the ACC. A Real-time
PCR results showing an increase of Cxcr5 mRNA expression in the
ACC. Cxcr5 mRNA was increased at 3 and 10 days after SNL
(***P < 0.001 vs sham). B Western blots showing that CXCRS5
protein expression was markedly increased in the ACC after SNL

CXCRS (1.6-fold) 3 days after SNL (P < 0.001 vs naive
mice, Student’s r-test, Fig. 2B). Immunostaining showed
low expression of CXCRS in naive (Fig. 2C) and sham-

operated mice (Fig. 2D), but markedly increased

(n = 4 mice/group). C-E Immunostaining showing CXCRS expres-
sion in the ACC in naive (C), sham (D), and SNL (3 days) (E) mice.
F Double staining showing the co-localization of CXCRS with the
neuronal marker NeuN.

expression in SNL mice (Fig. 2E). Double staining for
CXCRS and NeuN showed that 94 4 3% of CXCR5™ cells
were co-localized with NeuN (Fig. 2F) in layers II-III,
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indicating the predominant production of CXCRS5 by
neurons in the ACC.

Knockdown of Cxcr5 in the ACC Alleviates SNL-
induced Pain-Related Aversion

To check the role of CXCRS5 in SNL-induced pain
hypersensitivity and pain-related aversion, we first assessed
the mechanical allodynia and conditioned place avoidance
after SNL. As previously reported [28], SNL induced a
robust decrease of the PWT of the ipsilateral hindpaw
(P <0.01, two-way ANOVA, Fig. 3A). We further
assessed the pain-related aversion with the CPA test. As
shown in Fig. 3B-C, before sham or SNL operation, the
animals spent similar times in the light chamber within the

P > 0.05, Student’s #-test). However, three days after
operation, while the sham-operated animals spent a similar
time (32.6 £ 5.0%) in the light chamber, the SNL-operated
animals spent much more time (61.1 £ 6.2%) in the light
chamber (P < 0.001), suggesting the development of
neuropathic pain-related place avoidance in the SNL mice.

We then microinjected LV-Cxcr5 shRNA or LV-NC
into the bilateral ACC 7 days before SNL (Fig. 3D). LV-
Cxcr5 shRNA significantly reduced Cxcr5 mRNA expres-
sion compared to microinjection of LV-NC (P < 0.05,
Student’s t-test, Fig. 3E). Behavioral tests showed that, 3
days after SNL, LV-Cxcr5 shRNA did not affect mechan-
ical allodynia compared to the LV-NC group. However, the
pain-related aversion induced by SNL was significantly
attenuated in animals injected with LV-Cxcr5 shRNA,

30 min (Sham, 35.7 &4.4%; SNL, 36.8 & 3.0%, compared with the LV-NC group (P < 0.05, Student’s -
A B —e— Baseline, sham Baseline, SNL C 0O Sham ® SNL
- O Sham B SNL ® = 100- -3 d’ sham -3 d, SNL 80 - **
K% EZ o = *%
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o © 801 = i
c8 ZE 60
o © o3
S £ 601 85
5 S E 40
© c 407 g2
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o C = .= 20 4
@ 2 201 o ;c:
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Fig. 3 SNL-related aversion is relieved after CXCRS5 knockdown in
the ACC. A SNL induced mechanical allodynia 3 days after SNL
(*P < 0.05, **P < 0.01, two-way repeated-measures ANOVA fol-
lowed by Bonferroni’s test; n = 5 mice/group; PWT, paw withdrawal
threshold). B Time-course showing that a conditioned place aversion
behavior was induced in SNL mice, expressed as the percentage of
time for mouse spent in the lighted chamber. C Summary of aversion
behavior in 30 min (¥**P < 0.01, n = 5 mice/group). D Expression of
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GFP in the ACC 7 days after intra-ACC injection. E Expression of
Cxcr5 mRNA was markedly decreased in mice with LV-Cxcr5
shRNA intra-ACC injection 7 days before the SNL operation.
F Inhibition of CXCR5 by LV-Cxcr5 shRNA did not affect the SNL-
induced mechanical allodynia (***P < 0.001; n = 67 mice/group;
PWT, paw withdrawal threshold). G, H Inhibition of CXCRS by LV-
Cxcr5 shRNA markedly alleviated the aversive behavior induced by
SNL (*P < 0.05, n = 6-7 mice/group).
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test, Fig. 3F—H), suggesting the involvement of CXCRS in
SNL-induced pain aversion.

