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BDNF-Dependent Plasticity Induced by Peripheral
Inflammation in the Primary Sensory and the Cingulate
Cortex Triggers Cold Allodynia and Reveals a Major Role for
Endogenous BDNF As a Tuner of the Affective Aspect of Pain
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Painful experiences are multilayered, composed of sensory, affective, cognitive and behavioral facets. Whereas it is well accepted that the
development of chronic pain is due to maladaptive neuronal changes, the underlying molecular mechanisms, their relationship to the
different pain modalities, and indeed the localization of these changes are still unknown. Brain-derived neurotrophic factor (BDNF) is an
activity-dependent neuromodulator in the adult brain, which enhances neuronal excitability. In the spinal cord, BDNF underlies the
development and maintenance of inflammatory and neuropathic pain. Here, we hypothesized that BDNF could be a trigger of some of
these plastic changes. Our results demonstrate that BDNF is upregulated in the anterior cingulate cortex (ACC) and the primary sensory
cortex (S1) in rats with inflammatory pain. Injections of recombinant BDNF (into the ACC) or a viral vector synthesizing BDNF (into the
ACCor S1) triggered both neuronal hyperexcitability, as shown by elevated long-term potentiation, and sustained pain hypersensitivity.
Finally, pharmacological blockade of BDNF-tropomyosin receptor kinase B (TrkB) signaling in the ACC, through local injection of
cyclotraxin-B (a novel, highly potent, and selective TrkB antagonist) prevented neuronal hyperexcitability, the emergence of cold hyper-
sensitivity, and passive avoidance behavior. These findings show that BDNF-dependent neuronal plasticity in the ACC, a structure known
to be involved in the affective-emotional aspect of pain, is a key mechanism in the development and maintenance of the emotional aspect
of chronic pain.
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Introduction

Chronic pain relies on complex maladaptive changes in neural
networks activated by noxious or non-noxious stimuli, and
which are clinically expressed as hyperalgesia and allodynia (Ap-
karian et al., 2009; Sandkiihler and Lee, 2013). The molecular
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mechanisms of this plasticity, as well as the roles of the respective
neuronal networks, are still not completely understood.

Brain-derived neurotrophic factor (BDNF) and its high-
affinity receptor tropomyosin receptor kinase B (TrkB) are dis-
tributed across the CNS, including in nociceptive pathways
(Pezet and McMahon, 2006; Merighi et al., 2008), where this
factor acts as an activity-dependent neuromodulator. In the
brain, BDNF has been reported to enhance neuronal excitability
(Thoenen, 1995) by promoting neurotransmitter release (Takei
etal., 1997), phosphorylation of specific glutamate receptor sub-
units (Levine et al., 1995; Suen et al., 1997), exerting direct effects
on ion channel conductance (Kafitz et al., 1999), and inducing
structural and functional neuronal changes (Marty et al., 1997;
Abidin et al., 2008).

Due to its neurotrophic and excitatory neuromodulatory
roles, BDNF has a strong physiological role in the hippocampus
in learning and memory (Thoenen, 2000), although this activity-
dependent modulation also leads to pathophysiological condi-
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Table 1. Information regarding the stereotaxic injections of viral vectors, rBDNF or CTX-B

Thibault et al. ® BDNF, Pain, and the ACC

Injected molecule

Cingulate cortex

STHL

Coordinates

Concentrations, volumes

Coordinates

Concentrations, volumes

GFP-expressing lentiviral vector

Mix of GFP- and BDNF-expressing
viral vectors

One bilateral injection at AP
bregma + 1 mm, lateral:
0.75 mm, depth: 1 mm

One bilateral injection at AP
bregma + 1mm, lateral:
0.75mm, depth: 1mm

0.5 ! of GFP lentiviral vector
solution at 1.3 X 106
TU/ ! per injection site

0.5 el of solution containing
1.3 X 106 TU/ ! of BDNF
and 1.3 X 106 TU/ uLGFP

2 bilateral injections at
AP bregma —0.5
mmand —1.5mm,
lateral: 2.5 mm,

depth: 1mm
2 bilateral injections at

AP bregma —0.5
mmand —1.5mm,

0.5 ! of GFP lentiviral vector
solution at 1.3  10°
TU/ ! per injection site

0.5 ! of solution containing
1.3 X 10°TU/l of BDNF
and 1.3 X 10° TU/ uLGFP

lentiviral vectors per injec- lateral: 2.5 mm, lentiviral vectors per injec-
tion site depth: Tmm tion site
rBDNF One bilateral injection at AP 0.5 wlof a solution at 1
bregma + 1 mm, lateral: g/ ul; controls: 0.5 !
0.75mm, depth: 1mm saline
using a 26-gauge preim-
planted double-guide
(Plastic One)
(TX-B One bilateral injection at AP 0.5 wlofa 10 pg/wl solu-
bregma + 1 mm, lateral: tion dissolved in saline;
0.75mm, depth: 1mm controls: 0.5 .l saline
using a 26-gauge preim-
planted double-guide
(Plastic One)
Volumes and concentrations of vectors or drugs, and also the coordinates of injections are indicated for each type of experiment.
tions, such as hippocampal hyperexcitability in epilepsy (Binder =~ Materials and Methods

etal.,2001; Lu et al., 2013). Endogenous BDNF upregulation has
been reported following nerve injury or peripheral inflammation
in peripheral tissues (Shu et al., 1999; Narita et al., 2000), in the
spinal cord (Cho et al., 1997; Geng et al., 2010; Lin et al., 2011),
and in supraspinal regions, such as the periaqueductal gray and
rostral ventromedial medulla (Guo et al., 2006). This overexpres-
sion of BDNF is necessary for synaptic changes and thus the
development of chronic pain (Obata and Noguchi, 2006). Nu-
merous studies have described a network of brain areas activated
by experimental painful stimulations, forming a neuronal net-
work involved in the different dimensions of pain perception
(Treede et al., 1999). These brain areas include the primary sen-
sory, motor, anterior cingulate, and insular cortices, as well as the
amygdala and the lateral thalamus.

Several key factors permitted us to hypothesize that BDNF
might be overexpressed and induce a functional plasticity under-
lying sustained thermal and/or mechanical hypersensitivity in a
rat model of inflammatory pain, where several brain areas receive
information directly or indirectly from tonically active nocicep-
tors: (1) BDNF has a recognized role as an activity-dependent
positive modulator in the brain, (2) increased electrophysiologi-
cal activity is observed in thalamic and cortical areas in animal
models of inflammatory pain (Lamour et al., 1983; Guilbaud et
al., 1993), and (3) BDNF is capable of inducing long-term synap-
tic and molecular changes. This study investigated the putative
role of BDNF signaling in cortical areas (somatomotor, cingular,
and insular cortex) through behavioral, electrophysiological,
biochemical, and immunohistochemical approaches in an ani-
mal model of inflammatory pain induced by unilateral injection
of complete Freund’s adjuvant (CFA) in the hindpaw. Our results
reveal BDNF-dependent plasticity mostly in the cingulate cortex,
a brain area involved in the affective-emotional aspect of pain.

