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ABSTRACT

Background: Chronic pain and depression are two complex
states with sensory/somatic and emotional components, and
they may mutually exacerbate one another in conditions of
comorbidity, leading to a poorer prognosis.
Methods: The authors have evaluated the sensory and emo-
tional components in a rat model combining chronic con-
striction injury (CCI, a model of chronic neuropathic pain)
with unpredictable chronic mild stress (CMS, an experimen-
tal model of depression). In addition, the phosphorylation/
activation of the extracellular signal-regulated kinases 1 and 2
and neuronal density was also evaluated in the anterior cin-
gulate cortex. Four groups were tested: sham-control, sham-
CMS, CCI-control, and CCI-CMS.
Results: CMS selectively heightens aversion to painful ex- periences in animals subjected to CCI, as measured in the

place escape/avoidance test at 20, 25, and 30 min (CCI-
CMS (mean � SEM): 75.68 � 3.32, 66.75 � 4.70, 77.54 �
3.60 vs. CCI-control: 44.66 � 6.07, 43.17 � 6.92, 52.83 �
5.92, respectively), in conjunction with an increase in the
accumulation of phosphorylation/activation of the extracel-
lular signal-regulated kinases (CCI-CMS: 4.17 � 0.52 vs.
sham-control: 0.96 � 0.05) and a decrease in neuronal den-
sity in the anterior cingulate cortex. In contrast, chronic pain
did not exacerbate the characteristic profile of depression
(anhedonia and behavioral despair) in rats subjected to CMS.
Furthermore, depression enhances the perception of some
specific modalities of sensorial pain such as cold allodynia but
has no influence on mechanical threshold.
Conclusions: These findings support the theory that de-
pression leads to emotional dysfunction in the interpretation
of pain in patients suffering chronic pain. In addition, com-
bined animal models of pain-depression may provide a valu-
able tool to study the comorbidity of pain and depression.

W HEN they occur concomitantly, chronic pain and
depression are associated with a poorer prognosis

than either condition alone, producing greater functional
impairment of longer duration that responds more poorly to
pharmacotherapy.1,2 These observations are derived from
epidemiologic data and they suggest that chronic pain and
depression are reciprocally linked.3 Indeed, their current def-
initions include several related components that can be iden-
tified as distinct constructs. As such, there is an experience
sensory component of pain, which includes the perception of
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What We Already Know about This Topic

• Pain and depression often coexist, yet whether they affect the
pathophysiology of each other is unclear

What This Article Tells Us That Is New

• In rats subjected to a surgical nerve injury (model of neuro-
pathic pain) and/or chronic mild stress (model of stress and
depression), depression was associated with an increased
aversion to stimulation of the hypersensitive area, but neuro-
pathic pain did not alter behavioral assessment of depression

• These results suggest an important role for stress or depres-
sion on neuropathic pain and provide an interesting model for
looking at their interlinked pathology
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location, quality, and intensity of a noxious stimulus, as well
as an emotional dimension, which processes the affective
salience or unpleasantness of the noxious stimulus.4 Depres-
sion is an affective disorder characterized by moods, feelings
of worthlessness, diminished interest in pleasurable stimuli,
and impaired decision-making abilities, although it can also
have a somatic dimension characterized by weight change,
fatigue, sleep disturbances, and pain.5

Although the sensory/somatic and emotional compo-
nents of chronic pain and depression are well known, it re-
mains unclear which are affected by their comorbidity and to
what extent, hindering the development of effective pharma-
cotherapeutic and psychotherapeutic approaches. The gen-
eral hypothesis from patient studies is that comorbidity pro-
vokes a general worsening in both conditions,6,7 although
the experimental data obtained from clinical populations is
surprisingly diverse.8 For example, the sensitivity to noxious
stimuli applied to the skin may be normal or even reduced in
patients suffering from depression,9,10 even though they
might show hyperalgesia in response to deep somatic pain.11

Such inconsistencies may be partially explained by popula-
tion heterogeneity, contextual factors, and the more specific
nature of the disorders. Together, these methodologic limi-
tations, some of which are inherent to clinical investigation,
have considerably limited the study of comorbid pain and
depression.

Because well-validated and controlled experimental ani-
mal studies have been carried out on pain and depression, we
now have a valuable opportunity to advance the study of
their comorbidity. There are well-established animal models
of chronic pain that involve spinal nerve ligation and chronic
constriction injury (CCI), both of which reproduce clinical
sensorial symptoms of peripheral neuropathic pain.12,13

More recently, new tools have been developed to evaluate
affective processing of pain in rodents.14,15 Although depres-
sion is considered a specifically human disorder, chronic
mild stress (CMS) in rodents induces a depressive-like phe-
notype and this model has a high construct, face, and predic-
tive validity.16–18 Accordingly, we combined two well-estab-
lished rat models of chronic pain and depression, CCI and
CMS, respectively, to study the sensory-discriminative com-
ponent of pain as well as the affective component (related or
not to the pain experience). This specific experimental design
allows us to better determine how patients suffering from
chronic pain and depression encode the individual compo-
nents of nociceptive input, and how mood is affected by
pain.

Materials and Methods

Animals and Experimental Design
Experiments were performed using male Sprague-Dawley
rats. All the experimental protocols were approved by the
Committee for Animal Experimentation at the University of
Cádiz, Cádiz, Spain and they complied with the Interna-
tional Association for the Study of Pain ethical guidelines.19

All procedures relating to animal care and use conformed to
European Ethical Standards (86/609-EEC) and Spanish Law
(RD 1201/2005). The experimental design that was fol-
lowed is illustrated in figure 1A. Briefly, animals weighing
between 110–120 g were acclimatized to the housing condi-
tions in groups of four for 1 week (acclimatization phase),
after which they were caged individually for 3 weeks in the
same room (habituation phase: H1–3). During these phases
the animals were kept under standard laboratory conditions
(water and food ad libitum, a constant room temperature of
22 � 1°C and a 12-h light/dark cycle with lights on at
8.00 h). Later, animals (weighing 250–270 g) were subjected
to CMS, an animal model of depression, and/or the surgical
procedure to produce neuropathic pain through CCI (exper-
imentation phase: E1 and E2). The animals were randomly
allocated to the four experimental groups: sham-control
(sham-operated without CMS), sham-CMS (sham-operated
subjected to CMS), CCI-control (CCI animals not subjected
to CMS), and CCI-CMS (CCI animals subjected to CMS).
All the behavioral tests were performed during the light di-
urnal cycle except the anhedonia test, which was performed
in the dark phase. All studies were performed and analyzed in
blind conditions.

