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Chronic stress induces transient spinal neuroinflammation, triggering sensory
hypersensitivity and long-lasting anxiety-induced hyperalgesia
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Chronic stressful events induce biochemical, physiological and psychological changes, resulting in stress-
related neuropsychiatric disorders, such as anxiety or depression. Using repeated social defeat as a stress-
ful event model, we show that this preclinical paradigm induces a transient increase in the expression of
the genes encoding the pro-inflammatory molecules iNOS and COX-2. We provide the first demonstration
that chronic stress affects spinal plasticity through a mechanism involving local neuroinflammation. The
functional consequences of such neuroinflammation are associated with a transient decrease in the
mechanical nociceptive threshold. Administration of the cholecystokinin(CCK)-2 receptor antagonist,
CI-988, directly into the Rostral Ventromedial Medulla reverses the chronic stress-induced decrease in
the nociceptive threshold. These data strongly suggest that chronic stress induces a spinal neuroinflam-
mation associated with transient sensory hypersensitivity involving the activation of CCK-dependent
nociceptive descending facilitatory pathways. Pharmacological data show that chronic social stress-
induced long-lasting state of anxiety is not responsible for maintaining the spinal neuroinflammation
and, therefore, for the associated sensory hypersensitivity. Conversely, an evaluation of pain-related
behavior in the formalin model indicates that anxiety is directly related to prolonged hyperalgesia pre-
vented by systemic benzodiazepine or CCK-2 receptor antagonist treatments. The present study high-
lights the adverse effects of chronic stress on spinal neuroinflammation triggering sensory
hypersensitivity. Exploration of this phenomenon points out the divergence between pain sensitivity
and anxiety-induced hyperalgesia, which is in agreement with clinical observations. Altogether, these
data open up new perspectives for clinical research devoted to the evaluation and treatment of pain in
anxio-depressive patients.

� 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction Emerging data showed that chronic stress affects the immune
The stress response engendered by an acute stressor event is of-
ten beneficial, protecting the individual from injury, and is essential
for surviving adaptation to such situations [27]. However, if the
stress becomes repetitive and sustained, adaptation is impaired
and pathological changes occur as a result of hypercortisolism,
hypertension and psychological changes [11]. Although stress is
not a disease by itself, continuous exposure to stressful stimuli has
been directly related to onset, progression or outcome of many path-
ological processes. Indeed, chronic stress leads to neuropsychiatric
disorders, including anxious or depressive disorders in particular.
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responses in various areas of the brain and, under certain condi-
tions, stress may potentiate inflammatory responses to subsequent
peripheral immune stimulation [15,30,31,33,39]. In particular, an
excess of pro-inflammatory molecules in various areas of the brain
may lead to both neuronal functional impairment and structural
damage [31]. Cyclooxygenase-2 (COX-2), for example, may be
responsible for stress-induced brain damage [16,24]. However,
only a few studies have suggested that psychological stress may
produce spinal neuroinflammation. Bradesi et al. [7,8] demon-
strated involvement of the spinal neurokinin-1 receptor (NK-1)
and microglial phosphorylated p38 levels in the model of water
avoidance-induced visceral hyperalgesia.

Social defeat, such as that resulting from the exposure of a
male rat to social agonistic encounters, occurs frequently in
natural environment [20,28]. The social-defeat procedure is a
Elsevier B.V. All rights reserved.
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psychological chronic stress protocol allowing the studies of the
physiological alterations induced by the chronic stress stimulus it-
self and the long-term consequences of this stressful situation [28].
We have previously shown that 5 days after the end of the social-
defeat procedure, animals displayed anxio-depressive behaviors
similar to those observed in humans with anxiety/depression dis-
orders [2]. This procedure may therefore be considered an appro-
priate model for the analysis of changes associated with social
stress in rats. Using this preclinical model, we demonstrated that
chronic social defeat leads to anxiety-related symptoms associated
with exacerbated pain score in the formalin model involving corti-
cal cholecystokinin-(CCK)ergic systems [2].

In this study, our objectives are as follows. Objective 1 is to test
the hypothesis that chronic stress induces spinal neuroinflamma-
tion. For this, we study the effects of an appropriate preclinical
model of social defeat on spinal pro-inflammatory gene expression.
Objective 2 is to evaluate the functional consequences of chronic
stress-induced spinal neuroinflammation, focusing on spinal func-
tions, such as nociception, through classical mechanical nocicep-
tive tests. Objective 3 is to better understand by which pathways
chronic stress modulates the nociceptive test responses. Given that
recent studies were consistent with direct modulation of descend-
ing pathways by CCK in the rostroventromedial medulla (RVM)
[6,18,29,37], an area involved in nociception modulation (see for
review [18]), we examine the potential role of CCK activity in the
RVM to activate descending pain facilitatory mechanisms.
2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats (Centre d’Elevage R. Janvier, 53940
Le Genest-St-Isle, France), weighing 300 to 325 g (8 weeks old),
were used as intruder rats. On their arrival at the laboratory, they
were housed in chronobiologic animal facilities (Enceinte Autonome
d’Animalerie, A110SP, Thermo Electron Corporation, Saint Herblain,
France). They were housed in groups of 4 rats per cage for 3 days
and were then transferred to individual cages (l: 45 cm; w:
25 cm; h: 17 cm) before the start of the experiments. The chrono-
biologic facility is equipped with equidistant, sound-proofed, tem-
perature-controlled compartments, each supplied with filtered air.
Each compartment had its own light–dark cycle control. Long
Evans (LE) rats (Centre d’Elevage R. Janvier, 53940 Le Genest-St-
Isle, France), weighing 700–800 g, were used as resident rats in
confrontation encounters. All animals are housed in controlled
environments (22 ± 1 �C, 60% relative humidity, 12/12 h light–dark
cycle with lights on at 7:00 a.m., food and water available ad libi-
tum). Procedures involving animals and their care were carried
out in conformity with the institutional guidelines which are in
compliance with national and international laws and policies
(Council directive #87–848, October 19, 1987, Ministère de l’Agri-
culture et de la Forêt, Service Vétérinaire de la Santé et de la Pro-
tection Animale, permission #75–1178 to J.J.B.) and with the
guidelines published in a Guest Editorial in Pain on ethical stan-
dards for the investigation of experimental pain in animals (Com-
mittee for Research and Ethical issues of the I.A.S.P., 1980). To
observe the effects of social stress, rats were randomly divided into
two groups: the first group corresponded to rats not subjected to
chronic stress procedure. The second group corresponded to rats
submitted to the social stress. To observe the effects of pharmaco-
logical treatment on social stress-induced effects, rats were ran-
domly divided into four groups: the first one corresponded to
rats not submitted to the social receiving vehicle treatment; the
second group corresponded to rats not submitted to the social
receiving drug treatment; the third group corresponded to rats
submitted to the social receiving vehicle treatment; the fourth
group corresponded to rats submitted to the social defeat receiving
drug treatment.