Animals

One-hundred and sixty male Sprague-Dawley rats weighing 200-225 g at
the beginning of the experiments (Janvier) were used in this study. Ex-
perimental procedures were performed in agreement with the European
Community Council Directive of 24 November, 1986 (86/609/EEC), and
the guidelines for investigation of experimental pain in animals pub-
lished by the International Association for the Study of Pain were fol-
lowed. Great care was taken, particularly concerning housing conditions,
to avoid or minimize discomfort to the animals. The animals were
housed in a solid-floor cage with a deep layer of sawdust to accommodate
excess urine, and cages were changed twice per week. The cages were kept
at a constant temperature of 22 = 1°C with an alternating 12 h light/dark
cycle. Food and water were available ad libitum.

Note: in all the experiments, the experimenters were blinded to the
animal (or slice) treatment as the treatments were performed by another
experimenter. The animals were numbered at the base of their tail and
the animals included in each experiment were randomized (including
per cage).

Habituation. The animals were subjected to a habituation period be-
fore the beginning of the surgical procedure (implantation of the cannula
or stereotaxic injection of the viral vector). During this period, animals
were habituated to the room and the experimenter, and to different
pain-assessing and passive-avoidance environments (the electronic Von
Frey testing chamber and the cold-plate chamber).

Induction of peripheral inflammation using CFA. Animals were anes-
thetized with Isoflurane (Isoflo, Baxter) and an intraplantar injection of
50 wl of CFA (Sigma-Aldrich) was administered to the right hindpaw.
Control animals received 50 ul of saline.

Stereotaxic injections

Stereotaxic injections of GFP, BDNF expression viral vectors, or recombi-
nant BDNF. Animals were anesthetized by intraperitoneal (i.p.) injection
of Metomidine (Domitor, 0.3 mg/kg) and Ketamine (Imalgeéne, 40 mg/
kg), and placed on a stereotaxic frame. Under sterile conditions, a small
incision was made in the cranial skin and one to four holes (1 X 1 mm)
were performed using a drill kit (Foredom). Two to four injections (de-
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pending on the site of injection; Table 1) of either BDNF lentiviral vector
(p156sinRRLpptCAG-BDNF, provided by Professor George M. Smith,
Temple University; 0.5 ul of solution containing 1.34 X 10° TU/ul) or
GFP lentiviral vector (2.67 X 10° TU/ul) were performed per hemi-
spheric side, using a 1 wl Hamilton syringe. The injection coordinates
were chosen according to the well accepted rat brain atlas (Paxinos and
Watson, 2006). After the slow injection of viral vectors (during 10 min,
followed by a 10 min pause before redrawing the needle), the muscles and
skin were sutured and the animal was returned to its cage. The animals
were then left to recover from anesthesia and surgery, and measurements
of thermal/mechanical sensitivity were performed at 1, 2, 3, and 4 weeks
after the injection. In a preliminary study using 12 animals, we followed
the temporal expression of GFP expression induced by GFP injection in
the primary sensory cortex, hindlimb part (STHL); the animals were then
killed (n = 3 per group) at 1, 2, 3, or 4 weeks postinjection and the
phenotypic characterization of the transduced cells (see Fig. 2) was per-
formed on these animals.

Stereotaxic injections of either recombinant BDNF or CTX-B before the
administration of CFA. To facilitate administration of rBDNF or
cyclotraxin-B (CTX-B) to the cingulate cortex and to follow the behavior
shortly after the injection, animals were anesthetized with a mix of Domi-
tol and Vetalar (see above). Implants were performed in the cingulate
cortex (coordinates: AP bregma +1 mm lateral: 0.75 mm, depth: 1 mm)
using a bilateral cannula system, consisting of a 26 gauge double-guide
with two cannulae separated by 1.5 mm (Plastics One), attached to the
crane with photopolymerisable dental cement (Henry Schein). Animals
were then allowed 1 week of rest, in which baselines for mechanical and
thermal sensitivity were measured. Finally, either rBDNF (0.5 ul at 1
g/ ul; Peprotech; Table 1) or CTX-B (0.5 ul of a 2 ng/ul solution dis-
solved in 0.1% BSA, saline; Bio S&T; Table 1) was injected under isoflu-
rane anesthesia; CTX-B is a highly potent and selective trk-B receptor
inhibitor (Tat-cyclotraxin-B; Bio S&T, Montreal; IC50 of ~70 pwm (Ca-
zorla et al., 2010). Control animals received a 0.5 ul saline injection.
Induction of inflammation (or saline injection for controls) was per-
formed as described above, immediately after saline/CTX-B injections,
while the animal was still under isoflurane anesthesia. Animals in the four
experimental groups (saline-saline, saline-CFA, CTX-saline, CTX-CFA;
n = 6 animals per group) were then allowed to recover from anesthesia,
and measurements of thermal/mechanical sensitivity were performed at
6, 24, 48, and 72 h after the injection.

Targeting viral vector injections in animals. To measure the extend of
diffusion of the viral vectors in the cortex, we performed a preliminary
experiment where we injected increasing volume of the GFP-expressing
vector to optimize the number and volume of injections to efficiently fill
in the structure of interest. Our injections of viral vector were verified by
the following procedure: intracardiac perfusion of 4% paraformaldehyde
(see “Immunohistochemistry” for details), cryoprotection, sectioning of
the brain, measurement of the spread of viral vector injected, and finally
analysis of the spread of GFP-positive transduced cells. The assessment of
the injection’s coordinates was performed using the same procedure. The
stereotaxic coordinates at which the final experimental viral injections or
where the guides were implanted (injections of rBDNF and CTX in the
ACC) were determined using the same procedure. However, in the case
of nonfluorescent molecules, only the location of the guide was deter-
mined, as it leaves a small lesion in the brain.

Behavioral testing

Assessment of mechanical sensitivity. An electronic Von Frey hair unit
(EVEF-3; Bioseb Chaville) was used to measure the sensitivity threshold of
the rats, with measurements ranging from 0.1 to 100 g with a 0.2 g
accuracy, as previously described (Thibault et al., 2012). Rats were indi-
vidually placed on an elevated (21 cm from ground) clear plastic chamber
(18.5 X 20 X 14 cm) with a wire mesh floor, and were adapted to the
testing environment for 15 min. Punctuate stimuli were delivered to the
midplantar area of each hindpaw from below the mesh floor, through a
plastic spring tip with increasing pressure. Paw sensitivity threshold (i.e.,
the minimum pressure required to elicit a robust and immediate pedal
withdrawal) was recorded as displayed on the EVF-3 screen. Voluntary
movement associated with locomotion was not considered to be a with-
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drawal response. The stimulus was applied to each hindpaw three times,
in 15 sintervals. For the CTX-B experiment, the value adopted as the rat’s
mechanical sensitivity threshold was the average of the three values mea-
sured from each hindpaw. For the BDNF-overexpression study, the value
adopted as the rat’s mechanical sensitivity threshold was the average of
the six values (pooling the measurements from both hindpaws). Me-
chanical allodynia was defined as a significantly lower value in with-
drawal thresholds to EVF-3 application when compared with the control
groups.