Animal Models
CCI Model of Neuropathic Pain. CCI was produced as de-
scribed previously.12,20 Briefly, rats were anesthetized by in-
traperitoneal injection of sodium pentobarbital (50 mg/kg)
and the left sciatic nerve was then exposed at the mid-thigh
level, proximal to the sciatic trifurcation. Four chrome gut
(4–0) ligatures were tied loosely around the nerve, separated
by 1.0–1.5 mm so as not to compromise the vascular supply.
The overlying layers of muscle were closed with 4–0 nonab-
sorbable silk thread and the skin sutured with 2–0 silk
thread. Sham operations were performed in the same manner
but without nerve ligation. Animals that had postsurgical
complications or exhibited autotomy of at least one distal
phalange of the operated paw were excluded from the study.
CMS Model of Depression. CMS was performed as de-
scribed previously by Willner with minor modifications.18

This model involved exposure to a series of different insults
that were changed daily, using a weekly rotation plan for a
period of 14 days (fig. 1B). The stresses included: food de-
privation, water deprivation, cage tilting (45 degrees), soiled
cage, group housing after a period of water deprivation, stro-
boscopic illumination (130 flashes/min), and intermittent
illumination every 2 h. Control rats (nonstressed) were
housed under similar conditions but they were not disturbed
during the period of stress.

Assessment of Sensory Pain
Cold Allodynia (Acetone Test). To investigate sensory pain
processing, cold allodynia was evaluated once a week during
habituation (H3) and experimentation phases (fig. 1A). An-
imals were placed on an increased wire mesh floor and con-
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fined individually in polymethyl methacrylate boxes (18.5 �
21 � 13.5 cm). The rats were allowed to adapt to the testing
environment for at least 15 min before a drop of acetone (100
�l) was applied to the center surface of the hind paw with a
pipette. Acetone was applied alternately five times to each
hind paw, at 5- min intervals and the responses were recorded
over a 1-min period after application as follows according to
the scale described previously:21 0, no response; 1, quick
withdrawal, flick or stamp of the paw; 2, prolonged with-
drawal or repeated flicking of the paw; 3, repeated flicking of
the paw with persistent licking directed at the ventral side
of the paw. The cumulative scores were obtained by sum-
ming the scores for each rat and dividing by 5, the number of
assays.
Mechanical Allodynia (von Frey Test). To study mechanical
sensory pain, the mechanical threshold (expressed in grams)
was measured in rats using an automatic von Frey apparatus
(Dynamic Plantar Aesthesiometer, Ugo Basile, Comerio, It-
aly).22 The animals were placed on the same chambers used
for the acetone test and habituated to their environment for
30 min. A vertical force was then applied to the left hind paw
increasing from 0 to 50 g over a period of 20 s, and the

threshold was determined as the force that induced a with-
drawal response, with a 50-g cutoff limit. Paw withdrawal
thresholds were determined once a week during habituation
(H3) and experimentation phases (fig. 1A).

Assessment of Affective Pain: Place
Escape/Avoidance Test
This test was performed in a quiet and light-attenuated room
divided into two compartments (2.38 � 2.93 � 3.00 m
each), one for habituation and the other for testing. Rats were
brought into the habituation room at least 30 h before the
test session to habituate them to the environment. The test
was performed in a standard place-conditioning apparatus
once a week during the experimentation phase 15 (fig. 1A).
Animals were placed on the center of an increased metal grid
(60 � 30 � 30 cm). One half of the chamber was white
(bright/anxiogenic area) and the other half black (dark/non-
anxiogenic area). Once in the chamber, the rats were allowed
to move freely in the chamber and during the ensuing 30-
min test period, the animals were stimulated mechanically at
15-s intervals on the plantar surface of the hind paw with a
von Frey monofilament (60 g), depending on their location

Fig. 1. Schematic representation of (A) the experimental design and (B) stressors and tests used in the CMS procedure. Acclim
(A1) � acclimatization phase; CCI � chronic constriction injury; CMS � chronic mild stress; E1–E2 � first and second week of
the experimentation phase; H1–H3 � first, second, and third week of the habituation.
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in the box. Thus, if the animals were in the dark side of the
chamber the injured hind paw (ipsilateral) was stimulated,
whereas the noninjured hind paw (contralateral) was stimulated
when the animals were in the bright side. Hence, animals were
obliged to “choose” what they considered to be the less aversive
side of the chamber: a dark-nonanxiogenic place in which the
injured paw was stimulated or a bright mildly anxiogenic place
in which the noninjured paw is stimulated. Every test session
was recorded and subsequently analyzed with Spontaneous Mo-
tor Activity Recording and Tracking software (Panlab S.L.U.,
Barcelona, Spain). The percentage of time spent in the light area
was scored at 5-min time intervals. Additional parameters indic-
ative of spontaneous motor activity in the light and dark areas
were also evaluated: percentage of distance traveled in each area,
mean velocity, percentage of resting time, percentage of moving
slow, and percentage of moving fast. The latency of paw with-
drawal in response to mechanical von Frey stimulation (60 g)
was also evaluated to identify differences in the intensity of pain
stimulation (sensorial pain) across the experimental groups.