2.2. Experimental design

Animals were handled and accustomed to the equipment used
for assessing mechanical nociceptive threshold for 12 days before
the beginning of the social defeat. The social-defeat procedure
was carried out as previously described [2,4]. Briefly, this method
involves subjecting pairs of residents and intruders to four daily
conditioning sessions (the same pair in each of the four sessions,
from D�3 to D0). The 45-min conditioning sessions were divided
into two consecutive periods. During period I (30 min), intruders
were placed individually in a protective cage inside the resident
home cage. The protective cage allowed unrestricted visual, audi-
tory, and olfactory contact with the resident but prevented close
physical contact. During period II (15 min), the protective cage
was removed, either with the resident remaining present, allowing
physical confrontation with the intruder (3–4 confrontations of
�10 s during each of which the intruding (defeated) animal was al-
ways dominated by the resident rat) or with the resident removed,
giving the intruder access to the entire resident home cage (non-
defeated intruders). Therefore, the non-defeated intruders were
never physically attacked and defeated by the resident. All animals
submitted to the social defeat were included in the study. The basal
nociceptive threshold (von Frey filament application and Randall–
Selitto test) was determined on the left hindpaw the day before the
social defeat experiment was started (i.e., D�4) and just before the
first period (period I; D�3). Experiments were begun only if no sta-
tistical change in basal nociceptive threshold was observed be-
tween D�4 and D�3 (ANOVA, P > 0.05). Thereafter, nociceptive
threshold was measured once daily until it returned to basal
values.

Five days (D5) or 15 days (D15) after completion of the social-de-
feat procedure (D0), the experimental animals underwent treat-
ment with formalin. Briefly, animals were subjected to
intraplantar injections of sterile 2.5% formalin (0.05 ml) just under
the skin on the dorsal surface of the hindpaw. Pain responses were
recorded for a period of 70 min. Pain scores were calculated as pre-
viously described [2]. Briefly, the pain responses were recorded for
a period of 70 min. This injection resulted in a pain-induced behav-
ior that can be assessed on a five-level scale in relation to posture:
0, normal posture of the paw; 1, injected paw remaining on the
ground but not supporting the animal; 2, injected paw lifted with-
out contact with any surface; 3, injected paw completely raised; 4,
injected paw licked, nibbed, or shaken. These pain behaviors were
scored using a method based on the scoring method of Dubuisson
and Dennis [14]. Behaviors were measured by two experienced
observers who were blind to the treatment conditions. The results
were expressed as follows. First, pain scores in the different figures
were expressed with the following formula: pain score =
[(0 � T0) + (1 � T1) + (2 � T2) + (3 � T3) + (4 � T4)]/T, in which T0,
T1, T2, T3, and T4 were the duration (in seconds) spent in levels
0, 1, 2, 3, and 4, respectively, and T was the total duration of the
measure intervals (i.e., T0 + T1 + T2 + T3 + T4). Measures were
made over 180 s spans during the first 6 min, over 240 s spans
for 4 min, and then over 300 s spans until the end of the observa-
tion period. All behavioral measurements were taken in conscious,
unrestrained, male rats by individuals blind to the pharmacological
treatments received by the rats and to the stress procedure (non-
defeated or defeated rats).

2.2.1. Elevated plus-maze test (EPM)
The EPM test was used to evaluate anxiety-related behavior

in animals on D5 and D15. The plus-maze consisted of a weakly
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illuminated plain wood structure with two open arms
(50 � 10 cm) and two enclosed arms (50 � 10 � 40 cm), placed at
a height of 50 cm. The walls of the enclosed arms were painted
an intermediate shade of gray and the entire floor was black. A
0.5 cm transparent Plexiglas hedge surrounded the open arms.
Experimental drug-naive rats were placed at the center of the
plus-maze and allowed to explore freely for 4 min. The rats’ behav-
ior was videotaped with an LCD camera connected to control and
recording equipment located in the adjacent room. The time spent
in the various arms and the numbers of entries into the open and
closed arms of the plus-maze were recorded with custom-made
software. At the time of behavioral assessment, the experimenter
was blind to the treatments of individual rats. The elevated plus-
maze was cleaned after each rat. Animals were tested between
9:00 and 11:00 a.m. The time spent in the open arms is expressed
as a percentage of total test time. The total number (open + closed)
of arm entries was taken as an indicator of general activity.

