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We  explored  the role  of  prelimbic  cortex  and  infralimbic  cortex  in formalin  pain-induced  conditioned  place  avoidance.
Prelimbic  cortex  plays  an  essential  role in  the  acquisition  and  expression.
Infralimbic  cortex  is not  involved  in  either  of  them.
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a  b  s  t  r  a  c  t

Conditioned  place  avoidance  (CPA)  paradigm  has  been  used  to  investigate  the  affective  component  of
pain.  Although  the anterior  cingulate  cortex  (ACC)  has  been  demonstrated  to play an  important  role  in  the
affective  aspect  of  pain,  whether  the other  prefrontal  subdivisions  are  involved  in pain-related  aversion
is  unknown.  The  present  study  investigated  the  role  of  the prelimbic  cortex  (PL)  and  infralimbic  cortex
(IL)  in  the  acquisition  and  expression  of formalin-induced  CPA  (F-CPA)  in  rats.  GABAA receptor  agonist
muscimol  was  bilaterally  microinjected  into  PL/IL before  or after  the  formalin-paired  training,  to  explore
onditioned place avoidance
cquisition
xpression
ain emotion
ats

the  effect  of  temporary  inactivation  of PL/IL  on  the  acquisition  and  expression  of  F-CPA,  respectively.  The
results  showed  that  inactivation  of PL  rather  than  IL impaired  the  acquisition  and  expression  of  F-CPA.
Moreover,  the PL  inactivation  did  not  block  the acquisition  of LiCl-induced  CPA,  suggesting  that  PL  may
be  specifically  implicated  in  the pain-emotion  related  encoding.  These  results  indicate  that  PL  but  not  IL
is involved  in  the  aversive  dimension  of  pain.
. Introduction

Pain has sensory-discriminative and emotional–motivational
omponents. Although the pathways of sensory transmission of
ain have been extensively investigated, the mechanisms of the
ffective component of pain are far from being clarified. In recent
ears, conditioned place avoidance (CPA) paradigm has been used
o investigate the affective dimension of pain [10,11]. Several brain
reas have been reported to be involved in the acquisition of

ain stimulus-induced CPA, including the anterior cingulate cor-
ex (ACC) [10], the central and basolateral nuclei of the amygdala
24].
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Recent imaging studies have found that the prefrontal areas
were activated in the emotional and cognitive modulation of pain
in healthy participants [14]. Functional and structural reorgani-
zations in prefrontal cortex have also been found in chronic pain
patients and spinal nerve ligated rats [2,15]. These studies indicate
the critical role of prefrontal cortex in pain modulation. In rodents,
medial prefrontal cortex (mPFC) is divided into cingulate cortex
(Cg), prelimbic cortex (PL), and infralimbic cortex (IL) subdivisions
[9]. Johansen and colleagues have found that lesions of ACC in rats
disrupt the acquisition of formalin-induced CPA (F-CPA) [10] but
not prevent the expression of F-CPA [11]. For classical fear condi-
tioning, although amygdala is thought to mediate the acquisition

of fear-motivated response [12], there is a general consensus that
PL and IL integrate inputs from the amygdala and project excit-
atory and inhibitory outputs to the amygdala respectively to gate
the expression of fear [23].
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Clinical observations have demonstrated that pain emotion-
nduced avoidance behavior is an important factor in the
ccurrence and development of chronic pain [27]. Therefore, in
he present study we aimed to investigate the role of prefrontal
reas in the acquisition and expression of pain-related CPA in
ats. We  microinjected GABAA receptor agonist muscimol into the
refrontal regions (PL and IL) to temporarily inactivate PL/IL and
ttempted to answer the following questions: (1) whether PL and
L are necessary for the acquisition and expression of F-CPA and
2) whether they play different roles in mediating the aversive
imension of pain.

. Materials and methods

.1. Animals

One hundred and fifty-two male Sprague-Dawley rats (weight
n arrival: 180–200 g, Laboratory Animal Center of the Academy of
ilitary Medical Sciences, Beijing) were used in this study. Exper-

ments were carried out in accordance with the National Institute
f Health Guide for the Care and Use of Laboratory Animals (NIH
ublications No. 80-23) revised 1996. The research protocol was
pproved by the Institutional Animal Care and Use Committee of
hinese Academy of Sciences.

