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No requirement of interlukine-1 for
long-term potentiation in the anterior
cingulate cortex of adult mice
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Abstract

Background: The enhanced expression of cytokines in the pathological states suggests that they have important roles in

the initiation or maintenance of disease states.

Findings: To determine the involvement of cytokines in chronic neuropathic pain, the expression of cytokines in the anterior

cingulate cortex neurons in the ligation of the common peroneal nerve mice was investigated. We utilized a cytokine

enzyme-linked immunosorbent assay plate array to detect 23 cytokines in total eight mice including a female, and no

significant differences were found in those cytokines between the common peroneal nerve model and sham surgery

mice. Quantification of TNF-a at protein level revealed the unvaried expression in the anterior cingulate cortex in both

neuropathic pain and visceral pain, but enhanced expression in the insular cortex in the visceral pain. Furthermore, we found

that the IL-Ira, a kind of IL-1 receptor antagonist, had no effect on the theta burst stimulation-induced long-term poten-

tiation in the anterior cingulate cortex.

Conclusions: Cytokines are not involved in chronic neuropathic pain induced by nerve injury in the anterior cingulate

cortex. Our findings suggested that cytokines may not be a viable drug target to treat chronic neuropathic pain in the

anterior cingulate cortex.
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Short report

Cytokines are small signaling molecules, synthesized by
almost all cells.1,2 Cytokines are commonly implicated in
infection and also have critical roles in many biochemi-
cal processes such as cellular growth, differentiation,
gene expression, migration, and immunity. It is known
that cytokines play an important role in neuronal devel-
opment and function, and they are closely related to
inflammatory responses in the peripheral and central
nervous systems. Recent data has revealed that cytokines
also play a key role in the pathology of brain injury and
neuropathic pain.3–5 It has been documented that several
cytokines are increased in the dorsal root ganglia (DRG)
and spinal cord after peripheral nerve damage,6,7 and
inhibition of these processes produces antinociception.4

Furthermore, recent studies have indicated that inflam-
matory factors are upregulated in the prefrontal cortex
of animals after peripheral inflammation.8–10

Human and animal studies demonstrate that the ante-
rior cingulate cortex (ACC) is an important brain area
for chronic pain and pain-related emotion.11–15 Long-
term potentiation (LTP) in the ACC is a key cellular
mechanism for cortical potentiation in chronic pain con-
ditions.11,16 Neuropathic and visceral pains are major
forms of chronic pain that are resistant to conventional
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medicine. It is unknown whether cytokines may be also

activated in these chronic pain conditions. In the present

study, we want to detect if cytokines in the pain-related

cortical areas including ACC and/or insular cortex may

be altered after peripheral injuries.
We employed a well-established animal model of a