Assessment of Depressive-like Behaviors
Anhedonia Test. One of the core symptoms of clinical de-
pression is the loss of interest in normally rewarding stimuli:
anhedonia, which was assessed as described previously with
only minor modifications.23 The consumption of sweet ce-
reals (Kellogg’s All Bran� fruit snacks (Kellogg’s, Barcelona,
Spain): fig. 1A) was tested after 10 h of food and water
deprivation once a week during habituation and experimen-
tation phases (fig. 1A). Thirty grams of sweet cereals were
placed for 14 h in one extremity of the animal box and their
consumption was estimated simultaneously in each group by
comparing what remained at the end of the test. Animals
received again food and water ad libitum after the test. Cereal
intake was expressed as g cereal � kg�1 body weight.
Modified Forced Swimming Test. The modified forced
swimming test was used to evaluate behavioral despair in one
set of animals at the end of the experimentation period. Rats
were placed individually into polymethyl methacrylate cyl-
inders (height 40 cm, diameter 18 cm) filled with tap water
(25 � 1°C, 30 cm deep).24 A 15-min pretest was initially
performed, followed by a 5 min test 24 h later. Climbing was
defined as upward-directed movements of the forepaws
along the side of the swim chamber. Swimming was defined
as active swimming in the chamber and crossing into another
quadrant. Immobility was defined as a lack of activity other
than the movements necessary to keep the rat’s head above
the water. Depressive-like behavior (behavioral despair) was
defined as an increase in the time (in seconds) spent immo-
bile. As a positive control, the antidepressant desipramine
(20 mg/kg; Sigma–Aldrich, St Louis, MO) was administered
intraperitoneal to naïve rats 23.5, 5, and 1 h before testing.
Swimming and climbing behaviors have been correlated with
increases in serotonergic and catecholaminergic neurotrans-
mission, respectively.

Behavioral Physiologic Parameters
Body weight and food intake were measured once a week
during both the habituation and experimentation phases
(fig. 1). In addition, the state of the fur was measured once a
week using a scale from 1 to 3: a healthy state was scored as 3;
a damaged state with piloerection and/or dirty fur was scored
as 1; and an intermediate state was scored as 2.25,26

Plasma Corticosterone
A separate set of animals was used to measure plasma corti-
costerone. Animals were sacrificed by administration of chlo-
ral hydrate (400 mg/kg intraperitoneal) and blood was col-
lected by cardiac puncture in the presence of trisodium
citrate to avoid coagulation (3.15% in phosphate buffered
saline: 1 vol citrate per 9 vol blood). Blood was collected the
day after the last CMS session, between 9:00 AM and 11:00
AM, using a procedure that takes no longer than 3 min (from
anesthesia to blood extraction). After centrifugation at
1,000 g for 15 min, the plasma was collected and stored at
�20°C before it was assayed using a commercial radioimmu-
noassay 125I-labeled rat corticosterone kit (Siemens Health-
care Diagnostics, Barcelona, Spain). The detection limit of
the kit is 5.7 ng/ml, the intraassay coefficient variation is
4.3%, and the interassay variation is 5.8%. A � counter
(Wallac Wizard 1470, Perkin Elmer, Waltham, MA) was
used to measure the radioactivity of the samples.

Anterior Cingulate Cortex Studies
Histochemistry. After 2 weeks of CCI and/or CMS, one set
of animals was perfused through the ascending aorta with
250 ml oxygenated Tyrode solution followed by 750 ml 4%
paraformaldehyde. The brain was removed and post fixed in
the same fixative solution for 2 h, and then cryoprotected
(sucrose 30% in phosphate buffer 0.1 M) before obtaining
serial cryostat sections (20 �m) of the anterior cingulate cor-
tex (ACC) collected on gelatinized glass slides. Every eighth
section (from 3.70 to �1.40 mm to bregma) was processed
for thionin staining after washing in H2O and incubating in
acetone acid. The sections were stained in 0.1% thionin in
10% formol solution for 30 s and then cleared in xylene
before adding a coverslip. To quantify the neuronal density
in the ACC, two fixed areas of 0.25 � 0.25 mm were selected
in each section (Olympus BX60, Center Valley, PA) and the
number of thionin-stained neurons was recorded and aver-
aged for each animal.
Western Blots. Another set of animals was sacrificed with an
overdose of chloral hydrate, the ACC was dissected out and
this tissue was stored at �80°C.27 The frozen tissue was then
solubilized in a solution containing 50 mM Tris-hydrochlo-
ride (pH 7.7), as well as protease and phosphatase inhibitors.
Samples were sonicated and protein concentration was de-
termined by the Bradford method. Fifty �g of protein of
each sample were mixed with loading buffer (sodium dodecyl
sulfate 4% p/v, glycerol 20% v/v, �-mercaptoethanol 10%
v/v, EDTA 25 mM, bromophenol blue 0.08%) and were
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resolved by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (10–20%) and transferred to polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA). Subse-
quently, the membrane was blocked with 5% of bovine se-
rum albumin in Tris buffer solution plus 1% Tween 20
during 1 h and incubated with primary antibodies against
phosphorylated isoforms of extracellular signal-regulated ki-
nases 1 and 2 (p-ERK rabbit; dilution 1:5000, Acris Anti-
bodies, Herford, Germany) and mouse antitotal-ERK1/2 (t-
ERK; 1:2000, Cell Signaling Technology, Danvers, MA) at
4°C overnight. The membranes were washed in Tris buffer
solution plus 1% Tween 20 and incubated for 1 h at 25°C
with the corresponding horseradish peroxidase conjugated
secondary antibody (diluted 1:10,000 in Tris buffer solution
plus 1% Tween 20). Antibody binding was detected by en-
hanced chemiluminescence and appropriate film exposures
were digitalized with Versadoc 5000 (Bio-Rad) using Quan-
tity-One Software v 4.6.9. (Bio-Rad), and then quantified
with ImageJ Software (National Institutes of Health,
Bethesda, MD). The level of p-ERK and t-ERK were nor-
malized to the level of �-tubulin. All the data are presented as
the normalized levels.