.2. Conditioned place avoidance (CPA) procedure

Experiment was conducted in a three-compartment plas-
ic chamber (75 cm × 30 cm × 30 cm,  length × width × height). Two
ompartments were “conditioning” compartments (i.e., formalin
as paired with one or the other, 30 cm × 30 cm × 30 cm), and the

hird was a “neutral” compartment (15 cm × 30 cm × 30 cm). The
hree compartments were characterized by distinct tactile and
isual cues. One conditioning compartment had hole floor with
orizontal stripes on the walls, whereas the other had grid floor
nd vertical stripes. Walls of uniform color and no distinctive floor
haracterized the neutral compartment.

CPA procedure was performed 1 week after surgery, includ-
ng three sessions: the baseline, conditioning, and test session. On
he first two days (baseline session), rats were allowed to freely
xplore the three compartments for a total of 900 s. The time spent
n each compartment and locomotor distance in the whole chamber

ere measured automatically (MacroAmbition S&T Development,
eijing, China) and averaged across the two days. No significant
ifference was detected between time spent in the two  condition-

ng compartments. Days 3 and 4 were conditioning sessions. On
ay 3, for the F-CPA, rats were given an intraplantar injection of 5%
ormalin (50 �l) into the right hindpaw and were randomly con-
ned to one of the conditioning compartments for 1 h. For the LiCl
lithium chloride)-CPA, similar procedure was conducted except
hat rats were injected intraperitoneally with LiCl (dissolved in
aline, 125 mg/kg, 5 ml/kg). Muscimol or saline was microinjected
nto PL/IL/ACC 30 min  before the CPA training to test the effect
f PL/IL/ACC inactivation on the acquisition. The formalin-induced
ociceptive behaviors were videotape recorded and calculated in
very 5-min. On day 4, each rat was confined in the opposite com-
artment for 1 h. For the F-CPA, rats were given no treatment. For
he LiCl-CPA, normal saline was given intraperitoneally in the same
olume as LiCl. On the 5th day (test session), each rat was  allowed
o explore the three compartments freely. The time spent in each
ompartment and locomotor activity over 900 s were recorded. A

imilar procedure was applied to examine the effect of PL/IL/ACC
nactivation on the expression of CPA, except that the microinjec-
ions of muscimol or NS were performed 30 min  before the test
ession. The CPA scores were calculated by subtracting the time
etters 569 (2014) 89–93

spent in the formalin-/LiCl-paired compartment during the test
session from that during the baseline session.

To test whether intra-PL/IL infusion with muscimol per se had
rewarding or aversive effect, additional rats received muscimol
microinjection without aversive stimuli and confined in one con-
ditioning compartment for 1 h. The next day, rats were confined in
the opposite compartment for 1 h with intra-PL/IL saline infusion.
The baseline and test sessions were the same as described above.

2.3. Surgery

Cannula implantation was performed 1 week before the CPA
procedure. Animals (250–280 g) were deeply anaesthetized with
sodium pentobarbital (50 mg/kg, i.p.). Bilateral stainless steel infu-
sion guide cannula (30 gauge) were stereotaxically implanted into
the ACC (AP, +2.9; ML,  ±0.6; DV, −1.5), PL (AP, +2.9; ML,  ±0.6;
DV, −3.0) or IL (AP, +2.8; ML,  ±0.6; DV, −4.2). The guide cannulae
were fixed to the skull with three stainless steel screws and dental
cement. Each cannula was kept patent with a sterile obturator until
the time of drug administration.