Assessment of cold sensitivity. Cold thermal sensitivity was measured
with a cold-plate analgesia meter (Bioseb), as previously described (Thi-
bault et al., 2012). Briefly, 10 min after placing the animals individually
on the plate in a transparent plastic chamber (16.5 X 16.5 X 25 cm), the
temperature was gradually decreased (driven by a computer) from 22°C
to 0°C at a rate of 5°C/min. Cold-awareness threshold is defined as the
temperature at which the animal is startled and/or stops its current ac-
tivity (e.g., exploring, grooming, scratching, etc.) and begins to stare
at/examine the surface of the cold plate. Cold-nociceptive threshold is
defined as the temperature at which the animal starts to exhibit a noci-
ceptive response (i.e., licking its hindpaw, escaping, or tapping, such as
multiple withdrawals of the hindpaw in a short time period). All behav-
iors were assessed at room temperature (22 = 1°C). A significant increase
in the cold awareness threshold was interpreted as a sign of cold allo-
dynia, whereas a significant increase in the nociceptive threshold is a
marker for cold hyperalgesia.

Assessment of the passive avoidance behavior evoked by an aversive me-
chanical stimulus. This test was adapted from (LaBuda and Fuchs, 2000).
In a room with the light level set at 240 = 5 Lux, rats were individually
placed on an elevated (21 ¢m from ground) Plexiglas chamber (18.5 X
40 X 14 cm) with a wire mesh floor, made of two parts of equal dimen-
sions (20 cm width). The first one was dark (4 Lux) and covered with a
black cardboard, whereas the second one was brighter (20 Lux) and
covered with white cardboard. A first session of habituation was per-
formed, where animals habituated to the dual compartments in presence
of the experimenter but animals were not stimulated. Three more habit-
uation sessions were further performed on separate days for 20 min. In
these sessions, as on the days of testing after the induction of peripheral
inflammation, the animals were mechanically stimulated for 1 s every
15 s for 20 min (LaBuda and Fuchs, 2000). If the animal was located in the
dark side, the right paw was then stimulated, whereas the left paw was
stimulated when the animal was in the bright compartment. The time
spent in the bright compartment was measured in 5 min increments.
Animals that spent <20% in the bright compartment at the end of the
baseline sessions were excluded from the study, as previously described
by LaBuda and Fuchs (2000). Although #n = 9 animals per experimental
groups were initially included in our study, due to this exclusion factor,
the final number of animals included per group was between 6 and 8.

Results are expressed in time (in seconds) spent by the animal in the
light chamber during the last 5 min increment, i.e., the 15-20 min
period. This period was chosen because we and LaBuda and Fuchs
(2000) found that 15-20 min were required for the animals to per-
ceive the stimulations in the dark chamber as aversive and develop a
copying strategy (the passive avoidance). An increase in the time
spent by the animals in the light chamber was interpreted as a sign of
passive avoidance.

Statistical analyses. Animal treatments were randomized within each
cage. For the BDNF lentiviral vectors and rBDNF experiments, we per-
formed a two-way ANOVA followed by a Student-Newman—Keuls post
hoc test for multiple comparisons using the Sigmastat software. For the
CTX-B experiments, we performed three-way ANOVAs, followed by a
Student-Newman—Keuls post hoc test for multiple comparisons. ANOVA
results are given as the value of the Fisher distribution Fx,y obtained from
the data, where x is the degrees of freedom for groups and y is the total
degrees of freedom of the distribution. Data were expressed as mean *+
SEM, and the levels of significance were set as follows: *p < 0.05, **p <
0.01, and ***p < 0.001.
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Electrophysiological recordings

Slice preparation

Ten male rats, 2- to 3-months-old (n = 4 GFP, n = 3 BDNF, n = 3 CFA),
were anesthetized using an intraperitoneal injection of sodium pentobar-
bital (100 mg/kg; Ceva Santé) and decapitated. Brains were quickly re-
moved and placed into cold cutting solution (~4°C) containing the
following (in mm): 124 NaCl, 3 KCl, 2.5 CaCl, 1.15MgSO,, 1.15 KH,PO,,
24 NaHCO; and 10 p-glucose, pH 7.4, continuously bubbled with 95%
0,-5% CO,. To avoid excitotoxicity, 1 mm of kynurenic acid (Sigma-
Aldrich) was added to the solution. Coronal brain slices (350 wm thick)
comprising the somatosensory cortex were cut with a vibratome
(VT1200S; Leica) and transferred to a holding chamber filled with arti-
ficial CSF (aCSF) containing the following (in mm): 126 NaCl, 2.5 KCI,
1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 26 NaHCOs;, 20 glucose, and 1
kynurenic acid, constantly oxygenated (95% O,—5% CO,) and held at
room temperature. Individual slices were then submerged in a recording
chamber kept at 32°C and perfused (1.5 ml/min) with oxygenated aCSF
(without kynurenic acid).

Electrophysiology

Slices were submerged in a thermostat-controlled recording chamber
(Luigs and Neuman), placed on the stage of an Axioskop 2FS microscope
(Carl Zeiss) equipped with Dodt gradient contrast optics (Luigs and
Neuman) and a CoolSnap FX CCD camera (Roper Scientific), and visu-
alized under infrared (IR) illumination. The preparation was continu-
ously perfused (1-2 ml/min) with oxygenated aCSF and the transfection
zone in S1 was identified by its fluorescence.

Extracellular field potentials in cortical layer IT were recorded with an
electrode (2-5 M()) filled with aCSF solution. The potentials were
evoked by stimulation of axons coming from the thalamus, at the border
of the white matter and layer VI, using a bipolar concentric stimulating
electrode. Long-term potentiation (LTP) was induced by three trains of
theta burst stimulation (TBS; 200 ms interbursts separated by 15 s), with
1 theta burst consisting of four pulses (0.2 ms/pulse) at 100 Hz.

Electrophysiological stimulation protocol

The stimulating electrode was placed at the border between the white
matter and layer VI to stimulate vertical pathways projecting to cortical
layers II/III and IV (Woodward et al., 1990; Kenan-Vaknin and Teyler,
1994). Field potentials were recorded at 32°C in the current-clamp mode
of a MultiClamp 700B amplifier (Molecular Devices). Signals were fil-
tered at 10 kHz and digitized at 50 kHz with an analog signal converter
(Digidata 1322A; Molecular Devices), and analyzed using pClamp 9.2
software (Molecular Devices). The stimulation electrode was set at 0.2—1
mA for 200 ws, with a stimulation intensity that yielded a half-maximal
response. Baseline responses were obtained every 20 s over 10 min. LTP
was induced by TBS: three trains of 10 theta bursts (with 200 ms inter-
bursts) separated by 15 s, with 1 theta burst consisting of four pulses (0.2
ms/pulse) at 100 Hz (He et al., 2009). Post-TBS acquisition was per-
formed over a 35 min period with stimulations every 20 s. Recorded data
were analyzed using the Clampfit, Igor pro, and Excel software programs.
The amplitude of the maximum negative field potential in layer II was
used as a measure of the evoked population excitatory current. The last 5
min of the recordings were averaged and compared with the baseline; all
recordings with an average greater than twice the noise of the baseline
were considered as LTP. Recordings whose baseline varied by >10%
were excluded. Data were then pooled together for each experimental
group and expressed as the percentage change from the control base-
line = SEM. Statistical comparisons were performed by applying a
Mann-Whitney rank sum test. Differences were considered significant at
p <0.05.