Statistical Analysis
All data are presented as the mean � SEM and all the results
were analyzed using STATISTICA 10.0 (StatSoft, Tulsa, OK)
software, using either an unpaired Student t test (two-tailed), or
two-way or three-way analysis of variance (ANOVA) with or
without repeated measures, as appropriate. The independent
variables were CCI (between-groups), CMS (between-groups)
and Time (within-groups). To assess if food intake was affecting
the evolution of cereal intake, a model using Generalized Esti-
mating Equations28 was constructed using Statistical Package
for the Social Sciences 18 (IBM, New York, NY) software. The
dependent variable was Cereal Intake and the independent vari-
ables were Time and Food Intake, this latter variable entered as
a time-varying covariate. The level of significance was consid-
ered as P � 0.05.

Results

Effect of Chronic Pain and Depression on Sensory Pain
The effects of chronic pain and CMS on cold allodynia were
evaluated using the acetone test (fig. 2). A three-way repeated
measures ANOVA for the ipsilateral hind paw revealed a
significant Time x CCI x CMS interaction (P � 0.029: table
1). Subsequent analysis indicated that animals subjected to
pain (in both the CCI-control and CCI-CMS groups) exhib-
ited similar severe cold allodynia of the ipsilateral hind paw 1
and 2 weeks postsurgery, when compared with sham-control
or sham-CMS groups (fig. 2A). Cold allodynia in the ipsilat-
eral hind paw was also observed in the sham-CMS group
(P � 0.007 and P less than 0.0001, respectively: fig. 2A),
although this allodynic effect was less intense than that ob-
served in CCI-control or CCI-CMS animals. An analysis of

the data from contralateral paw also revealed a significant
interaction between Time x CMS (P less than 0.0001: table
1). In agreement with data from the contralateral paw, both
CMS groups (sham-CMS and CCI-CMS) exhibited cold
allodynia when compared with sham-controls in the second
week of experimentation phase (P � 0.004: fig. 2B). As
expected, no effects were observed in the contralateral paw of
the CCI-control animals.

The effects of chronic pain and CMS on the mechanical
sensory component of pain were evaluated using the von
Frey test (fig. 3). A three-way repeated measures ANOVA of
the ipsilateral hind paw revealed a statistically significant ef-
fect for the Time*CCI factor (P less than 0.0001: table 1) but
no significant effect of CMS (P � 0.814). Severe mechanical
allodynia of the ipsilateral hind paw was evident in the CCI-
control and CCI-CMS groups when they were compared

Fig. 2. Effect of chronic neuropathic pain and chronic mild
stress in the acetone model; (A) ipsilateral and (B) contralat-
eral hind paw. Experimental groups: Sham-control (sham-
operated without CMS, n � 10), Sham-CMS (sham-operated
subjected to CMS, n � 10), CCI-control (neuropathic pain
animals not subjected to CMS, n � 9), and CCI-CMS (neu-
ropathic pain animals subjected to CMS, n � 10). Each
symbol represents the mean � SEM. Statistical analysis at
each time period: *P less than 0.05, **P less than 0.01, ***P
less than 0.001 versus sham-control; �P less than 0.05, ��P
less than 0.01, ���P less than 0.001 versus sham-CMS;
#P less than 0.05, ##P less than 0.01 versus CCI-control.
CCI � chronic constriction injury; CMS � chronic mild stress;
E1 and E2 � first and second week of the experimentation
phase; H3 � third week of the habituation.
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with the sham-control or sham-CMS animals at 2 weeks
postsurgery (P less than 0.0001: fig. 3A). No differences were
found between the CCI-control and CCI-CMS groups (fig.
3A). In the contralateral hind paw no alterations in the me-
chanical pain threshold were evident in any of the groups of
rats (table 1 and fig. 3B). Overall, the sensorial responses of
the ipsilateral hind paw to mechanical stimulation were sim-
ilar in both CCI groups (CCI-control and CCI-CMS), and
no decrease in the mechanical pain threshold (ipsilateral or
contralateral) was observed in the sham-CMS group.

Effect of Chronic Pain and Depression on Affective Pain
First, we explored the latency of paw withdrawal in response
to a hyperalgesic von Frey monofilament (60 g) in the exper-
imental groups, confirming that the withdrawal latency to
this noxious stimulus was similar between the CCI-control
and CCI-CMS groups, and between sham-control and
sham-CMS animals during the experimentation phase (data
analyzed using three-way ANOVA, not shown). As the CCI-
control and CCI-CMS groups both showed similar sensorial
responses to mechanical pain, we evaluated the affective di-
mension of pain in the place escape/avoidance test using a
von Frey monofilament (60 g). In this test after 1 week, a
significant effect of CCI and the CCI x Time interaction was
evident on the time spent in the white area when analyzed
with a three-way repeated measures ANOVA (P � 0.011
and P � 0.003, respectively: table 1). Subsequent post hoc
tests revealed an increase in the time spent within the bright
area at 25 and 30 min in the CCI-CMS versus the sham-
control group (P � 0.032 and P � 0.031, respectively: fig.
4A). In agreement with previous data,15 CCI-control ani-

mals also showed a statistically significant increase in this
parameter at 30 min (P � 0.030: fig. 4A). These effects were
greater after 2 weeks. Three-way repeated measures ANOVA
(table 1) demonstrated statistically significant interactions of
CCI x CMS and Time x CCI (P � 0.010 and P less than
0.0001, respectively; table 1). A statistically significant in-
crease in the time spent in the bright area was observed in
CCI-CMS and CCI-control groups when compared with
sham-controls from 10 min and 15 min, respectively (fig.
4B). Importantly, the CCI-CMS group escaped more from
the dark side than the CCI-controls at 20, 25 and 30 min
(P � 0.014, P � 0.038 and P � 0.015, respectively: fig. 4B).
Sham-CMS animals with no paw injury and that exhibited
no changes in sensitivity to mechanical pain had similar be-
havioral profiles to sham-control animals at both time
points. We evaluated several parameters of motor activity
(distance traveled in each area, mean velocity, resting time,
slow and fast movement) to rule out the possibility that mo-
tor impairment was masking the effects in any group, dem-
onstrating that there were no motor differences between
groups (data analyzed using two-way ANOVA, not shown).
Taken together, these findings suggest that the induction of
a depressive-like state altered the affective-emotional compo-
nent of pain in animals suffering chronic pain.