2.4. Drug infusion

The GABAA receptor agonist muscimol was purchased from
Sigma–Aldrich (St. Louis, MO)  and dissolved in saline (0.9% NaCl,
0.55 nmol/�L). The injection needle (a thin dental needle with a
0.3-mm outer diameter) was introduced through the guide cannula
such that its terminal protruded 1 mm  below the guide cannula. The
displacement of an air bubble inside a polyethylene catheter (PE-
10) connecting the syringe needle to the intracerebral needle was
followed to monitor the microinjection. Muscimol or saline was
delivered at a rate of 0.1 �L/min (0.2 �L/side) for PL/IL/ACC bilat-
erally. After infusion, injectors were left in place for 1 min to allow
the drug to diffuse. The dose of muscimol was  selected on the basis
of studies showing that this dose could avoid spreading to adjacent
brain areas and did not impair freezing behavior [22].

2.5. Histology

Rats were perfused with 0.9% saline followed by 4% formalin
in phosphate buffer (PB; pH 7.4). Brains were extracted and sunk
in 20%, 30% sucrose dissolved in 0.1 M PB. Frozen coronal sections
were cut 40 �m thick and the sections were stained with cresyl
violet. The approximate location of injection cannulas tips was
determined under a microscope according to Paxinos and Watson
atlas [18].

2.6. Statistical analysis

GraphPad prism 5.0 was  used to analyze data and draw graphs.
Student’s t-test was used for comparing 2 groups. Data involving 2
factors was  analyzed with two-way analysis of variance (ANOVA).
Bonferroni posttest was  employed for post hoc test. The data was
presented as means ± SEM. The statistical significance was set at
P < 0.05.

3. Results

3.1. Effect of PL/IL inactivation on the acquisition of F-CPA

Microinfusion of muscimol into PL during acquisition stage sig-
nificantly reduced the CPA score in the test (t-test, 1.8 ± 33.5 s vs.

121.9 ± 30.0 s, P < 0.05) (Fig. 1A), suggesting that PL inactivation
impaired the acquisition of F-CPA. By contrast, inactivating IL with
muscimol did not exert an effect on the acquisition of F-CPA (t-
test, 106.5 ± 38.3 s vs. 117.7 ± 39.1 s, P > 0.05) (Fig. 1A). Additionally,
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Fig. 1. Effect of muscimol microinjection on the acquisition of F-CPA and formalin-
induced nociceptive behavior. (A) CPA behavior. Significantly reduced avoidance
behavior was found for muscimol microinjection into PL, suggesting that PL inacti-
vation impaired the acquisition of F-CPA. By contrast, muscimol microinjection into
IL  had no effect on the acquisition of F-CPA and (B) formalin-induced nociceptive
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Fig. 2. Effect of muscimol microinjection on the expression of F-CPA and locomotor
activity. (A) CPA behavior. Similar to the acquisition phase, muscimol microinjection
into  PL attenuated the learned avoidance behavior; conversely, intra-IL muscimol

of F-CPA

As illustrated in Fig. 4, an attenuated avoidance behavior
was observed for intra-ACC injection of muscimol during the
ehavior. Inactivation of PL or IL did not exert an influence on the formalin-induced
icking behavior. n = 9–12. *P < 0.05 vs. corresponding saline group.

nfusion of muscimol into PL or IL had no effect on the formalin-
nduced licking behavior (two-way ANOVA, group × time effect:
(36, 444) < 1, P > 0.05; group effect: F(3, 37) < 1, P > 0.05) (Fig. 1B).

.2. Effect of PL/IL inactivation on the expression of F-CPA

The effect of PL/IL inactivation on the expression of F-CPA was
imilar to that on the acquisition. As illustrated in Fig. 2A, intra-PL
njection of muscimol before test blocked the avoidance behavior
rom the formalin-paired compartment (t-test, −32.6 ± 36.9 s vs.
38.1 ± 40.2 s, P < 0.01) (Fig. 2A), suggesting that PL is involved in
he expression of F-CPA. However, inactivating IL with muscimol
ad no effect on the expression of F-CPA (t-test, 123.4 ± 41.6 s vs.
08.7 ± 34.3 s, P > 0.05) (Fig. 2A). In addition, infusion of muscimol

nto PL or IL did not exert an influence on the locomotor distance
two-way ANOVA, 20,657 ± 3122 s vs. 21,990 ± 3174 s, P > 0.05. for
L; 25,573 ± 3616 s vs. 21,659 ± 3224 s, P > 0.05 for IL) (Fig. 2B).