BDNF ELISA titration

Animals were deeply anesthetized with sodium pentobarbital (100 mg/
kg; Ceva Santé) and killed by decapitation. Their brains were placed on
ice. Slices were performed using a sharp blade and several brain areas
were then quickly dissected using the coordinates of the Paxinos and
Watson (2006) rat brain atlas. Brain tissues were then individually col-
lected in 2 ml tubes and immediately frozen on dry ice. These brain areas
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comprised the unilateral primary sensory cortices, pooled bilateral cin-
gulate cortices, pooled bilateral insular cortices, and pooled bilateral mo-
tor cortices. Tissues from all animals were homogenized using Ultraturax
in lysate NP-40-based buffer, supplemented by protease inhibitor as rec-
ommended by the manufacturer (Promega) and centrifuged 20 min at
10,000 X g. Supernatant was collected and BDNF was titrated using the
BDNF ELISA kit from Promega. The protein concentrations were deter-
mined on the same lysates using a Biorad DC Protein Assay kit (Bio-Rad
Laboratories) and results were expressed in picograms BDNF/mg pro-
tein. For the STHL, statistical significance was determined using two-way
ANOVA followed by the Student-Newman—Keuls comparison post hoc
test. The first parameter was the treatment of the animals (saline vs CFA)
and the second parameter was the cortex side counted (ipsilateral vs
contralateral side). ANOVA results are given as the value of the Fisher
distribution Fx,y obtained from the data, where x is the degrees-of-
freedom for groups and y is the total degrees of freedom of the distribu-
tion. Mann—-Whitney rank sum tests were performed for other structures
(cingulate, insular, and motor cortices). The titration was performed on
at least four animals per condition [CFA experiment: n = 4 for the saline
group and n = 4 for the CFA group for the cingulate, insular and motor
cortices, whereas n = 5 for the saline group and n = 5 for the CFA group
for the STHL; BDNF vector experiment: n = 4 for the GFP group and n =
4 for the BDNF group for each time point, observation day (D)7 and
D23].

Immunohistochemistry

Animals were deeply anesthetized by 25 mg/ml urethane injection (1.5
g/kg, i.p.) and killed by transcardial perfusion with 200 ml of 0.9%o0 NaCl,
followed by 500 ml of 4% paraformaldehyde (PFA) plus 15% picric acid
in 0.2 M phosphate buffer (PB), pH 7.4. The brain was dissected out and
postfixed overnight in 4% PFA plus 15% picric acid at 4°C. The brain was
then cryoprotected in 30% sucrose in 0.2 M PB, pH 7.4, overnight at 4°C.
Twenty-micrometer-thick coronal brain sections were serially cut using
a cryostat (HM550, Microm Microtech). Sets of 10 sections were
mounted onto Superfrost slides, so that four series of 10 slides were
obtained, corresponding to whole structures of interest including the
cingulate cortex and primary somatosensory cortex.

BDNF protein immunostaining: immunohistochemical detection proto-
col. Serial sections from the brain were immunostained for BDNF immu-
noreactivity according to the avidin-biotin-peroxidase method followed
by DAB revelation, as previously described (Pezet et al., 1999). Tissue
sections were incubated overnight at room temperature in primary anti-
serum directed against the BDNF protein (sheep anti-BDNF, Abcam, no.
ab75040) diluted 1:1000 in PB containing 0.9% NaCl (PBS, 0.02 m), 0.3%
triton and 0.02% sodium azide (PBS-T-azide). Incubated sections were
washed in three successive baths of PBS and subsequently incubated in
1:300 biotinylated rabbit anti-sheep IgG (no. ab6746, Abcam) in PBS-T
for 1 h at room temperature. Sections were then washed three times in
PBS and incubated for 1 h in avidin-biotin-peroxidase complex (1:500;
Vectastain, Vector Laboratories) diluted in PBS. Finally, sections were
washed three times in PBS and revealed with a peroxidase substrate kit
(Vector Laboratories, SK-4100) according to the supplier’s protocol. The
reaction proceeded for 5 min at 20°C; the reaction was then stopped by
washing in distilled water. Sections were sequentially differentiated in
70%, 90%, 95%, and absolute alcohol, and finally air dried, xylene-
treated, and coverslipped with DPX (Sigma-Aldrich). To account for the
possibility that immunochemistry might vary from one experiment to
the next, brain sections of rats from all experimental groups were immu-
nostained at the same time.

Quantification of BDNF staining. To quantify BDNF staining in both
groups of animals, black and white 256 gray level images were acquired
with a 20X objective on a Zeiss microscope. All acquisitions were per-
formed with the same acquisition setup. To count the number of positive
cells, we performed a cell counter analysis using the Image] software. The
same regions of interest were used for each animal as illustrated in Figure
1D. Cell counting was performed separately for the ipsilateral and con-
tralateral sides of the brain for each animal. Statistical significance was
determined by two-way ANOVA followed by Student-Newman—Keuls
comparison post hoc test, using the Sigmastat software. The first pa-
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Figure1. Peripheralinflammationinduced anincreased BDNF expression in both the cingulate and primary sensory cortices. A-C, ELISA titration showing that BDNF concentration was increased

markedly in the cingulate cortex (pool of bilateral sites; A) and to a lesser extent in the primary sensory cortex (B) and unchanged in the insulate and motor cortices (€) 24 h after the induction of
peripheral inflammation by unilateral intraplantar injection of CFA. E-J, Inmunohistochemical staining of BONF (G—J) and its quantification (E, F) reveals an increased number of BDNF-positive
cells in the right and left cingulate cortex (E) in inflamed animals. There is also an increase in the contralateral somatosensory cortex, hindlimb part (F). D, Schematic showing the area used to
quantify the number of BDNF-positive cells in the cingulate cortex (D, top) and the STHL (D, bottom). G, H, Representative BDNF immunostaining in the ACC of a control (G) and a CFA-injected rat
(H).1,J, Representative BDNFimmunostainingin the STHL of a control (/) and a CFA-injected rat (J). Scale bars: G, H, 200 um; 1,J,100 um. All data are expressed as mean == SEM; N = 5 CFA-treated
animals, n = 5 control animals. Two-way ANOVA followed by Student-Newman—Keuls comparison post hoc test. B: F; 15 = 2017, p = 0.176; E: F; 55, = 16.62,p << 0.001; F: F; 55 = 17.25,p < 0.001;

interaction: f; ,5) = 4.95, p = 0.037;*p < 0.05, **p << 0.01, ***p < 0.001 versus control rats.

rameter was the treatment of the animals (saline vs CFA) and the
second parameter was the cortex side counted (ipsilateral vs con-
tralateral side). ANOVA results are given as the value of the Fisher
distribution Fx,y obtained from the data, where x is the degrees-of-
freedom for groups and y is the total degrees of freedom of the distri-
bution. Quantification was performed on four sections per animal
(n = 5 animals per group).