Effect of Chronic Pain and Depression on
Depressive-like Behaviors
To evaluate the influence of chronic pain in classic depres-
sion paradigms, we studied the development of anhedonia.
As expected, there was a significant Time x CMS interaction
(P less than 0.0001: table 1), but no significant effect of CCI

Table 1. Summary of the Statistical Analyses

Behavioral
Tests CCI CMS CCI*CMS Time Time*CCI Time*CMS

Time*
CCI*CMS

Acetone test
I F (1.35) � 98.89*** F (1.35) � 18.31* F (1.35) � 13.16** F (2.70) � 153.03*** F (2.70) � 35.02*** F (2.70) � 11.26*** F (2.70) � 4.01*
C F (1.35) � 0.078 F (1.35) � 18.63* F (1.35) � 0.51 F (2.70) � 20.66*** F (2.70) � 1.75 F (2.70) � 21.99*** F (2.70) � 0.15

von Frey test
I F (1.36) � 97.40*** F (1.36) � 0.01 F (1.36) � 0.09 F (2.72) � 42.46*** F (2.72) � 47.62*** F (2.72) � 1.05 F (2.72) � 0.42
C F (1.36) � 0.01 F (1.36) � 1.36 F (1.36) � 1.33 F (2.72) � 0.78 F (2.72) � 0.22 F (2.72) � 0.85 F (2.72) � 0.87

Place escape/avoidance test
1st week F (1.34)

� 7.30* F (1.34) � 0.93 F (1.34) � 2.37 F (5.170) � 1.47 F (5.170) � 3.74** F (5.170) � 0.19 F (5.170) � 1.46
2nd week F (1.34) � 53.55*** F (1.34) � 9.77** F (1.34) � 7.52* F (5.170) � 1.74 F (5.170) � 13.11*** F (5.170) � 0.81 F (5.170) � 1.26

Anhedonia F (1.41) � 0.05 F (1.41) � 14.29*** F (1.41) � 0.196 F (4.164) � 16.08*** F (4.164) � 0.36 F (4.164) � 16.63*** F (4.164) � 0.92
Modified forced swimming test

Immob. F (1.35) � 0.00 F (1.35) � 16.44*** F (1.35) � 1.14 — — — —
Swimming F (1.35) � 0.86 F (1.35) � 0.02 F (1.35) � 0.00 — — — —
Climbing F (1.35) � 0.11 F (1.35) � 14.82*** F (1.35) � 1.04 — — — —

ACC
Thionin F (1.36)

� 20.59*** F (1.36) � 4.72* F (1.36) � 0.97 — — — —
p-ERK F (1.12)

� 10.77** F (1.12) � 18.95*** F (1.12) � 0.00 — — — —
t-ERK F (1.9) � 0.00 F (1.9) � 2.35 F (1.9) � 1.91 — — — —

Data were analyzed by two-way or three-way analysis of variance (ANOVA), with or without repeated measures, as appropriate. The
independent variables were CCI (between-groups), CMS (between-groups) and Time (within-groups). Significant results are indicated
in bold.
*P � 0.05, **P � 0.01, ***P � 0.001.
ACC � anterior cingulate cortex; C � contralateral; CCI � chronic constriction injury; CMS � chronic mild stress; I � ipsilateral;
Immob � immobility; p-ERK � phosphorylated extracellular signal-regulated kinases 1 and 2; t-ERK � total extracellular signal-
regulated kinases 1 and 2.
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(P � 0.956) was observed. Accordingly, groups subjected to
the depression paradigm (sham-CMS and CCI-CMS) exhib-
ited statistically significant anhedonia after 1 and 2 weeks
when compared with CCI-control or sham-control groups
(both P less than 0.0001: fig. 5A). Interestingly, similar levels
of anhedonia were found in both CMS groups whereas CCI-
control animals exhibited a similar behavioral profile to the
sham-control group.

We also studied behavioral despair using the modified
forced swimming test (fig. 5B) 14 days after inducing CCI
and CMS. Two-way ANOVA revealed a significant effect of
CMS on immobility and climbing behaviors (P less than
0.0001: table 1), with a statistically significant increase in the
immobility time in sham-CMS and CCI-CMS animals (fig.
5B). This effect may well be related to impaired cat-
echolaminergic neurotransmission given the significant de-
crease in climbing behavior in both groups (P � 0.005 and

P � 0.021, respectively vs. sham-control: fig. 5B). There was
no difference in the time the animals in the different groups
spent swimming. Together, these findings demonstrate that
CMS produced similar depressive-like behaviors in sham-
CMS and CCI-CMS animals, responses that, in agreement
with our anhedonia data, were not induced in CCI-control
animals. Finally and as a measure of the validity of the test,
desipramine administration significantly decreased the im-
mobility time (unpaired Student t test (two-tailed), P �
0.004) while it increased the climbing time when compared
with the sham-control animals (unpaired Student t test (two-
tailed), P � 0.006: fig. 5B).