2.2.2. Real-time polymerase chain reaction (RT-PCR)
Experimental animals were killed on D5 or D15 by decapitation

and the dorsal lumbar spinal cord of the rat was dissected, imme-
diately frozen in liquid nitrogen and stored at �80 �C. RNA was ex-
tracted and quantitative RT-PCR was carried, with probes for the
target genes iNOS and COX-2. Briefly, total RNA was extracted from
frozen pieces of tissue with the NucleoSpin_RNA II Purification Kit
(Macherey–Nagel, Hoerdt, France). RNA quality and concentration
were determined by measuring absorbance with the NanoDrop
system (Nyxor Biotech, France). First-strand cDNA synthesis
(0.5 lg total RNA per 20 ll reaction) was carried out with Super-
script III reverse-transcriptase and random primers (0.25 lg ribo-
somal phospho-protein per reaction) (Invitrogen, Cergy-Pontoise,
France). Real-time PCR was carried out in triplicate on the ABI
Prism 7300 apparatus (Applied Biosystems, Courtaboeuf, France)
with ABgene Absolute QPCR ROX Mix (ABgene, Courtaboeuf,
France). The Assay-on-Demand Gene TaqMan PCR probes (Applied
Biosystems, Courtaboeuf, France) were used for the target genes:
iNOS (Rn00561646_m1), COX-2 (Rn00568225_m1) and glyceralde-
hyde-3-phosphate dehydrogenase (Rn99999916_s1). For semi-
quantitative assays, glyceraldehyde-3-phosphate dehydrogenase
was used as the control housekeeping gene.

2.2.3. RVM drug administration
One week before the social-defeat procedure, the rats were

anesthetized with isofluorane. Stainless-steel guide cannulae (26-
gauge, Phymep, Paris, France) were inserted bilaterally at coordi-
nates placing the tip just above the lateral portion of the RVM
(anteroposterior: �11.0 mm from bregma; lateral: ± 0.6 mm from
midline; dorsoventral: �8.5 mm from the skull, Paxinos and
Watson [36]). The cannulae were secured to the skull with dental
cement, and the skin was sutured. CCK2 receptor antagonist (CI-
988, 50 ng in each side) was injected into the RVM on D5 or D15.
Antagonist solution (0.5 ll/side) was slowly administered through
injection cannulae inserted into the guide cannulae and protruding
by 1 mm. At the termination of the experiments, methylene blue
was injected into the site of the RVM injection. After decapitation,
the brain was removed from the skull and immediately frozen in
isopentane for cryostat sections. The correct placement of the
injection cannulae was checked by histological examination.

Pharmacological treatments: The benzodiazepine receptor ago-
nist chlordiazepoxide (10 mg/kg/day), the CCK2 receptor antago-
nist CI-988 (1 mg/kg/day) and the anti-inflammatory compound
aspirin (2 mg/kg/day) were dissolved in saline (chlordiazepoxide,
aspirin) or DMSO (CI-988) and the resulting solution was used to
fill ALZET osmotic mini-pumps (Charles River Laboratories,
L’Arbresle, France). Pumps filled with chlordiazepoxide (ALZET
2ML1), CI-988 (ALZET 2002), aspirin (ALZET 2001), DMSO or saline
were implanted subcutaneously on the back of the intruder rats
under light isoflurane anesthesia, the day after completion of the
social defeat study (D1). A small incision was made in the skin be-
tween the scapulae. Using a hemostat, a small pocket was formed
by spreading the subcutaneous connective tissues apart. The pump
was inserted into the pocket. The skin incision was closed with
absorbable sutures. Aspirin (lysine–acetylsalicylate, Pharmacie
Centrale des Hôpitaux, Paris, France) was administered through
an intrathecal catheter (Alzet intrathecal catheter No. 0007740;
8.5 cm long) implanted 1 week before the social defeat experi-
ments, as described by Yaksh and Rudy [46]. Rats with severe mo-
tor impairments were discarded from the study (<5%). On D1, the
aspirin-filled ALZET osmotic mini-pump was connected to the AL-
ZET intrathecal catheter.

2.2.4. Data analysis and statistics
All data presented are means ± SEM. The effect of social defeat

(group effect) was analyzed by one-way analysis of variance (AN-
OVA). The group effect and treatment effect were validated by
two-way ANOVAs. The time effect was analyzed by ANOVA for re-
peated measurements. When ANOVAs showed a significant effect
of treatment, social defeat and/or time, Bonferroni post hoc test
was used to determine the significance of differences. P va-
lue < 0.05 was considered statistically significant.

3. Results

3.1. Effects of chronic social defeat on anxiety-like behavior and spinal
neuroinflammation (Fig. 1)

The elevated plus-maze test was used to evaluate anxiety-re-
lated behavior in animals. The percentage of time spent in the open
arm was significantly lower in defeated rats than in non-defeated
rats, on both D5 (F(1,10) = 8.95, P = 0.01) and D15 (F(1,10) = 12.92,
P = 0.004) (Fig. 1a). We found no statistically significant difference
in the total number of visits between non-defeated and defeated
rats (D5: 24.0 ± 2.3 vs. 23.0 ± 1.0, respectively; D15: 26.0 ± 3.6 vs.
23.0 ± 2.0, respectively; n = 6 for each group). Thus, the observed
difference in time spent in the open arm was not due to a change
in general activity.