.3. Effect of PL inactivation on the acquisition and expression of
iCl-CPA

The PL inactivation during aversive learning did not reduce LiCl-
nduced avoidance behavior (t-test, 69.8 ± 28.6 s vs. 103.1 ± 30.9 s,

 > 0.05), suggesting that PL is not involved in the acquisition of
iCl-CPA. In contrast, intra-PL infusion of muscimol before test sig-

ificantly reduced the expression of LiCl-CPA (t-test, −6.9 ± 23.0 s
s. 81.2 ± 27.1 s, P < 0.05) (Fig. 3A). Additionally, inactivation of PL/IL
n the absence of aversive stimulus did not produce preference or
voidance behavior (Fig. 3B), indicating that the muscimol injection
er se had no rewarding/aversive effect.
microinjection did not exert an effect on the expression of F-CPA and (B) locomotor
distance. No changes in the locomotor distance were found after inactivation of PL
or  IL. n = 8–10. **P < 0.01 vs. corresponding saline group.

3.4. Effect of ACC inactivation on the acquisition and expression
Fig. 3. Effect of PL inactivation on the acquisition and expression of LiCl-CPA. (A)
Intra-PL injection of muscimol during the acquisition phase had no effect on the
avoidance behavior. However, inactivation of PL disrupted the expression of LiCl-
CPA  and (B) no preference or avoidance behavior was observed after intra-PL/IL
infusion of muscimol without aversive stimuli. n = 6–9. *P < 0.05 vs. corresponding
saline group.
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Fig. 4. Effect of ACC inactivation on the acquisition and expression of F-CPA. Intra-
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CC injection of muscimol before acquisition reduced the avoidance behavior
oward pain-paired compartment. In contrast, ACC inactivation had no effect on
he expression of F-CPA. n = 6–8. *P < 0.05 vs. corresponding saline group.

cquisition of formalin-induced conditioning (t-test, −7.2 ± 36.3 s
s. 115.4 ± 33.5 s, P < 0.05). However, inactivation of ACC before test
id not disrupt the expression of F-CPA (t-test, 107.2 ± 39.2 s vs.
4.5 ± 35.4 s, P > 0.05) (Fig. 4). These results indicate that ACC is

mplicated in the acquisition rather than the expression of F-CPA.

.5. Histologically verified placement of cannulae

A schematic of coronal rat brain sections showing the sites of
annula placement is presented in Fig. 5. Six rats were excluded for
mproper cannula placement. All rats included in our data analysis
ad histologically verified placement of cannulae in the PL/IL/ACC.

. Discussion

In the present study, we investigated the effects of temporary
nactivation of the PL/IL cortex with muscimol on the acquisition
nd expression of F-CPA. The results showed that inactivation of PL
ather than IL prevented the acquisition and expression of F-CPA.
esides, PL is not involved in the acquisition of LiCl-CPA, suggesting
hat PL is specifically implicated in the coding of pain emotion. Inac-
ivation of PL also disrupted the expression of LiCl-CPA, indicating

hat PL may  be involved in a general memory retrieval function.

Consistent with previous studies [8], we found that PL inacti-
ation does not prevent the acquisition of LiCl-CPA, ruling out the
ossibility that the disrupted acquisition of F-CPA was  attributed to

ig. 5. Schematic drawings of the injection sites. Cannula placements within the PL/IL/A
he  injection sites are marked by solid black circles.
etters 569 (2014) 89–93