neuropathic pain we developed.13,17 At seven days

after the injury, we found that animals showed signifi-

cant mechanical allodynia as reported previously.18

After behavioral evaluation, we sacrificed animals and

collected brain samples from ACC. Enzyme-linked

immunosorbent assay (ELISA) array was used

to determine the levels of 23 cytokines in the ACC

(Figure 1(a)). Equal amount of samples from each

group was added in the ELISA plates. As shown in

Figure 1(b), we did not detect any significant changes

among 23 cytokines in the ACC as compared with

those of sham-treated mice (n¼ 8 mice). These results

indicate that cytokines are not activated in the ACC

after nerve injury. This is different from previous results

reported in the spinal cord,6 DRG,7 and hippocampus.19

Among different cytokines, TNF-a has received the

most attention. TNF-a plays an important role in trig-

gering the activation of other cytokines in response to

injury or inflammation and is critical for the develop-

ment and maintenance of pain.4,9 We decided to further

measure the level of TNF-a in the ACC as well as insular

cortex in two pain conditions: neuropathic pain and

visceral pain. We found that TNF-a was not changed
in the ACC in either pain model (n¼ 3 mice, naı̈ve:
17.2� 3.8 pg/ml, common peroneal nerve (CPN): 19.1
� 2.7 pg/ml; saline: 33.6� 9.1 pg/ml, zymosan: 23.3
� 2.4 pg/ml) neither was it changed in the hippocampus.
However, TNF-a was increased in the insular cortex in
visceral pain models compared with sham-treated
groups (n¼ 3 mice, naı̈ve: 26.7� 2.3 pg/ml, CPN: 36.4
� 7.8 pg/ml; saline: 27.7� 1.9 pg/ml, zymosan: 56.7
�11.0 pg/ml, p< 0.05 in comparison with saline)
(Figure 2). These results show that TNF-a is associated

Figure 1. Relative quantity of various cytokines in ACC from sham and CPN model mice. Cytokines analysis was determined in mice 7
days after nerve injury or sham surgery. (a) A typical image of cytokine ELISA plate array was shown, and total 23 cytokines were detected.
(b) According to the manufacturer’s protocol, the cytokine assay was performed, and the ELISA plates were scanned by luminometer, the
intensity of each well was detected by ImageJ, a relative quantity of cytokines was calculated and expressed in histogram (n¼ 8).

Figure 2. Expression of TNF-a in different model in the ACC.
The levels of cytokine TNF-a were detected in hippocampus, ACC
and insular cortex of two animal models. Mice were treated with
CPN or sham surgery for neuropathic pain, and treated with 0.1
ml zymosan or saline for visceral pain (n¼ 3).
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with visceral pain in the insular cortex, but not in the
ACC, and TNF-a may not participate in neuropathic
pain in both ACC and insular cortex, indicating that
TNF-a may have an effect on variant roles through dif-
ferent signaling pathway in different brain areas.

Interleukin-1 (IL-1) is also known to play a central
role in inflammatory conditions and is associated with
synaptic transmission. Previous reports showed that
IL-1 receptor antagonist (IL-1ra), a specific blocker of
IL-1, affects hippocampal LTP induction.20,21 To detect
whether IL-Ira affects LTP induction in the ACC, IL-Ira
(1 mg/ml) was bathed 1 h prior to the theta burst stimu-
lation (TBS) delivery. The drug was washed out 30 min
after TBS, and LTP was monitored for another 2 h. One
representative 64-channel recording is shown in Figure 3
(a) (before TBS) and Figure 3(b) (2 h after TBS). We
found that TBS induced a long-lasting potentiation of
fEPSP in the ACC. Analysis of one single channel (Ch.
27 and Ch. 35) in the superficial layer revealed that the
response was potentiated to 193.5% and 196.8% of
baseline at 2 h after TBS (Figure 3(c)). The averaged
data from superficial channels for this slice are presented
in Figure 3(d) (161.5� 5.8% of baseline, n= 10 chan-
nels; 160.8� 6.1% of baseline, n¼ 11 channels). Pooled
data from a series of similar experiments are summarized
in Figure 3(e). Bath infusion of IL-Ira showed no change
in LTP induction in the ACC (168.0� 9.2% of baseline,
n= 6 slices/4 mice; 170.8� 9.0% of baseline, n= 4
slices/3 mice; paired t-test). These results indicate that
cytokine IL-1 is not affected on the LTP in ACC.

In this present study, we found that the expression of
23 cytokines was not significantly changed in the ACC
after peripheral nerve injury. These results are different
from previous reports in the spinal cord and DRG.4,5,7

For example, it has been reported that TNF-a is up-
regulated in both spinal cord and dorsal root ganglion
after nerve injury.22,23 These reports suggest that upre-
gulation of cytokines may be region related. In animal
models of inflammatory pain, some reports showed that
IL-8 is altered in prefrontal/ACC regions,8 while others
found that TNF-a shows no changes in the somatosen-
sory cortex.9 These findings also support that changes in
cytokines may vary in different regions of the cortex. In
our studies, we found TNF-a and IL-1 cytokines were
not changed in ACC, but we noticed that the level of
TNF-a cytokine was altered in the insular cortex after
irritable bowel syndrome. Future studies are needed to
explore the roles of cytokines in the insular cortex.