We examined the effects of chronic social defeat on pro-inflam-
matory gene expression in the dorsal spinal cord, on D1, D5 or D15.
Rats subjected to chronic social defeat showed markedly higher
levels of iNOS and COX-2 gene expression than non-defeated rats
on both D1 (iNOS: F(1,7) = 12.85, P = 0.008; COX-2: F(1,7) = 10.32,
P = 0.01) and D5 (iNOS F(1,7) = 14.64, P = 0.006; COX-2:
F(1,7) = 14.72, P = 0.006) (Fig. 1b). By contrast, no difference in iNOS
and COX-2 gene expression between the two groups of animals
was observed on D15 (iNOS F(1,6) = 0.62, P = 0.46; COX-2:
F(1,6) = 3.30, P = 0.11) (Fig. 1b). Overall these findings show that
chronic stress induces a long-lasting anxious profile and a transient
inflammatory response in the dorsal spinal cord. These observa-
tions suggest that spinal neuroinflammation is not related to the
anxious state of the animals.

3.2. Effects on chronic social defeat-induced anxiety and spinal
neuroinflammation of curative chronic treatment with the anxiolytic
compound chlordiazepoxide (Fig. 2)

As expected, on D5, chlordiazepoxide (10 mg/kg/day) had a
marked anxiolytic effect in defeated rats in the elevated plus-maze,
with chlordiazepoxide-treated rats spending more time in the
open arm than saline-treated rats (social-defeat effect:
F(1,20) = 2.96, P = 0.10; chlordiazepoxide effect: F(1,20) = 11.67,
P = 0.002; social defeat � chlordiazepoxide effect: F(1,20) = 8.81,
P = 0.007) (Fig. 2a). The total number of visits did not differ
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Fig. 1. Anxiety-like behavior and expression of the genes encoding the spinal pro-
inflammatory mediators iNOS and COX-2, in the dorsal horn of the spinal cord of
animals subjected, or not subjected to social defeat. (a) Evaluation of the anxious
profile of rats subjected to social defeat (defeated rats, n = 6) and rats not subjected
to social defeat (non-defeated rats, n = 6), in the elevated plus-maze on D5 and D15.
(b) Time-course of expression of the genes encoding the spinal pro-inflammatory
mediators iNOS and COX-2, in defeated and non-defeated animals. Semi-quanti-
tative analyses of iNOS and COX-2 mRNA levels, to assess the expression of genes in
rats subjected to the chronic social stress paradigm, on D1 (n = 5), D5 (n = 5) and D15

(n = 4), and that in non-defeated rats (n = 4 for each set of experimental conditions).
All data points are means ± SEM. �P < 0.05, vs. non-defeated rats.
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Fig. 2. Effects of systemic chlordiazepoxide treatment on anxiety-like behavior and
spinal iNOS and COX-2 gene expression in rats subjected, or not subjected to social
defeat. Chronic anxiolytic treatment (chlordiazepoxide [Chlor.], 10 mg/kg/day) was
administered through subcutaneous osmotic mini-pumps from the day after the
end of the social-defeat procedure until the end of the experiment (D5) in rats
subjected to chronic stress and rats not subjected to such stress. (a) Evaluation of
the effect of chronic chlordiazepoxide treatment on anxious profile of treated
defeated and non-defeated rats (n = 6), compared with saline-treated defeated or
non-defeated animals (n = 6), based on the elevated plus-maze. (b) Effects of
chronic chlordiazepoxide treatment on expression of the genes encoding the spinal
pro-inflammatory mediators iNOS and COX-2 in treated defeated rats (n = 6), or
treated non-defeated rats (n = 4), compared with saline-treated defeated rats
(n = 5), or saline-treated non-defeated rats (n = 4). All data points are means ± SEM.
�P < 0.05, vs. non-defeated rats. �P < 0.05 for the comparison between chlordiaz-
epoxide-treated defeated rats and saline-treated defeated rats.
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significantly between non-defeated and defeated rats (saline:
23.83 ± 1.0 vs. 23.1 ± 1.9, respectively; chlordiazepoxide:
18.6 ± 2.6 vs. 21.3 ± 1.5, respectively; n = 6 for each group). In de-
feated animals, chlordiazepoxide treatment had no effect on the
up-regulated expression of genes encoding iNOS (social-defeat
effect: F(1,15) = 47.33, P < 0.0001; chlordiazepoxide effect: F(1,15) =
0.85, P = 0.37; social defeat x chlordiazepoxide effect: F(1,15) =
0.72, P = 0.40) and COX-2 (social-defeat effect: F(1,15) = 22.89,
P = 0.0002; chlordiazepoxide effect: F(1,15) = 0.081, P = 0.77; social
defeat � chlordiazepoxide effect: F(1,15) = 1.03, P = 0.32) in the dor-
sal horn of the spinal cord (Fig. 2b). Spinal iNOS – COX-2 gene
expression in chlordiazepoxide-treated non-defeated animals was
not significantly different from that of saline-treated non-defeated
rats (Fig. 2b). Thus, the increase in expression of the pro-inflamma-
tory gene related to spinal neuroinflammation is not linked to the
anxious profile of the animal.