SNL Enhances Glutamatergic Synaptic Transmis-
sion in the ACC

To further determine the mechanisms of CXCL13/CXCRS
underlying pain aversion, we prepared ACC slices and
performed whole-cell recording in the pyramidal neurons
of layers II-III of the ACC. In SNL mice, both the
frequency and amplitude of the SEPSCs were significantly
increased at postoperative day 3 compared with sham-
operated mice (P < 0.05 or <0.01, Student’s t-test,
Fig. 4A-C). Paired-pulse facilitation is a measure of
short-term plasticity that is widely used to test for changes
in presynaptic function. As shown in Fig. 4D, the paired-
pulse ratio (PPR) was lower in SNL mice than in sham-
operated mice, suggesting that SNL causes a change in the
probability of transmitter release. To further determine the
postsynaptic mechanism, we compared the relative contri-
bution of AMPAR- and NMDAR-mediated currents. As
shown in Fig. 4E, the AMPAR/NMDAR ratio was
markedly higher at synapses on neurons in SNL mice than
in sham-operated mice (P < 0.05, Student’s r-test). These
results indicate that the presynaptic glutamate transmitter

release and postsynaptic responses in the ACC are
enhanced in SNL mice.

CXCL13 and CXCRS Contribute to the Enhanced
Synaptic Transmission After SNL

We then checked whether CXCL13 and CXCRS5 in the
ACC are involved in the enhanced synaptic transmission
after SNL. We first measured the effect of CXCL13 on the
basal glutamatergic synaptic transmission. Superfusion
with CXCL13 (100 ng/ml) increased the frequency and
amplitude of SEPSCs in 5 of 8 neurons recorded from naive
mice (P < 0.05 or < 0.01, paired Student’s #-test, Fig. 5A—
C). We then tested the synaptic transmission in pyramidal
neurons from SNL mice pre-injected with LV-Cxcr5
shRNA or LV-NC (Fig. 5D). Both the frequency and
amplitude of sEPSCs were markedly lower in SNL mice
treated with LV-Cxcr5 shRNA (P < 0.05, Student’s t-test,
Fig. 5SE-G). However, the change of PPR induced by SNL
was not significantly different in the Cxcr5-knockdown
mice (P > 0.05, Student’s t-test, Fig. SH). We further
examined the AMPAR/NMDAR ratio and found that
knockdown of CXCRS5 decreased the AMPAR/NMDAR
ratio compared to LV-NC (P < 0.05, Student’s #-test,
Fig. 51). Taken together, our results suggest that CXCL13/
CXCRS in the ACC is involved in pain-related aversion by

A B 8 1 C 25
Sham * dede
PT—————— £ e ]
Py 3 151
c 4 g I
2008 |_ g 41 1 2 1]
[0}
SNL 1 sec L 2 <
15 5
0 0
Sham SNL Sham SNL
D o 167 E o 4
Sham SNL B r Sham SNL s ek
2 124 *%k % 3
2 S
3 0.8 Z 29
3 ° % 13
100 pA I_ 2 0.4 o1
2 = 11
20 ms o
w o 0-
Sham  SNL Sham SNL

Fig. 4 SNL enhances glutamatergic synaptic transmission in the
neurons of layers II-III of the ACC. A Representative sEPSCs at
ACC synapses in sham-operated and SNL mice at a holding potential
of — 70 mV (scale bars, 20 pA and 1 s). B, C Compared to the sham
group, the mean frequency (B) and amplitude (C) of sEPSCs were
increased in the SNL group (*P < 0.05, Student’s r-test; sham, n = 15
and 5 mice; SNL, n = 14 and 4 mice). D Paired-pulse traces of EPSC
recordings from sham- and SNL-operated mice (**P < 0.01,