Fig. 3. Effect of chronic neuropathic pain and chronic mild
stress on (A) ipsilateral and (B) contralateral hind paw re-
sponses in the von Frey test. Experimental groups: Sham-
control (sham-operated without CMS, n � 11), Sham-CMS
(sham-operated subjected to CMS, n � 8), CCI-control (neu-
ropathic pain animals not subjected CMS, n � 10) and CCI-
CMS (neuropathic pain animals subjected to CMS, n � 11).
Each symbol represents the mean � SEM. Statistical analysis
at each time period: **P less than 0.01, ***P less than 0.001
versus sham-control; ��P less than 0.01, ���P less than
0.001 versus sham-CMS. CCI � chronic constriction injury;
CMS � chronic mild stress; E1 and E2 �first and second
week of the experimentation phase; H3 � third week of the
habituation.

Fig. 4. Effect of chronic neuropathic pain and chronic mild
stress in the place escape/avoidance test. Percentage time
spent within the white area (A) 1 week and (B) 2 weeks after
beginning the CMS and CCI protocols. Experimental groups:
Sham-control (sham-operated without CMS, n � 10), Sham-
CMS (sham-operated subjected to CMS, n � 10), CCI-con-
trol (neuropathic pain animals not subjected CMS, n � 10)
and CCI-CMS (neuropathic pain animals subjected to CMS,
n � 8). Each symbol represents the mean � SEM. Statistical
analysis at each 5-min time period: *P less than 0.05, **P less
than 0.01, ***P less than 0.001 versus sham-control; �P less
than 0.05, ��P less than 0.01, ���P less than 0.001 versus
sham-CMS; #P less than 0.05 versus CCI-control. CCI �
chronic constriction injury; CMS � chronic mild stress; E1
and E2 � first and second week of the experimentation
phase.
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Effect of Chronic Pain and Depression on Physiologic
Behavioral Parameters
All CMS groups (sham-CMS and CCI-CMS) suffered a de-
crease in body weight and food intake, as well as a statistically
significant deterioration in their physical state at the end of
the experimentation phase (fig. 6). Next, we evaluated if the
development of anhedonia was affected by food intake. The
Generalized Estimating Equations model showed that food
intake did not have a significant effect on the evolution of
cereal intake (B � 0.13; 95% confidence interval � 0.78,
1.67, P � 0.515).

Effect of Chronic Pain and Depression on Plasma
Corticosterone Levels
There were no statistically significant differences in plasma
corticosterone in either sham-CMS (132.08 � 29.49 ng/ml,
n � 12), CCI-control (203.34 � 18.47 ng/ml, n � 12), or
CCI-CMS (163.07 � 21.53 ng/ml, n � 12) when compared
with the sham-control animals (193.33 � 23.27 ng/ml, n �
14) at the end of the experimentation phase.

Effect of Chronic Pain and Depression in the ACC
Because it has been suggested that the ACC is implicated in
the processing of emotions in both pain and depression, we
explored the neuronal density and ERK activity in the ACC
to determine whether the coexistence of both modifies these
parameters (fig. 7 A-H). Two-way ANOVA revealed a sig-
nificant effect of both CCI and CMS on thionin staining (P
less than 0.0001 and P � 0.036, respectively; table 1). The

density of the stained neurons decreased, although not sta-
tistically significant, in the CCI-control versus sham-control
animals (P � 0.08). However, a statistically significant decrease
in thionin-stained neurons was observed in the CCI-CMS
group when compared with sham-control and sham-CMS
groups (P less than 0.0001 and P � 0.008, respectively: fig. 7A),
indicating a loss of neuronal bodies in the ACC of CCI-CMS
animals. In addition, ERK activity in the ACC was also explored
(fig. 7 F-H). A two-way ANOVA analysis showed a significant
effect of CMS and CCI on this parameter (P less than 0.0001
and P � 0.006, respectively: table 1), and the subsequent post
hoc test revealed that the twofold increase in the amount of
p-ERK in CCI-control and sham-CMS animals when com-
pared with the sham-control rats was not statistically significant.
However, there was a significant increase in the accumulation of
p-ERK in the CCI-CMS group compared with the sham-con-
trol rats (P less than 0.0001: fig. 7F-G) that was not accompa-
nied by changes in t-ERK expression (fig. 7H and table 1).

Discussion

To our knowledge, this is the first study to assess the effects of
comorbid chronic pain and depression in an animal model,
addressing both the somatic and emotional components of
each condition. We demonstrate that the induction of an
experimental depressive-like state negatively affects the affec-
tive component of chronic pain, while decreasing neuronal
density and increasing ERK activation in the ACC. The de-
pressive-like state also exerted a negative effect on the sensory

Fig. 5. Effect of chronic neuropathic pain and chronic mild stress on depressive-like behaviors. (A) Anhedonia was evaluated
by measuring the intake of sweet cereals (g cereal � kg�1 body weight), 1 week and 2 weeks after beginning the CMS and CCI
protocols. Experimental groups: Sham-control (sham-operated without CMS, n � 10); Sham-CMS (sham-operated subjected
to CMS, n � 11); CCI-control (neuropathic pain animals not subjected to CMS, n � 12); CCI-CMS (neuropathic pain animals
subjected to CMS, n � 12). (B) Behavioral despair was evaluated in the modified forced swimming test after 2 weeks of CMS
and CCI. Experimental groups: Sham-control (n � 10); Sham-CMS (n � 10); CCI-control (n � 9); CCI-CMS (n � 10); and
Desipramine (DMI) (naïve animals treated with desipramine 20 mg/kg, intraperitoneal, 23.5, 5, and 1 h before the test, n � 7).
Each symbol represents the mean � SEM. Statistical analysis: *P less than 0.05, **P less than 0.01, ***P less than 0.001 versus
sham-control; #P less than 0.05, ##P less than 0.01, ###P less than 0.001 versus CCI-control. CCI � chronic constriction injury;
CMS � chronic mild stress; E1 and E2 � first and second week of the experimentation phase; H1, H2, and H3 � first, second,
and third week of habituation.
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component of pain, although only for specific pain modali-
ties (summary in table 2).