Previous studies indicate that inflammatory cytokines
may contribute to synaptic potentiation or LTP;24,25

however, some studies failed to observe any significant
role of certain cytokines. For example, IL-1ra inhibited
LTP in the CA1 and dentate gyrus regions.21,26,27 But
other studies found that IL-1ra enhanced LTP or had no
effect on LTP.20,28 In the present study, we found that

IL-1ra had no effect on the induction of LTP in the
ACC. Together with results from the measurement of
cytokines after nerve injury, our results indicate that
cytokines likely do not play important roles in injury-
related cortical potentiation in the ACC. The synaptic
LTP is likely mediated through neuronal-related N-
Methyl-D-aspartic acid receptor-dependent signaling
pathways. However, we cannot rule out the possibility
that some cytokines may be altered and cannot be
detected by the current methods.

Materials and methods

Mice

Adult male and female C57BL/6 mice (7–8 weeks old)
were used in this study. Mice were housed with food and
water ad libitum under a 12-h light and dark cycle. All
procedures and handling of animals were performed
with permission according to the guidelines of Xi’an
Jiaotong University.

Animal model

A model of neuropathic pain was induced by the ligation
of the CPN as described previously.12 Briefly, the mice
were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital (60 mg/kg). The CPN was visible
between the anterior and posterior groups of muscles
running almost transversely. The left CPN was slowly
ligated with a chromic gut suture 5–0 (Ethicon) until
dorsiflexor contraction of the foot was observed as
twitching of the digits. Control mice were treated with
sham surgery. The mechanical allodynia was tested on
postsurgical day 1, 3, 5, and 7. The mice were used for
analysis of cytokine protein expression.

Visceral pain was induced by the administration of
zymosan as described previously.29 A volume of 0.1 ml
zymosan suspension (30 mg/ml in saline; derived from
Saccharomyces cerevisiae; Sigma, St. Louis, MO) was
administered rectally via a 22-gauge, 24-mm-long stain-
less steel feeding needle into the colons of mice over a
period of 2 min. Control mice were rectally administered
with 0.1 ml saline. Zymosan or saline was given daily for
three consecutive days.

Mechanical allodynia test

Mice were placed in a round container and allowed to
acclimate for 30 min before testing. Mechanical allody-
nia was assessed on the basis of the hindpaw responsive-
ness to the application of von Frey filaments (Stoelting)
to the point of bending. Positive responses include lick-
ing, biting, and sudden withdrawal of the hind paw.
Experiments were performed to characterize the thresh-
old stimulus. Mechanical pressure was innocuous from
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a 1.65 filament (force, 0.08 g) in naı̈ve mice. This fila-
ment was then used to test the mechanical allodynia
after nerve injury. Mechanical allodynia was tested five
times with an interval of 10 min, and then the animals
were tested again after 20 min.

Cytokine ELISA plate array assay

The cortical tissue was dissected on ice in cold artificial
cerebrospinal fluid (ACSF) and homogenized in lysis
buffer (10 mM sucrose, 50 mM Tris-HCl (pH 7.5), 150

Figure 3. Multi-channel recordings of post-LTP in the ACC of adult mouse. An overview of multi-site synaptic responses recorded at
baseline (a) and 1 h after TBS (b) in one slice. After the stabilizing baseline responses for 1 h, a TBS protocol was delivered to the deep
layer and LTP was then monitored for 2 h. The red filled circle denotes the stimulated channel (Ch. 28). Vertical lines indicate the layers of
the ACC slice. (c) Results of one channel showing LTP in one slice for control (Ch. 27) and IL-Ira treated (Ch. 35) group, respectively. (d)
Summary of averaged data of the same slice for control (10 channels) and IL-Ira-treated (11 channels) group. (e) Pooled data of LTP in the
ACC for control (n¼ 6 slices/4 mice) and IL-Ira-treated (n¼ 4 slices/3 mice) groups.
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mM NaCl, 1 mM EDTA, 1% SDS, 1% Triton X-100, 1

mM DTT) containing a protease inhibitor cocktail and

phosphatase inhibitor cocktails 2 and 3 (Sigma).