Double-staining BDNF: GFAP/Ibal or NeuN. Serial brain sections
from the animals used for the quantification of BDNF expression in the
ACC or S1 (Fig. 2), or from animals used in the temporal expression
study (Fig. 3) were incubated overnight at room temperature with the
appropriate antibodies diluted in PBS-T-azide: 1:300 BDNF (sheep anti-
BDNF, ab75040); 1:1000 GFAP, an astrocyte marker (rabbit anti-GFAP,
Abcam, ab48050); 1:1000 Ibal, a microglia and macrophage marker

(rabbit anti-Ibal, no. 019-19741, Wako Chemicals); and 1:2000 NeuN, a
neuronal marker (mouse anti-NeuN, no. VMA377, AbCys). Following
washes, sections were incubated in AlexaFluor 568 anti-rabbit IgG or Alex-
aFluor 568 anti-mouse IgG (Invitrogen) diluted 1:1000 in PBS containing
0.3% triton and fluorescein anti-sheep IgG (Vector Laboratories, FI-6000).
Because the fluorescein anti-sheep secondary antibody was generated in rab-
bit, as were the anti-GFAP and anti-Ibal antibodies, these double-
immunostainings were performed sequentially, with GFAP or Ibal
immunostaining being performed first. Following incubation in AlexaFluor
568 anti-rabbit IgG, brain sections were incubated overnight at room tem-
perature with anti-BDNF. Following washes, sections were incubated 2 h in
fluorescein anti-sheep IgG and mounted in Vectashield medium.
Double-staining GFP: GFAP/Ibal or Cutll. Serial brain sections from
the animals used for the quantification of BDNF expression in the ACC
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Figure 2.

BDNF expression induced by peripheral inflammation occurred in all types of cells. A~C, Double-immunostaining shows that BDNF immunostaining colocalized with the astrocyte

marker GFAP (4, arrows), but also with the microglial marker Iba1 (B, arrows), and NeuN (C, arrows), a neuronal marker. Cells positive for BDNF, but negative for the relevant marker, were also

observed and are indicated here with arrowheads. Scale bars: A, B, 20 um; C, 50 um.

or S1 (Fig. 2), or from animals used in the temporal expression study (Fig.
3), were incubated overnight at room temperature with the appropriate
antibodies diluted in PBS-T-azide: 1:1000 GFAP (rabbit anti-GFAP, Ab-
cam, ab48050); 1:1000 Ibal (rabbit anti-Ibal, no. 019-19741, Wako
Chemicals) or 1:1000 Cutll, a pyramidal marker (mouse anti-Cutl1, no.
ab54583, Abcam). Following several washes, sections were incubated in
AlexaFluor 568 anti-rabbit IgG or AlexaFluor 568 anti-mouse IgG (In-
vitrogen) diluted 1:1000 in PBS-T. After several washes, sections were
mounted in Vectashield medium.

p-Erk protein immunostaining: immunohistochemical detection proto-
col. As described above, serial sections from the brain of the animals used
in the behavioral experiment (see Fig. 6) were immunostained for p-Erk
immunoreactivity according to the avidin-biotin-peroxidase method,
followed by DAB revelation. Tissue sections were incubated overnight at
room temperature in primary antiserum directed against the p-Erk pro-
tein (rabbit anti-Phospho p44/42 MAPK, Cell Signaling Technology, no.
4370L) diluted 1:1000 in PBS-T-azide. After incubation in 1:300 biotin-
ylated goat anti-rabbit IgG (Vector Laboratories) in PBST for 1 h at room
temperature and 1 h in avidin-biotin-peroxidase complex (1:500; Vec-
tastain, Vector Laboratories) diluted in PBS, sections were washed and
revealed with a peroxidase substrate kit (Vector Laboratories, SK-4100).
Sections were sequentially differentiated in 70%, 90%, 95%, and absolute
alcohol, and finally air dried, xylene-treated, and coverslipped with DPX
for histology (Sigma-Aldrich). Brain sections of rats from the same ex-
perimental group were immunostained at the same time.

Quantification of p-Erk staining. Tissue sections were first examined by
dark-field microscopy to determine structures of interest. Cells with labeled
nuclei were counted using a camera lucida attachment. The number of
p-Erk-positive neurons in the cingulate cortex were counted; all p-Erk-IR
neurons were counted regardless of staining intensity. The investigator re-
sponsible for counting p-Erk-IR neurons was blind to the animal’s treat-
ment. As no difference was observed between the ipsilateral and contralateral
sides of the cingulate cortex, the number of p-Erk-positive cells in the two
sides were pooled and averaged. Statistical significance was determined using
one-way ANOVA followed by the Student-Newman—Keuls comparison post
hoc test. ANOVA results are given as the value of the Fisher distribution
Fx,y obtained from the data, where x is the degrees-of-freedom for
groups and y is the total degrees-of-freedom of the distribution. Quan-
tification was performed on seven sections per animal (saline-saline, n =
6; saline-CTX, n = 5; CFA-saline, n = 6; CFA-CTX, n = 4).

Results

Peripheral inflammation increases BDNF expression in both the
cingulate and somatosensory cortices

Twenty-four hours after CFA injection into the right hindpaw,
ELISA titration of BDNF levels revealed a marked increase in the
cingulate cortex (Fig. 1A; p < 0.05) of rats with clear-cut inflam-
matory pain (Fig. 6A-D). A mild increase was also noted in the
whole primary somatosensory cortex although this change did
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Time course and cell-specific expression of GFP or BDNF induced by intracerebral injection of recombinant lentiviral vectors. A, Representative examples of GFP lentiviral expression in

the hindlimb partof the STHLat 1, 2, 3, and 4 weeks after local injection. GFP fluorescence was strictly localized in the STHL and was maintained throughout the 4 weeks. B, ELISA titration performed
on cortical samples 7 or 28 d after intracortical injection of GFP- or [GFP + BDNF]-expressing lentiviral vectors, showing that BONF was significantly upregulated at both times. All data are expressed
as mean == SEM; **p << 0.01, ***p << 0.001 GFP-transfected versus BDNF-transfected rats (n = 4 GFP, n = 4 BDNF). (—E, Double-immunofluorescent staining showed that GFP (C—E, green)
colocalized with GFAP (astrocyte cell; €), Iba1 (microglial cell; D, purple), and Cutl1 (pyramidal cortical neuron; E, purple). Scale bars: A, 1 mm; C, D, 10 wm; E, 20 wm.

not reach statistical significance (Fig. 1B). In contrast, BDNF
levels in the insular and motor cortices did not differ in CFA-
versus saline-treated rats (Fig. 1C). CFA-induced peripheral
inflammation was associated with an increased density of BDNF-
immunoreactive cells in the cingulate cortex, both in the ipsilat-
eral (right) and the contralateral (left) sides, compared with
control animals (Fig. 1E; p = 0.001 and p < 0.05, respectively).
Moreover, we observed a statistically significant increase in the
number of BDNF-immunoreactive cells in the contralateral side
of the STHL (Fig. 1E; p < 0.001). Colocalization with markers of
different cell types revealed that this BDNF immunoreactivity
was expressed in astrocytes, microglial cells, and neurons (Fig. 2).
Quality control testing of the antibody used for Western blots
showed that it recognizes both mature BDNF and pro-BDNF
(data not shown).