Using withdrawal reaction tests, we first explored the ef-
fect of CMS on sensory pain, both alone and in combination
with chronic pain. As expected, the induction of peripheral
neuropathic pain caused mechanical and cold allodynia in
the ipsilateral hind paw, which was unaffected by the induc-

tion of a depressive-like state. CMS animals exhibited cold
allodynia in both hind paws, which was no different in the
animals also subjected to CCI. Thus, in accordance with data
both from patients and laboratory animals, the induction of
a depressive-like state appears to provoke aberrant or mal-
adaptive central pain processing, which affects specific stim-
ulus modalities in our controlled experimental conditions,
such as cold stimulus in this case. Hypoalgesia to thermal or
electrical stimuli9,11,29 and decreased nociceptive thresholds
to experimentally evoked pain30 have been reported in de-
pressed patients. Moreover, rats subjected to CMS showed
increased nociceptive tail-flick test thresholds in preclinical
studies,31 whereas chronic restraint stress over 1 week in-
duced mechanical and cold allodynia.32 Although these find-
ings do not demonstrate a direct link between depression and
global alterations to the sensory dimension of pain, they in-
dicate that the nature of the sensorial nociceptive input has a
substantial effect on the development of pain disorder in
depression.

The main finding of the current study is that aversion to a
painful experience is selectively increased by a coexisting de-
pressive state. By contrast, chronic pain had no effect on the
characteristic depressive-like profile of animals subjected to
CMS. Studying the affective component of pain in rodents
has previously proved to be a challenging task, although this
field of research has been greatly aided by the development of
the place escape/avoidance test.15,33 This test permits the
aversive nature of a noxious stimulus to be assessed based on
the avoidance of a preferred location where the stimulus is
delivered. Accordingly, the CCI-control group showed a
higher preference for the bright area than the sham-control
and sham-CMS groups. Strikingly, however, this preference
was greater in animals suffering a depression-like state and
concomitant chronic pain, suggesting that this group has the
most negative pain experience, in agreement with human
studies.34–36 Although these studies had short-lasting effects
and they were performed mostly in healthy volunteers, the
results reinforce the idea that persistent mood changes may
lead to a more negative interpretation of painful experiences.
To support the validity of the model used, we selected a
nociceptive input that caused a similar withdrawal reaction
in CCI-control and CCI-CMS rats. Effective discrimination
between the sensorial and emotional effect of analgesic drugs
has already been demonstrated using this paradigm.33 Taken
together with our observations, these findings suggest that
comorbidity of depression and pain leads to a more negative
perception of noxious stimuli than when pain is experienced
without depression.

Importantly, we found that changes in the perception of
affective pain in CCI-CMS rats were not accompanied by a
worsening of the depressive-like state. Indeed, rats subjected
to CMS with or without chronic pain displayed similar levels
of anhedonia, a core symptom of depression.18 In addition,
both groups displayed similar levels of behavioral despair in
the modified forced swimming test, as determined by an

Fig. 6. Effect of chronic neuropathic pain and chronic mild
stress on (A) weight, (B) food intake, and (C) physical state
over time. Experimental groups: Sham-control (sham-oper-
ated without CMS, n � 10), Sham-CMS (sham-operated
subjected to CMS, n � 11), CCI-control (animals with neu-
ropathic pain not subjected CMS, n � 12), and CCI-CMS
(animals with neuropathic pain subjected to CMS, n � 12).
Each symbol represents the mean � SEM. Statistical analy-
sis: *P less than 0.05, ***P less than 0.001 versus sham-
control; #P less than 0.05, ###P less than 0.001 versus CCI-
control. CCI � chronic constriction injury; CMS � chronic
mild stress; E1 and E2 � first and second week of the
experimentation phase; H1, H2, and H3 �first, second and
third week of the habituation.
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increase in immobility time that models the psychologic con-
cept of “entrapment.” This increase in immobility time was
paralleled by a decrease in climbing time, suggesting that the
catecholaminergic system is deregulated by depression.37

Furthermore, some parallels between human depression and
chronically stressed animals have been drawn from the reduc-
tion in the efficiency with which even the smallest tasks are
performed by depressed patients, leading to their inability to
maintain minimal personal hygiene, which is mirrored by a
decrease in grooming behavior seen in stressed animals
(Sham-CMS and CCI-CMS). In addition, the decrease in
body weight and food intake in rodents may mimic the
weight loss when not dieting or modifications in appetite
experienced by depressed patients.5 By contrast, CCI did not

result in depressive-like behavior over 2 weeks, as evident in
the anhedonia test, modified forced swimming test, physical
state evaluation, food intake, and body weight. This result
contradicts the idea that chronic pain can lead to the devel-
opment of depressive-like and anxiogenic-like behaviors,
the so-called “secondary pain affect.”4,38,39 Nevertheless, it
should be noted that this secondary pain affect is observed, in
our experimental conditions, after 1 month of neuropathic
induction.40 Indeed, a study using spinal nerve ligation in
rats found no differences in anxiety and depressive-like be-
haviors when compared with sham animals 14 days after
surgery.41 Similarly, approximately 30 days of neuropathic
pain were necessary to induce a depressive and anxiogenic-
like profile in rodents.38,39,42,43 Overall, these findings show

Fig. 7. Neuronal density (A-E) and extracellular signal-regulated kinases 1 and 2 (ERK) activity in the anterior cingulate cortex
(F–H) after 2 weeks of chronic neuropathic pain and chronic mild stress. (A) CCI-CMS significantly decreased neuronal density
in the anterior cingulate cortex (ACC) (number of neurons counted per visual field). Experimental groups: Sham-control
(sham-operated without CMS, n � 11), Sham-CMS (sham-operated subjected to CMS, n � 8), CCI-control (neuropathic pain
animals not subjected to CMS, n � 10), and CCI-CMS (neuropathic pain animals subjected to CMS, n � 11). (B–E)
Photomicrographs of thionin-stained neurons in sham-control (B, D) and CCI-CMS animals (C, E). (F) Representative Western
blot to show the accumulation of activated ERK (p-ERK) and total ERK (t-ERK) in the ACC. (G–H) Quantitative analysis of p-ERK
(G) and t-ERK (H) relative to �-tubulin. Data represent the mean � SEM of three to four assays performed on ACC samples
obtained from six rats per group, where: ***P less than 0.001 versus sham-control; ��P less than 0.01, versus sham-CMS.
CCI � chronic constriction injury; CMS � chronic mild stress.
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that comorbid pain and depression first result in emotional
impairment related with the perception of pain, after which
chronic pain induces secondary pain affects that involve al-
terations in general mood (depression, anxiety).