Student’s t-test; sham, n = 9 and 3 mice; SNL, n = 10 and 4 mice).
E Sample traces showing AMPAR- (downward) and NMDAR-
(upward) mediated EPSCs recorded at holding potentials of — 70 mV
and + 40 mV, respectively. Summary histograms show the increased
AMPAR/NMDAR ratio of ACC neurons in the SNL group compared
with sham-operated mice (¥**P < (0.001, Student’s r-test; sham,
n =11 and 4 mice; SNL, n = 13 and 5 mice).
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Fig. 5 CXCRS5 is involved in the synaptic transmission of pyramidal
neurons in layers II/III of the ACC. A Sample traces of sSEPSCs with
or without CXCL13 perfusion. B, C Frequency (B) and amplitude
(C) of sEPSCs were increased after CXCL13 incubation (5 of 8
neurons, *P < 0.05, paired Student’s -test). D Representative image
of intra-ACC injection of LV-Cxcr5 siRNA. E Sample traces of
SEPSCs recorded in SNL mice with pre-injection of LV-NC or LV-
Cxcr5 shRNA into the ACC. F, G Knockdown of Cxcr5 by shRNA
abolished the increased frequency (F) and amplitude (G) of sEPSCs

enhancing postsynaptic glutamatergic receptor-mediated
excitatory synaptic transmission during neuropathic pain.

Discussion

In this study, we investigated the expression of CXCL13
and CXCRS in the ACC after SNL and the role of CXCRS5
in pain sensation and pain affect. We found that SNL
markedly increased the expression of CXCLI3 and
CXCRS in the ACC. Knockdown of CXCRS5 in the ACC
attenuated pain-related conditioned place avoidance, but
not mechanical allodynia. Finally, SNL induced synaptic
potentiation in the pyramidal neurons of layers II-III, and
this was reduced by knockdown of CXCRS. Our data
suggest that CXCL13/CXCRS signaling in the ACC is

@ Springer

in SNL mice (*P < 0.05, Student’s ¢-test; LV-NC, n = 12 and 3 mice;
LV-Cxcr5 shRNA, n =15 and 4 mice). H Paired-pulse traces of
EPSC recordings from sham- and SNL-operated mice (no significant
difference). I Sample traces of AMPAR and NMDAR currents in
mice pre-injected with LV-NC or LV-Cxcr5 shRNA. Summary
histograms showing that LV-Cxcr5 shRNA abolished the increase in
AMPAR/NMDAR ratio (*P < 0.05, Student’s t-test; LV-NC, n = 10
and 3 mice; LV-Cxcr5, n = 9 and 3 mice).

involved in the pain-related aversive emotion via regulat-
ing glutamatergic synaptic transmission.
Neuroinflammation mediated by pro-inflammatory
cytokines and chemokines is involved in a variety of
diseases, including neurodegenerative diseases such as
multiple sclerosis and Alzheimer’s disease, and neurolog-
ical disorders such as stroke and trauma [29-31]. Accu-
mulating evidence suggests that chemokines in the spinal
cord and DRG play a pivotal role in the development and
maintenance of chronic pain [32-34]. However, the
expression and role of chemokines in supraspinal areas
under chronic pain condition are less studied. It has been
reported that CCL2, CCL3, and CCR2 are increased in the
hippocampus, CCR1 and CCR2 are increased in the
thalamus, and CCL3 is increased in the periaqueductal
gray in a neuropathic pain model induced by spinal cord
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injury [35]. We report here the upregulation of CXCL13
and CXCRS5 in the neurons of ACC layers II-III, although
we do not exclude their possible distribution in glial cells.
Similarly, CXCL13 and CXCRS are expressed in neurons
in the DRG and TG, co-localized with calcitonin gene-
related peptide, isolectin-B4, and neurofilament 200
[16, 17]. However, CXCL13 and CXCRS5 are expressed
in neurons and astrocytes, respectively, in the spinal cord,
and CXCLI13 mediates neuropathic pain via CXCRS-
dependent astrocyte activation [18]. These data suggest that
the distribution of the chemokine and its receptor is tissue-
specific, and chemokines contribute to different physio-
logical or pathological function via different mechanisms.