Cortical upregulation of BDNF in naive animals induces a
sustained cold hypersensitivity and LTP
To directly investigate the role of BDNF in the induction of hy-
persensitivity, we measured behavioral changes after injection of
a lentiviral vector coexpressing BDNF and GFP in the STHL or
the ACC of naive animals. The control group received a version of
the viral vector that only expresses GFP. The spatiotemporal ex-
pressions of GFP and BDNF were, respectively, visualized by GFP
fluorescence (Fig. 3A) and BDNF ELISA titration showed a long-
lasting expression of both transgenes from 7 d to 4 weeks postin-
jection (Fig. 3B). The colocalization studies revealed that this
lentiviral vector was transfected in all cell types: astrocytes, mi-
croglial cells, and neurons (Fig. 3C-E, respectively).

For both the SIHL and ACC, rats injected with the BDNF-
expressing vector displayed symptoms of cold hypersensitivity

(Fig. 4A,B,G,H). Whereas BDNF overexpression in the STHL
was most potent to induce cold hyperalgesia, overexpression in
the ACC induced cold allodynia. However, neither STHL nor
ACC injections induced any changes in mechanical withdrawal
threshold (Figs. 4C,1, respectively). Finally, to decipher the mech-
anisms underlying the induction of hypersensitivity, we exam-
ined the capacity for LTP induction in STHL. As illustrated in
Figure 4, a TBS induced LTP in STHL from adult rats injected
with the BDNF vector; this was measured as an increase in field
potentials (FPs) 0f 116.00 * 3.53% (Fig. 4D-F; n =5, p < 0.001),
compared with control rats injected with the GFP vector. Inter-
estingly, TBS stimulation performed on CFA-treated animals
also enhanced FPs by 109.52 = 5.06 (Fig. 4F; n = 6, p < 0.05),
suggesting that BDNF induces an increased synaptic efficacy, as
previously reported (Kang and Schuman, 1995; Messaoudi et al.,
1998). Our results also suggest that the STHL is a site of increased
synaptic efficacy. Note that the numerical value of the p given in
the legends of figures is the value of the variance analysis. In
Figure 4H, although there are overall statistical differences at the
ANOVA, there are no individual significances when tested by post
hoc tests.

rBDNF injection into the ACC of naive animals rapidly induces
sustained cold hypersensitivity

We directly injected recombinant BDNF (rBDNF, 1 ng) into the
ACC of naive rats. Strikingly, as early as 6 h after rBDNF injec-
tion, rats displayed a sustained increase in the cold awareness
threshold compared with the control rats (Fig. 54; p < 0.001). In
addition, the cold nociceptive threshold was increased in rBDNF-
injected rats. This change reached statistical significance as soon
as 1 d postinjection (Fig. 5B; p < 0.05) and persisted until the last
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Figure 4.  Upregulation of BDNF expression by injection of lentiviral vector expressing BDNF in the S1 HL or in ACCinduced sustained cold hypersensitivity and neuronal hyperexcitability. A-C,

Behavioral studies showed that upregulation of BDNF in STHL induced a cold thermal allodynia trend (A) and cold thermal hyperalgesia (B), but no modification of mechanical sensitivity (C). D-F,
Electrophysiological experiments showed a significant increase in LTP in the STHL of rats injected locally with BDNF expressing vector or in inflamed animal. Representative FPs recorded before (1)
and after (2) TBS (D), mean relative FP amplitude of TBS-induced LTP for each experimental group (E, F). G-1, Behavioral studies reveal that upregulation of BDNF in ACCinduced a significant cold
allodynia (G) and a trend toward cold hyperalgesia (H), but no modification of mechanical sensitivity (/). All data are expressed as mean == SEM. Statistics: A-C: n = 8 GFP; n = 8 BDNF, two-way

ANOVA followed by a Student-Newman—Keuls post hoc test; A: F; 55y = 3.089, p = 0.085; B: f; ¢,

=3.059,p = 0.018; C: F; 55y = 0.49,p = 0.487; F,n = 7 GFP,n = 6 BDNF, n = 6 (FA,

Mann-Whitney rank sum test, *p < 0.05, **p << 0.01, versus control rats; G-I, n = 6 GFP, n = 6 BDNF, two-way ANOVA followed by a Student-Newman~Keuls post hoc test; G: F, 5,) = 6140,
p=0.017; H:Fj; 5, = 5.941,p = 0.019; I F; 5 = 0.809, p = 0.373, *p << 0.05 versus control rats. Note that the numerical value of the p value given in the legends of figures is the value of the

variance analysis.

observation day (D13; Fig. 5A, B). In contrast, rats injected with
rBDNF into the ACC did not display mechanical allodynia (Fig.
5C). These results are consistent with those obtained with the
BDNF vector, and clearly show the emergence of cold hypersen-
sitivity in response to elevated levels of BDNF in the ACC. The
slow induction of pain brought about by virally induced BDNF
raises the question of whether mechanisms upstream of BDNF
(such as production and processing of BDNF) or downstream of
BDNF (such as changes in neuronal excitability) might be the
limiting factor. The long-lasting cold hypersensitivity observed
after injection of rBDNF is consistent with previous observations
made by Constandil et al. (2011), showing that a single intrathe-
cal injection of 0.003 ng of BDNF was able to decrease the noci-
ceptive threshold (Randall-Selitto test) in normal rats, for at least
a 42 d period. Although the half-life of rBDNF is unknown in
vivo, it is possible that such effects may not be due to direct effects
of BDNF, but rather due to the activation of secondary mecha-
nisms, such as glial-cell activation.

Intra-ACC injections of CTX-B prevent cold hypersensitivity but
not mechanical hypersensitivity in CFA-inflamed rats

As previously reported by other authors (Goff et al., 1998;
Allchorne et al., 2005) and herein confirmed, CFA-inflamed rats

display cold hypersensitivity (Fig. 6 A, B) and mechanical hyper-
sensitivity (Fig. 6C,D). To assess whether the increased expres-
sion of BDNF within the ACC could be causally related to the
emergence of cold hypersensitivity and mechanical hypersensi-
tivity in CFA-inflamed rats, we blocked the BDNF/TrkB signaling
pathway by microinjecting an effective dose (10 ug) of the TrkB
antagonist Tat-CTX-B (Cazorla et al., 2010) directly into the
ACC. Although this treatment did not affect the thermal and
mechanical sensitivity of noninflamed animals (Fig. 6A-D),
intra-ACC administration of CTX-B totally prevented the cold
allodynia normally observed at 6 h after intraplantar injection of
CFA (Fig. 6A; p < 0.05). This protection was maintained for 3 d
(Fig. 6A; p < 0.05). In addition, the cold hyperalgesia typically
observed 6 h following injection of CFA was also totally pre-
vented by CTX-B administration (Fig. 6B; p < 0.001). However,
2 d after CFA injection, the cold hyperalgesia was only partially
blocked (Fig. 6B; p < 0.01 and p < 0.05 for the CFA CTX-B group
vs the saline CTX-B group and the CFA saline group, respec-
tively), and 3 d postinjection, the protective effect of CTX-B had
disappeared (Fig. 6B; p < 0.01). As soon as 6 h after the intraplan-
tar injection of CFA, rats displayed a noticeable mechanical hy-
persensitivity of the right hindpaw (ipsilateral side of the
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Figure 5.  Local injection of recombinant BDNF protein into the cingulate cortex induced
sustained cold hypersensitivity. A-C, Behavioral studies indicate that rBDNF injection into ACC
induced a significant cold allodynia (A) and a cold hyperalgesia (B) that was maintained for (at
least) 13 d postinjection, but no modification of mechanical sensitivity (C); N = 7 GFP,n = 6
rBDNF, two-way ANOVA followed by a Student-Newman—Keuls post hoc test; A: F; g5, =
53.318,p < 0.001; B:Fy g5) = 44.451,p < 0.001; C: Fyy g5 = 1.167, p = 0.282;%p < 0.05,
**p <0.01,***p < 0.001 versus control rats; #p << 0.05, ###p < 0.001 comparison between
different time points.

injection) that lasted for at least 3 d postinjection (Fig. 6C; p <
0.001). By contrast, no modification of the withdrawal threshold
of the contralateral hindpaw was observed (Fig. 6D). Intra-ACC
administration of CTX-B did not prevent the mechanical allo-
dynia elicited by CFA-induced inflammation (Fig. 6C; p <
0.001).