The ACC has been proposed to be one of the main areas
mediating the relationship between pain and depression, be-
cause it is implicated in many activities related to emotional
processing, ranging from conflict resolution to anhedonia
and negative emotionality.44 Accordingly, malfunctioning of
the ACC has been reported in depression.45 In the literature
related to pain, the ACC been widely implicated in the un-
pleasantness of noxious stimuli.46 In our study we found that
the neuronal density in the ACC diminished in CCI-CMS
animals, consistent with our place escape/avoidance data.
The decrease in this neuronal population may be associated
with the reduced gray matter in the ACC of patients suffering
from chronic pain.47 Similar findings have been described in
the subgenual cortex of patients with major depressive disor-
der,48 an area within the ACC thought to be activated only
by negative affective experiences.49 In addition, recent stud-
ies further demonstrated that activation of ERKs (members
of the mitogen-activated protein kinase family) in the ACC
contributes to aversion in response to painful stimuli,50,51

and tonic increase has been reported in neuropathic pain and
chronic stress.52,53 Accordingly, we found a robust ERK in-
crease in the CCI-CMS rats. Overall, in CCI-CMS animals

there is a decrease in neuronal density that is coupled to an
increase in ERK activity of the cells remaining in the ACC,
which might be related to the behavioral increase of pain-
related negative emotion in the CCI-CMS group. Therefore,
although no other studies have investigated the effect of co-
morbid pain and depression, our findings suggest that the
coexistence of pain and depression exacerbates the impair-
ments in the ACC. Interestingly, the alterations to the gray
matter of the ACC and ERK activation are rescued when
pain is effectively controlled.50,51,54,55 So, it would be of
considerable interest to determine whether this recovery is
disrupted in cases of comorbidity, which could explain
poorer prognosis of these patients.

Although disrupting the hypothalamic-pituitary-adrenal
axis has been associated with depression disorders56 we found
no changes in corticosterone levels under our experimental
conditions. Increases in corticosterone after CMS have been
described,57 although more recent studies failed to replicate
these, in agreement with our results.58,59 It has been sug-
gested that corticosterone is unaffected due to the adaptive
response of hypothalamic-pituitary-adrenal axis to chronic
stress. Accordingly, daily exposure to footshock for 14 days
induced hypersecretion of corticosterone for the first 7 days,
after which its levels returned to control values.60 Plasma
corticosterone levels on the last day of the stress protocol
were unchanged from the pretest levels, probably reflecting

Table 2. Summary of the Global Effects of Chronic Neuropathic Pain and Chronic Mild Stress, Alone or in Combination

Sham-control Sham-CMS CCI-control CCI-CMS

Pain
Sensory pain

Cold allodynia
Ipsilateral 0 �� ��� ���
Contralateral 0 �� 0 ��

Mechanical allodynia
Ipsilateral 0 0 ��� ���
Contralateral 0 0 0 0

Affective pain
First week 0 0 � ��
Second week 0 0 �� ���

Depression
Anhedonia 0 ��� 0 ���
Behavioral despair

Immobility 0 �� 0 ��
Swimming 0 0 0 0
Climbing 0 �� 0 ��

Decrease of body weight 0 � 0 �
Decrease of food intake 0 � 0 �
Deterioration of the physical state 0 ��� 0 ���
Disruption of the hypothalamic-pituitary-

adrenal axis
0 0 0 0

ACC
Loss of cell density 0 0 0/� ���
p-ERK activity 0 0/� 0/� ���

Global effect vs. Sham-control group: 0, no effect; �, slight effect; ��, medium effect; ���, strong effect. Experimental groups:
Sham-control (sham-operated without CMS), Sham-CMS (sham-operated subjected to CMS), CCI-control (neuropathic pain animals
not subjected to CMS) and CCI-CMS (neuropathic pain animals subjected to CMS).
ACC �anterior cingulate cortex; CCI � chronic constriction injury; CMS � chronic mild stress; p-ERK � phosphorylated extracellular
signal-regulated kinases 1 and 2.
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adaptation of the hypothalamic-pituitary-adrenal axis as de-
scribed previously.61 Although the chloral hydrate was cho-
sen as an anesthetic because it has not been implicated in
changes in corticosterone secretion, possible effects of this
drug on corticosterone in the specific experimental model
used cannot be ruled out. Similarly, no changes in plasma
corticosterone levels were detected in CCI animals, consis-
tent with previous studies.62,63 Together, these findings sug-
gest that hypothalamic-pituitary-adrenal axis dysfunction
does not play in major role in the changes described here.

The current study evaluated the relationship between the
sensory and emotional dimensions of comorbid pain and
depression, by combining two well-validated animal models,
the CCI and the CMS, respectively. Our results demonstrate
that CMS negatively affects the emotional experience of
pain, probably due to ACC impairment, thereby supporting
the hypothesis that depression leads to dysfunction in the
emotional interpretation of pain in chronic pain conditions.
Future animal studies combining distinct models of depres-
sion and chronic pain will be vital to elucidate the substrates
and mechanisms regulating the sensory and emotional com-
ponents of pain in cases of comorbidity.
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