the impaired conditioning learning ability. In addition, our results
showed that infusions of muscimol into PL or IL did not affect the
formalin-induced licking behavior in our study, in accordance with
previous research showing that temporal activation or inactivation
of vMPFC had no effect on the formalin-induced pain and tail flick
test [1,21]. Thus, the most likely explanation for the important role
of PL in the acquisition of F-CPA may  be that PL itself is involved
in the encoding of the aversive dimension of pain. Although PL is
not essential in the acquisition of classical fear conditioning [23],
it is required in the acquisition of some modified conditioning
paradigms, such as olfactory conditioning [13]. The nature of the
unconditioned stimulus (US) might be an important factor under-
lying this discrepancy. Compared with electric shock stimulus or
LiCl, formalin-induced pain is much tenser. Formalin-induced pain,
especially the second phase, depends on central sensitization and
increases a wide range of Fos expression or regional cerebral blood
flow in emotional pain-related regions such as the mediodorsal
thalamus, insular cortex, amygdala, and ACC [5,17]. PL has been
shown to have reciprocal projections with these areas [25]. Thus,
the extensive interconnections also support a role for PL in the
emotional processing of pain.

Another possible explanation may  be that PL is the site where
the association of nociceptive information and environmental cues
is stored. In accordance with previous studies [10,11], we found
the role of ACC in the acquisition rather than expression of F-CPA.
ACC is necessary to provide the nociceptive aversive teaching sig-
nal, but it is not where the association stored [11]. ACC and PL
are in close proximity and tightly interconnected [25]. It is pos-
sible that the two structures are involved in different components
of pain-related memory traces [16]. During the acquisition of F-
CPA, PL might receive pain-related aversive information from ACC
where the emotional pain is encoded and integrate these nocicep-
tive signals with environment cues. Therefore, inactivation of PL
might block the synaptic plasticity of the association of pain-related
aversion and environmental context.

In the present study, PL inactivation impaired the expression
of LiCl-CPA as well as F-CPA. This is consistent with previous study
indicating that PL is primarily involved in the selection of responses
based on previously encoded associations [7]. In humans, ACC inte-

grates the sensory and emotional components of pain and projects
these information to PFC, suggesting the role of PFC in the initiation
and planning of pain-related avoidance behavior [20]. Thus, during
the expression of F-CPA, PL may  be required to decide whether or

CC are shown in coronal sections modified from the atlas of Paxinos and Watson.
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ot to mobilize the avoidance behavior according to the motiva-
ional effect of environmental cues. Furthermore, the essential role
f PL in acquisition as well as expression of F-CPA is in accord with
revious study, suggesting that the perception of pain-related neg-
tive affect and pain-related aversive learning are not possibly to
e clearly separable at the neural level [6].

Previous studies have shown that the activity of IL is not essen-
ial for the acquisition or expression of fear conditioning [12,23].
imilarly, we demonstrated that IL is implicated in neither acqui-
ition nor expression of F-CPA. IL and PL represent differential
unctions and reciprocal connections with other areas. IL is primar-
ly involved in visceromotor functions, homologous to the mPFC
f primates, and the PL (and ACC) is involved in limbic/cognitive
ctivity, homologous to DLPFC of primates [26]. In chronic back
ain reciprocal inhibitory responses in DLPFC and mPFC activity
ere found in fMRI studies [4]. Similarly, although IL has reciprocal

nterconnection with PL and ACC, its role in nociception seems to be
ifferent from PL and ACC. Millecamps et al. infused d-cycloserine

nto mPFC and found that the distances between cannulas and PL,
CC were negatively correlated to antinociception effect; however,

or IL the correlation was positive [16]. Finally, some researchers
ave proposed that chronic pain is the result of persistence or

nability to extinguish pain-related emotion evoked by an initial
njury [3]. Thus the mechanisms underlying extinction of F-CPA is

orth further exploration. Since previous studies have found that
L is involved in the extinction of fear conditioning and drug relapse
19], the role of IL in the extinction of F-CPA needs to be clarified in
uture studies.

. Conclusion

In summary, our study demonstrated that temporary inactiva-
ion of PL rather than IL blocked the acquisition and expression of
-CPA. The results revealed the critical role of PL in pain-related
version, and provided new evidence for the differential roles of
L and IL in pain emotion. Future studies should be designed to
nvestigate the role of IL in the extinction of F-CPA, so as to better
nderstand the involvement of the prefrontal cortex in emotional
ain.
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