3.3. Functional consequences of spinal neuroinflammation on
mechanical pain sensitivity (Fig. 3)

Up to day 12 (D12), rats subjected to social defeat had a signif-
icantly lower mechanical nociceptive threshold – estimated using
the Randall–Selitto test and the von Frey filament application –
than non-defeated rats, demonstrating a state of sensory hypersen-
sitivity in rats subjected to chronic social stress (Paw pressure test:
social-defeat effect: F(1,12) = 29.94, P < 0.0001; time effect: F(19,228) =
15.51, P < 0.0001; social defeat � time effect: F(19,228) = 9.11,
P < 0.0001; Von Frey test: social-defeat effect: F(1,12) = 167.83, P <
0.0001; time effect: F(19,228) = 20.57, P < 0.0001; social de-
feat � time effect: F(19,228) = 18.77, P < 0.0001) (Fig. 3a,b). After
D12, mechanical nociceptive thresholds returned to baseline val-
ues. Thus, there is a transient increase in sensory sensitivity de-
feated animals. The significant changes observed on both iNOS
and COX-2 gene expression and sensory sensitivity on D5 but not
on D15 suggest a relationship between these two phenomena. This
possible direct link was investigated in rats receiving curative
intrathecal anti-inflammatory treatment. We used aspirin (NSAID)
that blocks the formation of pro-inflammatory prostaglandins at
the level of COX activity by the acetylation of serine residue at
the active site of COX, especially of COX-2, which is involved in
the inflammatory process [22]. Since a positive feedback loop has
been reported between prostaglandins and COX-2 gene expression
[23], aspirin administration can then block COX-2 over-expression
observed in defeated rats. On D5, in rats subjected to chronic social
defeat, chronic treatment by aspirin (1 mg/day/rat) administration
to the spinal cord did not show anxiolytic-like effects (social-defeat
effect: F(1,22) = 20.28, P = 0.0002; aspirin effect: F(1,22) = 0.92,
P = 0.34; social defeat x aspirin effect: F(1,22) = 0.29, P = 0.59)
(Fig. 3c). The total number of visits did not differ significantly be-
tween non-defeated and defeated rats (saline: 22.0 ± 1.77 vs.
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Fig. 3. Effects of intrathecal aspirin treatment on mechanical sensory sensitivity and pro-inflammatory gene expression, in rats subjected, or not subjected to social defeat. (a
and b) Comparison of nociceptive responses to von Frey hairs (a) or paw pressure vocalization tests (Randall–Selitto) (b) in rats subjected (n = 8), or not subjected (n = 6) to
the social defeat (SD) procedure. Mechanical sensory sensitivity was measured in animals 2 days before (D�4, D�3), during (D�2, D0) and after (D1, D15) chronic social defeat,
until nociceptive values returned to baseline. (c–f) Chronic intrathecal anti-inflammatory treatment (aspirin, 1 mg/day/rat) was administered through subcutaneous osmotic
mini-pumps from the day after the end of the social-defeat procedure until the end of the experiment in rats subjected, or not subjected to chronic stress. (c) Evaluation of the
effect of chronic aspirin treatment on anxious profile of treated defeated (n = 8) and non-defeated rats (n = 6), compared with saline-treated defeated (n = 6) or non-defeated
animals (n = 6), based on the elevated plus-maze. (d) Effects of chronic curative aspirin treatment on expression of the genes encoding the spinal pro-inflammatory mediators
iNOS and COX-2 in treated defeated rats (n = 6), or treated non-defeated animals (n = 4), compared with saline-treated defeated animals (n = 5), or saline-treated non-
defeated animals (n = 4), on D5. (e and f) Effects of chronic aspirin treatment (black bar) on mechanical sensory hypersensitivity – evaluated by the paw pressure vocalization
test (d) or the von Frey test (e) – in treated defeated or non-defeated rats (n = 6) compared with saline-treated defeated or non-defeated animals (n = 6). All data points are
means ± SEM. �P < 0.05, vs. non-defeated rats. �P < 0.05 for the comparison between aspirin-treated defeated rats and saline-treated defeated rats.
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21.5 ± 2.02, respectively; aspirin: 22.66 ± 0.49 vs. 21.0 ± 1.5,
respectively; n = 6–8). In defeated animals, intrathecal aspirin
treatment decreased iNOS gene expression and completely abol-
ished COX-2 gene expression (Fig. 3d). This treatment also signifi-
cantly decreased mechanical sensory hypersensitivity, from D2.
From D3, nociceptive threshold values reached a steady state sig-
nificantly lower than that in aspirin-treated non-defeated rats
(Paw pressure test: social-defeat effect: F(1,20) = 49.87, P < 0.0001;
time effect: F(9,180) = 15.25, P < 0.0001; time � aspirin effect:
F(9,180) = 2.05, P = 0.036; Von Frey test: social-defeat effect:
F(1,20) = 106.75, P < 0.0001; time effect: F(9,180) = 37.34, P < 0.0001;
time x aspirin effect: F(9,180) = 2.42, P = 0.012) (Fig. 3e and f). These
data suggest that the mechanical hypersensitivity is related to the
spinal cord neuroinflammation induced by chronic stress. Comple-
mentary statistical analyses by two-way ANOVA for repeated mea-
sures are shown in Table 1 (see Supplementary data).

3.4. Effects on mechanical pain hypersensitivity of curative chronic
treatment with an anxiolytic compound, chlordiazepoxide, in
chronically stressed animals (Fig. 4)

As spinal neuroinflammation is not related to the anxious pro-
file of the animal and pain hypersensitivity is supported by neuro-
inflammation, we investigated the possible link between pain
hypersensitivity and anxious state.

As expected, curative chronic treatment with the anxiolytic
compound chlordiazepoxide (10 mg/kg/day) did not reverse the
mechanical sensory hypersensitivity observed in animals sub-
jected to chronic defeat (comparison with saline-treated defeated
rats; Fig. 4a and b) (Paw pressure test: social-defeat effect: F(1,20) =
122.87, P < 0.0001; time effect: F(19,380) = 28.57, P < 0.0001; time �
chlordiazepoxide effect: F(19,380) = 0.63, P = 0.87; Von Frey test:
social-defeat effect: F(1,20) = 919.84, P < 0.0001; time effect: F(19,380) =
52.09, P < 0.0001; time � chlordiazepoxide effect: F(19,380) = 2.07,
P = 0.005). No difference in chronic mechanical sensory sensitivity
was observed between chlordiazepoxide-treated non-defeated
animals and saline-treated non-defeated animals (Fig. 4a and b).
Complementary statistical analyses by two-way ANOVA for
repeated measures are shown in Table 1 (see Supplementary
data).