Previous studies have shown that the MAP kinase ERK is
phosphorylated in several brain areas (such as, the primary and
secondary cortices, ACC, insular cortex, rostral ventromedial
medulla, and central amygdala) under conditions of noxious
stimulation, or inflammatory or neuropathic pain (Carrasquillo
and Gereau, 2007; Toyoda et al., 2007; Imbe et al., 2008, 2009;
Wei and Zhuo, 2008; Alvarez et al., 2009; Cao et al., 2009a; Thi-
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bault et al., 2012). ERK can also be activated by BDNF via TrkB
(Klein et al., 1991). In line with these data, we observed a signif-
icant increase in the number of pERK-positive cells in the ACC of
CFA-inflamed animals compared with the controls (Fig. 6E-G;
p < 0.01). This upregulation was totally prevented by an intra-
ACC administration of CTX-B (Fig. 6G). Notably, we also
observed a colocalization between pERK and BDNF immunola-
beling (Fig. 6H), suggesting that the CFA-induced increase in
BDNF expression might be responsible for at least some of the
induction of ERK phosphorylation in ACC neurons.

Intra-ACC injections of CTX-B prevent the development of
passive avoidance behavior

Finally to explore directly our hypothesis of a key role of endog-
enous BDNF in the ACC in the emotional aspect of pain, we
tested the ability of intra-ACC injection of CTX-B to alter the
passive avoidance behavior induced by mechanical static stimu-
lation. Using a well described paradigm that was showed to mea-
sure the emotional aspect of pain (LaBuda and Fuchs, 2000;
LaGraize et al., 2004; Fuchs et al., 2014), we observed that al-
though peripheral stimulation of the inflamed paw (right) in-
duced a passive avoidance of the animals (317% increase in the
time spent in the right chamber 24 h after the induction of pe-
ripheral inflammation; Fig. 7), this behavior was completely pre-
vented by a single intra-ACC injection of the TrkB antagonist
(Fig. 7), confirming that increased BDNF synthesis in the ACC is
a key mediator of the emotional aspect of pain.

Discussion

This study investigated the putative role of BDNF signaling in
cortical plasticity underlying or inducing the perception of pain.
Using behavioral, electrophysiological, biochemical, and immu-
nohistochemical approaches in an animal model of inflamma-
tory pain, we demonstrated that BDNF is upregulated in the ACC
and the S1 in inflamed rats. Furthermore, while increased BDNF
in the ACC of naive rats is sufficient to induce cold hypersensi-
tivity, blockade of BDNF signaling in the ACC of inflamed ani-
mals prevents the development of both cold hypersensitivity and
avoidance behavior. These findings show that BDNF-dependent
neuronal plasticity in the ACC is a key mechanism in the devel-
opment and maintenance of the affective aspect of pain.

BDNF is an activity-dependent pain modulator in the ACC
and the STHL

Numerous studies have described a network of brain areas acti-
vated by experimental painful stimulations, forming a “pain ma-
trix” involved in the different dimensions of pain perception
(Treede et al., 1999; Davis, 2000; Peyron et al., 2000; Apkarian et
al., 2005; Tracey, 2005; Moisset and Bouhassira, 2007; Hayes and
Northoff, 2012). These brain areas include the S1, motor (M),
ACC, and insular cortices, as well as the amygdala and the lateral
thalamus. Whereas the S1 and M cortical areas and the lateral
thalamus are preferentially associated with the sensory-
discriminative aspect of pain, the ACC and the anterior insular
cortex (which are components of the limbic system) seem to be
more involved in the affective-emotional aspect of pain (Davis,
2000; Oertel et al., 2008; Hayes and Northoff, 2012).

The focus of this study was restricted to changes in cortical
regions. Among the areas analyzed, we only found increased
BDNEF expression in the ACC and the STHL of rats injected with
CFA. This compelling result suggests a particular BDNF-related
plasticity in these two brain areas. Consistent with these findings,
arecent study used a similar inflammatory pain model in mice to
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Blockade of BDNF/TrkB signaling by intra-ACCinjection of TrkB antagonist prevented the cold hypersensitivity and cortical hyperexcitability induced by peripheral inflammation. A-D,

Blockade of the BDNF/TrkB signaling pathway by the antagonist CTX-B prevented the occurrence of cold allodynia in CFA-injected rats (). It also temporarily prevented the development of cold
hyperalgesia for 2 d (B), but had no effect on the mechanical allodynia observed in the hindpaw ipsilateral to CFA injection (C). Neither intraplantar injection of CFA into the right paw nor intra-ACC
injection of CTX-B modified the withdrawal threshold for the contralateral hindpaw (D, left). E-F, Representative examples of pERK staining in the cingulate cortexin a control (E) and a CFA-treated
(F) rat. Arrows indicate pERK positive neurons. Scale bar, 90 wm. G, Quantification of pERK-positive neurons, showing that the antagonistic effect of CTX-B on BDNF-TrkB signaling prevented a
peripheralinflammation-evoked increase in the number of pERK neuronsin the ACC. H, Representative photomicrographs of pERK and BDNFimmunostainings and colocalisation (arrows) in neurons
of the cingulate cortex. Scale bar, 40 um. All data are expressed as mean == SEM; N = 6 animals per group, three-way ANOVA, followed by a Student-Newman—Keuls post hoc test. A, Inflammation
treatment parameter: f; ;45 = 9.334, p = 0.003; (TX-B treatment parameter: F; ;;¢) = 4.213,p = 0.043; B, Inflammation treatment parameter: £, ;;¢) = 106.608, p < 0.001; (TX-B treatment
parameter: f; 115 = 7.245, p = 0.008; C, Inflammation treatment parameter: f; ;;5) = 236.029, p < 0.001; CTX-B treatment parameter: F; ;45 = 1.104, p = 0.296; **p < 0.01 CFA-saline
versus saline-saline rats; §p << 0.05 CFA-saline versus CFA-CTX-B rats. D, *p << 0.05, **p << 0.01, ***p << 0.001 CFA-saline versus saline-saline rats; T1p << 0.01, 11p << 0.001 CFA-CTX-B versus

saline-(TX-B rats; §p < 0.05, §§§p << 0.001 CFA-saline versus CFA-CTX-B rats. G, F 5 ,,) = 5.875, p = 0.006.

demonstrate an enhanced responsiveness of S1 cortical neurons
(in layers 2-3), as well as a close link between S1 neuronal activity
and AMPA-R-mediated activation of ACC neurons (Eto et al,,
2011). Although it still remains to be determined whether this
AMPA-R-dependent facilitation of ACC activity by SI inputs
(Eto et al., 2011) involves a direct or an indirect pathway, our
results strongly suggest that BDNF could be one possible trigger
of this specific plasticity.