Previous studies have shown that direct blocking of
CXCRS5 function in peripheral sensory neurons or the
spinal cord attenuates pain hypersensitivity under chronic
pain conditions [16—18]. Preclinical study has also shown
that chemokines are linked to peripheral-central crosstalk
and may contribute to emotional and cognitive disorders.
Clinical data analysis has reported that higher levels of
CXCL4 and CXCL7 are associated with depression [36]. In
an animal model, a recent study reported that activation of
CX3CR1" monocytes causes dendritic spine loss on layer
V pyramidal neurons in the cortex, and induced cognitive
dysfunction [37]. Here we found a negative effect associ-
ated with neuropathy-induced hypersensitivity in SNL
mice. Previous studies have shown that a lesion in the ACC
prevents the negative effect of chronic pain without
affecting the tactile mechanical allodynia [9, 38]. In
addition, inhibition of SIP30 (SNARE complex SNAP25
interaction protein) in the ACC blocks pain-related aver-
sion and anxiety but does not affect mechanical allodynia
and heat hyperalgesia induced by chronic constriction
injury of the sciatic nerve [39]. Our results indicated that
the aversive but not the sensory components of neuropathic
pain was attenuated with shRNA silencing of CXCRS in
the ACC, supporting the role of the ACC in higher-order
processing of noxious information [21, 38, 40].

Our study also provides a mechanistic basis for the
influence of CXCL13/CXCRS5 signaling on pain aversion.
Cumulative evidence suggests that persistent peripheral
injury triggers presynaptic glutamate release and neuronal
hyperexcitability in the ACC [19, 22, 23]. In addition, ACC
hyperactivity (shown as increased excitatory postsynaptic
transmission) coincides with the time window of pain
aversion and of anxiodepressive-like behaviors [41]. Opto-
genetic inhibition of the ACC is sufficient to counteract the
neuropathic pain-induced emotional consequences [41].
Consistent with these studies, we recorded a change of
glutamate synaptic transmission in ACC pyramidal neurons
in SNL-operated mice. Meanwhile, postsynaptic changes in
AMPAR-mediated responses were prevented in SNL-
operated mice with shRNA silencing of CXCRS in the

ACC. Although the sEPSC frequency indirectly reflects
presynaptic glutamate release, postsynaptic AMPARs
might also play a critical role [42, 43]. Reversal of the
AMPAR/NMDAR ratio with shRNA silencing of CXCR5
in the ACC was accompanied by decreased AMPAR-
mediated EPSC frequency and amplitude, while the PPR
was not significantly changed, suggesting that CXCRS-
knockdown decreases the number or function of postsy-
naptic AMPARs rather than alterations of presynaptic
glutamate release [44]. Similar effects have also been
reported on other chemokine family members, such as
CCL2 [45], CXCLI10 [46], and CXCL16 [47], which play
important roles in the modulation of synaptic transmission
in hippocampal neurons in mice. Toyoda et al. reported
that the AMPAR subunit GluA1 and extracellular signal-
regulated kinase (ERK) are involved in long-term poten-
tiation in the ACC [48, 49]. Also, complete Freund’s
adjuvant-induced ERK activation in the ACC is reduced in
GluA1™"~ mice [48], suggesting that the GluAl-ERK
pathway plays an important role in synaptic plasticity in the
ACC. Our previous studies demonstrated that CXCRS
induces ERK activation in the TG and spinal cord [17, 18],
and ERK activation in the ACC contributes to the induction
and expression of formalin-induced affective pain [4].
Behavioral studies have also shown that inhibition of ERK
in the ACC blocks pain-related aversion, but does not
affect chronic constriction injury-induced mechanical allo-
dynia and heat hyperalgesia [39]. Thus, CXCL13/CXCRS5
signaling may be involved in nerve injury-induced pain
aversion via AMPAR subunit modulation and ERK
activation in the ACC. However, detailed molecular
evidence for CXCL13/CXCRS signaling in synaptic plas-
ticity needs further research.

The ACC is a part of the limbic system, which is known
to be engaged in cognitive and emotional processing. Some
mental disorders such as anxiety, depression, cognitive
impairment, and schizophrenia are associated with mal-
adaptive changes of ACC neuronal activity and synaptic
transmission, which may result from disruption of the
balance of excitatory and inhibitory connectivity
[41, 50, 51]. In addition, inflammation in the ACC may
contribute to major depressive episodes [50, 52]. Whether
CXCL13 and CXCRS5 mediate mood disorders other than
pain aversion remains to be investigated.

In summary, our results demonstrated that peripheral
nerve injury increased the level of the chemokine CXCL13
and its receptor CXCRS5 in the ACC. Knockdown of
CXCRS5 in the ACC by shRNA silencing alleviated the
negative affective component of neuropathic pain, possibly
mediated by the regulation of synaptic transmission in
ACC pyramidal neurons. Targeting CXCLI13/CXCRS5
signaling in the ACC may be an effective strategy for the
treatment of neuropathic pain-related negative effect.
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