3.5. Effects of blockade of the CCKergic neurotransmission on anxiety-
related behavior profile, spinal neuroinflammation and mechanical
pain hypersensitivity (Fig. 5)

We tested the involvement of CCKergic neurotransmission by
administering the CCK2 receptor antagonist, CI-988 (1 mg/kg/
day), from D1 until the end of the experiment, in curative manner.
In the elevated plus-maze, defeated rats treated with CI-988 and
non-defeated rats spent similar amounts of time in the open
arms (social-defeat effect: F(1,20) = 2.20, P = 0.15; CI-988 effect:
F(1,20) = 12.15, P = 0.002; social defeat � CI-988 effect: F(1,20) =
1.79, P = 0.19) (Fig. 5a). The total number of visits did not differ sig-
nificantly between non-defeated and defeated rats (saline:
21.83 ± 1.3 vs. 24.1 ± 1.5, respectively; CI-988: 19.3 ± 1.0 vs. 19.8 ±
1.2, respectively; n = 6 for each group). Thus, chronic CI-988
treatment had an anxiolytic-like effect. In opposition to chlordiaz-
epoxide effects, the upregulation of iNOS (social-defeat effect:
F(1,15) = 11.87, P = 0.003; CI-988 effect: F(1,15) = 6.95, P = 0.018;
social defeat � CI-988 effect: F(1,15) = 11.50, P = 0.004) and COX-2
(social-defeat effect: F(1,15) = 11.01, P = 0.004; CI-988 effect:
F(1,15) = 6.28, P = 0.02; social defeat � CI-988 effect: F(1,15) = 10.05,
P = 0.006) gene expression and sensory hypersensitivity (Paw
pressure test: social-defeat effect: F(1,22) = 36.88, P < 0.0001; time
effect: F(19,418) = 25.03, P < 0.0001; time � CI-988 effect: F(19,418) =
5.46, P < 0.0001; Von Frey test: social-defeat effect: F(1,22) =
462.77, P < 0.0001; time effect: F(19,418) = 59.13, P < 0.0001; time -
CI-988 effect: F(19,418) = 18.50, P < 0.0001) were completely re-
versed by CI-988 treatment in animals subjected to chronic social
stress (Fig. 5b–d). This effect on sensory hypersensitivity was ob-
served from 1 day after the implantation of osmotic pumps (D2),
peaking on D4 (Fig. 5c and d). Spinal iNOS - COX-2 gene expression
and sensory sensitivity in CI-988-treated defeated animals did not
differ significantly from those in DMSO-treated non-defeated or CI-
988-treated non-defeated rats (Fig. 5b–d). Thus, the beneficial ef-
fects of CI-988 treatment on sensory hypersensitivity coincide with
the reversal of iNOS and COX-2 upregulation in animals subjected
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to chronic stress. Complementary statistical analyses by two-way
ANOVA for repeated measures are shown in Table 1 (see Supple-
mentary data).

3.6. Effects of chronic social defeat on nociception: role of CCK-
dependent descending facilitatory pathways (Fig. 6)

As CCKergic neurotransmission is involved in both spinal
neuroinflammation and mechanical pain hypersensitivity, we
hypothesized that chronic stress might promote mechanical
hypersensitivity through CCK-dependent descending facilitatory
pathways. Mechanical sensory sensitivity in CI-988-treated non-
defeated animals was not significantly different from that recorded
for DMSO-treated non-defeated rats (Fig. 6a and b). Defeated rats
receiving the CCK2 receptor antagonist, CI-988, by intra-RVM
injection displayed lower mechanical sensory hypersensitivity –
as estimated using paw pressure (social-defeat effect: F(1,24) =
94.89, P < 0.0001; time effect: F(5,120) = 16.87, P < 0.0001; time -
CI-988 effect: F(5,120) = 13.36, P < 0.0001) and von Frey tests (so-
cial-defeat effect: F(1,24) = 178.88, P < 0.0001; time effect: F(5,120) =
13.79, P < 0.0001; time � CI-988 effect: F(5,120) = 12.36, P < 0.0001)
– for a period of 1 h, than did defeated rats microinjected with
DMSO (Fig. 6a and b). Thus, the microinjection of CI-988 into the
RVM of rats subjected to chronic social defeat transiently blocks
mechanical sensory hypersensitivity. By contrast, DMSO has no
effect (Fig. 6a and b). Complementary statistical analyses by
two-way ANOVA for repeated measures are shown in Table 1
(see Supplementary data).
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3.7. Effects of chronic social defeat on formalin-related behavior
(Fig. 7)

As the results presented above clearly indicate that sensory
hypersensitivity is related to spinal neuroinflammation, we inves-
tigated whether the pain-related behavior induced by formalin is
also dependent on spinal neuroinflammation. Formalin-treated
rats subjected to social defeat had significantly higher behavioral
pain scores than non-defeated rats, on D5 (social-defeat effect:
F(1,13) = 30.26, P < 0.0001; time effect: F(14,182) = 35.00, P < 0.0001;
social defeat � time effect: F(14,182) = 3.62, P < 0.0001) and D15