Within the S1 cortical area, BDNF-related changes were spe-
cifically observed in the SIHL, as previously described in the
barrel cortex following whisker stimulation (Rocamora et al.,
1996); this observation suggests an activity-dependent change in
BDNF that follows cortical somatotopy. This increased BDNF
expression was found in both neurons and glial cells of cortical
layers 2-3, strengthening the idea that BDNF could be released in
an activity-dependent manner in neuronal pathways (Thoenen,
2000), and also synthetized and released locally by glial cells (Mc-
Naught and Jenner, 2000; Hutchinson et al., 2009). Indeed, this

mechanism was previously described in the spinal cord, where
BDNF was shown to affect the synthesis of the potassium chloride
cotransporter KCC2, leading to local hyperexcitability and hy-
persensitivity (Coull et al., 2003, 2005). Very few studies have
investigated the functional consequences of increased synaptic
plasticity in restricted parts of the S1. It could be postulated that
this cortical hyperexcitability is a key element in the long-term
development of cortical reorganization and pain chronicization
as observed after incomplete spinal cord lesions (Yague et al.,
2011) or neuropathic pain (Kim and Nabekura, 2011; Gustin et
al., 2012).

The BDNF/TrkB signaling pathway in the ACC enhances the
affective aspect of pain

Because the ACC is mainly responsible for the affective compo-
nent of pain (Rainville et al., 1997; Johansen et al., 2001; LaGraize
and Fuchs, 2007), to evaluate the functional role of increased
BDNF in the ACC, an appropriate behavior test had to be used
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to measure the affective aspect of pain. In human studies, the
affective (unpleasant) component of persistent pain, such as
fear, worry, etc., can easily be dissociated from the sensory
component, such as being stabbed, cramped, or pinched (Mel-
zack, 1975). In contrast, it is very difficult in animal studies to
precisely define unpleasantness, and the complex paradigms
in use often involve cognitive-affective components such as
memory and anxiety, which in turn can introduce bias into
data interpretation. So far, pain-related escape/avoidance par-
adigm (Qu et al., 2011; LaBuda and Fuchs, 2000) or a pain-
conditioning Pavlovian fear procedure have been used to
assess supraspinal areas involved in pain’s affect/emotion/
aversion (King et al., 2009).

The mechanical hypersensitivity behavioral test that we
also used in the present study (electronic Von Frey) is more
related to the sensory discriminative component of pain than
to its affective component (Sandkiihler, 2009). Interestingly,
BDNEF/TrkB signaling in the ACC did not affect this type of
sensitivity.

In contrast, the cold-awareness or cold-nociceptive re-
sponses measured in this study (as performed by Allchorne et
al., 2005) are not reflex-mediated responses (as performed by
Yalcin et al., 2009 using the same apparatus) by scoring a
cumulative number of responses at each temperature), but an
integrated response. Indeed, we determined two temperature
thresholds at which the rat exhibited prototypical behaviors:
examination of the floor for the first one (awareness) and paw
licking or attempts to escape for the second one (nociceptive).
These behaviors are clearly not reflex-mediated responses, but
are adaptive coping responses to perceived cold stimuli and we
propose that the awareness threshold could be an indirect
measure of a component of the emotional aspect of pain. Us-
ing this test, we observed a BDNF-induced cold sensitivity,
which we propose, could be an increased unpleasantness to a
cold stimulation. To further characterize this role of BDNF, a
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more classical test: the passive avoidance behavior induced by
a mechanical aversive stimulus (LaBuda and Fuchs, 2000; La-
Graize et al., 2004; Fuchs et al., 2014) was used. It showed that
this behavior, that is known to measure the emotional aspect
of pain, is prevented when the BDNF signaling pathway was
blocked in the ACC, whereas the mechanical sensitivity was
not modified. These results therefore strongly support our
hypothesis that BDNF upregulation in the ACC potentiates
the emotional aspect of cold, although it does not affect me-
chanical sensitivity. In addition, it suggests that the cold
awareness test should be more largely used to measure the
emotional adaptation to this cold stimulation (Thibault et al.,
2014).

Pain-related plasticity in the cingulate cortex

Our study indicates that BDNF expression is increased in the
ACC during inflammation, and is sufficient to induce a series of
plastic changes such as LTP and ERK phosphorylation leading to
cold hypersensitivity. It is well accepted that the ACC is impor-
tant in the anticipation of a painful stimulus or feeling the pain
applied to another subject (empathy; Ploghaus et al., 1999; Lamm
etal.,2011). Several lines of evidence suggest that decreasing ACC
activity by meditation or biofeedback reduces pain sensation
(deCharms et al., 2005), and has protective effects on changes of
brain gray matter and functionality observed in several chronic
pain diseases (Grant et al., 2010; Luders et al., 2012). Conversely,
animal studies have shown that increased activity in the ACC can
increase the emotional aspect of pain (Wei and Zhuo, 2008; Cao
et al., 2009b). Measuring LTP, used as an electrophysiological
paradigm to assess synaptic efficacy (Toyoda et al., 2007), has
allowed demonstrating that peripheral inflammation (Cao et al.,
2009a) and nerve damage induce (Wei and Zhuo, 2008) in-
creased synaptic efficacy in the ACC and S1. Finally, several un-
derlying mechanisms that contribute in the ACC to neuronal
hyperexcitability and associated sustained pain have been shown
to involve astrocytic activation (Chen et al., 2012), adenylyl cy-
clase 1 (Liauw et al., 2005), calcium calmodulin kinase IV (Wei et
al., 2001), the NR2A and 2B subunits of NMDA receptors, the
GluAl type of AMPA receptor (Toyoda et al., 2009), ERK phos-
phorylation (Toyoda et al., 2007; Cao et al., 2009b), the protein
kinase M { (Lietal., 2010), and DNA methylation (Tajerian et al.,
2013).

To our knowledge, our study is the first to show a facilitatory
role of BDNF in the ACC. Using the same inflammatory pain
model, Guo et al. (2006) reported that BDNF promotes pain
signaling in the rostral ventromedial medulla . This finding is
complementary to the present study, as both sets of results sug-
gest a common role for central BDNF as a facilitator of pain in
distinct neuroanatomical pathways. In closing, we note that: (1)
BDNF is involved in central plasticity linked to memory (Parks et
al., 2011), (2) a “memory of pain” contributes to mechanisms
underlying chronic pain (Apkarian et al., 2009; Apkarian, 2011;
Sandkiihler and Lee, 2013), and (3) the anterior cingulate cortex
plays a key role in both injury-related unpleasantness in animal
models of pain and memory (Tang et al., 2005). We therefore
confidently propose that the BDNF-related plasticity herein ob-
served in the ACC could be one such mechanism behind the
induction and maintenance of the affective-emotional aspect
of pain.
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