(social-defeat effect: F(1,12) = 16.82, P = 0.0015; time effect:
F(14,168) = 56.74, P < 0.0001; social defeat � time effect: F(14,168) =
2.43, P = 0.0039) (Fig. 7a and b), reflecting excess of pain induced
by anxiety (anxiety-induced hyperalgesia [2]). On D5, the chronic
intrathecal administration of aspirin had no significant effect on
the pain scores observed in the formalin model (social-defeat
effect: F(1,20) = 50.60, P < 0.0001; aspirin effect: F(1,20) = 0.75, P =
0.39; time effect: F(14,280) = 70.88, P < 0.0001) (Fig. 7c). Further-
more, the blockade of CCK-dependent descending facilitatory path-
ways by microinjection of the CCK2 receptor antagonist CI-988
into the RVM of rats subjected to chronic social defeat had no effect
on increased pain scores on D5 (social-defeat effect: F(1,24) = 38.85,
P < 0.0001; CI-988 effect: F(1,24) = 0.021, P = 0.88; time effect:
F(14,336) = 98.37, P < 0.0001) and D15 (social-defeat effect:
F(1,22) = 41.33, P < 0.0001; CI-988 effect: F(1,22) = 0.11, P = 0.73; time
effect: F(14,308) = 127.45, P < 0.0001) (Fig. 7d and e). However,
chronic systemic chlordiazepoxide or CI-988 completely abolished
the increase in pain scores in animals subjected to social defeat
(chlordiazepoxide: social-defeat effect: F(1,20) = 16.07, P = 0.0007;
chlordiazepoxide effect: F(1,20) = 8.59, P = 0.0082; time effect:
F(14,280) = 93.91, P < 0.0001; CI-988: social-defeat effect: F(1,22) =
16.63, P = 0.0002; CI-988 effect: F(1,22) = 6.13, P = 0.021; time effect:
F(14,308) = 93.07, P < 0.0001) (Fig. 7f and g). The pain scores obtained
for chlordiazepoxide- or CI-988-treated defeated animals did not
differ significantly from those obtained for saline- or DMSO-trea-
ted non-defeated animals or for chlordiazepoxide- or CI-988-trea-
ted non-defeated rats (Fig. 7f and g). Complementary statistical
analyses by two-way ANOVA for repeated measures are shown in
Table 1 (see Supplementary data).
4. Discussion

The present data describe, for the first time, the induction of a
transient plastic change in the spinal cord by a psychological
chronic stress procedure, as demonstrated by a change in the
expression of the pro-inflammatory genes encoding iNOS and
COX-2. The functional consequences of this induction are a close
correlation between spinal inflammatory state and mechanical
sensory hypersensitivity, through the activation of RVM-CCK-
dependent descending pathways. No such correlation is observed
for the pain-related behavior induced by formalin injection. These
original observations suggest that distinct mechanisms are in-
volved in sensory hypersensitivity and formalin-induced
hyperalgesia.

We provide here the direct demonstration that psychological
chronic stress activates spinal expression of the pro-inflammatory
genes encoding iNOS and COX-2 in a time-dependent manner.
These data are consistent with a few studies showing the possible
influence of stress on spinal cord [7,8,42]. Our findings also show
that the increase in pro-inflammatory gene expression induced
by chronic stress gives rise to dorsal horn plasticity. This raises
questions about the functional consequences of spinal neuroin-
flammation. Among the diseases that involved spinal neuroinflam-
mation, pain is one of the best known. It is also widely accepted
among clinicians that stress-related disorders may trigger or wor-
sen pain complaints [6,12,40]. We therefore focus on the effects of
psychological chronic stress on nociception in relation to spinal
neuroinflammation. We assess nociceptive sensitivity with the
von Frey and Randall-Selitto test in rats subjected to chronic social
defeat. We observed sensory hypersensitivity – a transient de-
crease in the nociceptive threshold – in defeated animals. The
time-course of mechanical sensory hypersensitivity is closely cor-
related with up-regulated expression of genes encoding iNOS and
COX-2. Both the nociceptive threshold and the levels of expression
of the pro-inflammatory genes encoding iNOS and COX-2 return to
baseline levels by D15. Spinal pronociceptive systems may there-
fore be responsible for the stress-induced sensory hypersensitivity.
However, this observation alone is clearly not sufficient to demon-
strate a link between the two phenomena. We therefore give rats
local intrathecal injections of aspirin to block the activity of spinal
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pro-inflammatory molecules. This treatment reduces sensory
hypersensitivity and prevents the increase in pro-inflammatory
gene expression without affecting anxiety-like behavior. These re-
sults clearly demonstrate that the spinal neuroinflammation in-
duced by psychological chronic stress is related to sensory
hypersensitivity mediated by the pronociceptive properties of
iNOS and COX-2 [9,13] but not to the anxiety state.

We previously showed that the social-defeat procedure induced
biochemical, physiological and behavioral changes (HPA axis
hyperactivity, anhedonia, absence of body weight gain) 5 days after
its completion [2]. In this study, we find that defeated animals also
display anxiety-like behavior, as assessed by their performance in
the elevated plus-maze, on both D5 and D15. The psychological
chronic stress procedure induces a transient spinal neuroinflam-
mation associated with a sensory hypersensitivity and a long-last-
ing anxious state that persists while neuroinflammation and
sensory hypersensitivity return to basal level. These observations
strongly suggest that spinal neuroinflammation and its functional
consequences are linked to the stress itself rather than to the anx-
ious state of the animals induced by the psychological chronic
stress procedure. Consistent with this observation, chronic chlordi-
azepoxide treatment prevents anxiety-like behavior without
affecting the upregulation of iNOS and COX-2 gene expression
and sensory hypersensitivity. The lack of chlordiazepoxide effects
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in reducing sensory hypersensitivity in defeated rats seems a little
bit surprising since GABAA receptors through the activation of a2
and a3 subunits mediate the anti-nociceptive effects of benzodiaz-
epine agonists [19,32]. Nevertheless, beneficial effects of benzodi-
azepine treatment on sensory hypersensitivity were observed only
in models of inflammatory and neuropathic pain but never in
chronic stress conditions. This suggests that psychological chronic
stress-induced sensory hypersensitivity could involve different
GABAA receptor subunits. Whatever the mechanisms, these data
confirm the close relationship between psychological chronic
stress and spinal neuroinflammation, whereas anxiety does not
maintain these spinal changes.

Blockade of the CCK receptor with CI-988 completely abolished
anxiety-induced hyperalgesia [2]. We therefore investigate the ef-
fects of this compound in the present experimental paradigm. As
expected, chronic CI-988 treatment has an anxiolytic-like effect
[2,4,41]. Unlike chlordiazepoxide, chronic CI-988 treatment also
prevents the increase in iNOS and COX-2 gene expression and sen-
sory hypersensitivity. Thus, CCK is clearly involved in the stress-in-
duced sensory hypersensitivity related to the plasticity of the
spinal region. These findings raise questions about the pathways
involved in the effects of CCKergic neurotransmission on the spinal
cord. The activation of stress-related circuitry in supraspinal areas
may activate pain-facilitating neurons, leading to sensory hyper-
sensitivity. To our knowledge, only one study has investigated
the consequences of a stress-like event (stimulation of the dorso-
medial nucleus of the hypothalamus), a region involved in auto-
nomic aspects of the response to psychological stress, on sensory
sensitivity. In this previous study, the authors mimicked the effect
of stress events in anesthetized rats. This led to a decrease in sen-
sory sensitivity through the activation of descending pathways di-
rectly or indirectly connected to the RVM [25]. In our study,
microinjection of the CCK-2 receptor antagonist CI-988 into the
RVM abolishes mechanical sensory hypersensitivity in animals
previously subjected to social defeat. Thus, in conscious animals
subjected to psychological chronic stress, the decrease in the
mechanical nociceptive threshold is related to the activation of
CCK-dependent descending facilitatory nociceptive pathways. This
hypothesis is consistent with studies showing that the local appli-
cation of CCK to the RVM promotes behavioral manifestation and
the long-term maintenance of sensory hypersensitivity through
the activation of descending pathways [3,17,34,35,37,45,47].

Thus far, we focus specifically on the effects of psychological
chronic stress on the spinal cord and its functional consequences.
As the results presented above clearly indicate that sensory hyper-
sensitivity is related to spinal neuroinflammation, we explored the
effect of psychological chronic stress on a model of pain generating
a complex behavioral response to determine whether anxiety-in-
duced hyperalgesia is also dependent on spinal neuroinflamma-
tion. We use the formalin model, in which brain structures
involved in motivational, affective, and cognitive processes are
known to be activated [38,44]. It is also possible to score behavior
in this model, facilitating the description of pain-related behavior
[43]. As previously reported [2], animals subjected to the social-de-
feat procedure have exaggerated pain scores following formalin
injection on D5. This effect persists until day D15 when the animals
are in an anxious state. Anxiety-induced hyperalgesia is prevented
by chronic anxiolytic treatments (chlordiazepoxide, CI-988) but
not by blocking spinal neuroinflammation with an NSAID or by
blocking CCK-dependent descending facilitatory pathways by in-
tra-RVM CI-988 injection. Thus, the pathways underlying the
changes in dorsal horn plasticity may be activated directly by the
initial stressful confrontations. Stress thus induces spinal neuroin-
flammation, whereas social defeat-induced hyperalgesia is related
to the effects of anxiety on supraspinal areas. The discrepancy be-
tween the beneficial effect of CCK microinjection into the RVM on
sensory hypersensitivity and the absence of an effect on anxiety-
induced hyperalgesia are comparable to the findings of Carrasqu-
illo and Gereau [10]. These authors suggested that ERK-induced
tactile hypersensitivity, detected in the absence of injury, involved
descending pain pathways, such as the CeA-PAG-RVM pathway,
which may mediate sensory hypersensitivity but not formalin-re-
lated pain behavior. These findings suggest a role for descending
nociceptive pathways in the sensory component of pain but not
in complex algesic behavior. Thus, CCK is involved in stress-in-
duced sensory hypersensitivity, through neuroinflammation of
the dorsal horn of the spinal cord. Moreover, as shown in a previ-
ous study in rats, but also in human using a nocebo protocol, CCK
acts through supraspinal pathways underlying anxiety-induced
hyperalgesia [2,5]. As CCK is involved in both these stress-induced
phenomena, a CCK2 receptor antagonist may be a good candidate
pain-killer in the context of anxiety-induced hyperalgesia. Clinical
studies reported the absence of severe side effects indicating that
CCK2 receptor antagonists are well tolerated in humans [1,26].

With respect to polymorphism of pain as described in terms of
sensation and emotion inseparably bound, our data point out the
need to take these two components into account for efficient relief
of the pain associated with stress-related neuropsychiatric disor-
ders. The long-lasting anxiety inducing excess of pain as well as
the fact that this exaggerated pain is not necessarily related to sen-
sory hypersensitivity are close to the features of pain described in
patients with anxio-depressive disorders. Lautenbacher et al.
(1999) reported divergence between pain complaints and pain sen-
sitivity in anxio-depressive patients [21]. Thus, the clinical pain
complaints of patients with anxiety/depression cannot simply be
explained by changes in pain sensitivity. Until now, only specula-
tions were possible to explain this lack of relationship. In this con-
text, our study shows that the divergence between pain complaint
and pain sensitivity is based on real biochemical correlates open-
ing up new clinical research for evaluation and treatment of pain
in anxio-depressive patients.
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