Samples were centrifuged (10,000 g, 5 min, 4�C) to

pellet the tissue debris, and then supernatants were col-
lected and protein concentrations were normalized with

the Bradford assay. Cytokine measurements were per-

formed according to the manufacturer’s protocols

(Mouse Cytokine ELISA Plate Array I, Signosis).

TNF-a was measured by a commercial solution-based

kit (TNF-a mouse ELISA Kit, Invitrogen). Briefly,

supernatants were diluted by the provided diluent

buffer to a final 10 lg/100 ll per well, and incubated
for 2 h at room temperature with gentle shaking. After

washing with assay wash buffer, 100 ml biotin-labeled
antibody mixtures were added to each well and incubate

for 1 h. The washing process was repeated three times

and then 100 ml of streptavidin-HRP conjugate was

added to each well and incubated for 30 min. Finally,

95 ml freshly prepared substrate solutions were added to

each well and incubated for 2 min. The plate was placed

in the luminometer and read with no filter position.

Brain slice preparation

The general procedures of ACC slice preparation are

similar to previous description.30–32 Mice were anesthe-

tized with gaseous isoflurane and were decapitated. The

whole brain was rapidly removed and transferred to ice

cold oxygenated (95% O2 and 5% CO2) ACSF contain-

ing (in mM) NaCl 124, KCl 2.5, NaH2PO4 1.0, MgSO4

1, CaCl2 2, NaHCO3 25, and glucose 10, pH 7.35–7.45.

After cooling for about 2 min, needless parts of the brain

were trimmed and the remaining brain block was glued

onto the ice-cold stage of a vibrating tissue slicer (Leica

VT1200S). Then four coronal ACC brain slices (300 mm)

were cut and transferred to an incubation chamber with

oxygenated ACSF at room temperature for at least 1 h.

Multi-channel field potential recordings

The general procedures of LTP recording are similar to

previous description.33 After incubation, a 64-channel

multi-electrode array system (MED64, Panasonic,

Japan) was used for extracellular field potential record-

ings. One slice was positioned on the MED64 probe in

such a way that the ACC area was entirely covered by

the recording dish mounted on the stage of an inverted

microscope (CKX41, Olympus). Once the slice was set-
tled, a fine mesh anchor (Warner Instruments, Harvard)

was carefully positioned to ensure slice stability during

recording. The slice was continuously perfused with oxy-

genated, fresh ACSF at the rate of 2–3 ml/min with the

aid of a peristaltic pump (Minipuls 3, Gilson) through-

out the entire experimental period.

After 15–20 min recovery, one of the channels located

in the deep layer (V-VI) of the ACC, from which the best

synaptic responses can be induced in the surrounding

channels, was chosen as the stimulation site.

Monopolar and biphasic constant current pulses (10–

20 mA, 0.2 ms) were applied to the stimulation site via

the Mobius software. Field excitatory postsynaptic

potential (fEPSP) evoked at both superficial layer (II–

III) and deep layer of the ACC was amplified by a 64-

channel amplifier. Channels in which field potentials can

be induced were considered as active and their responses

were sampled every 1 min. After the baseline responses

were stabilized for at least 30 min, the IL-Ira (1mg/ml)

was given 1 h before TBS.

Statistics

All data were presented as the mean� S.E.M and no

data were excluded. Unpaired t-test or one-way analysis

of variance (Dunnett-t test was used for post hoc com-

parison) was used for statistical comparisons between

CPN model and sham mice. The examples shown in all

figures are representative and repeated at least three

times. In all cases, p< 0.05 was considered statistical-

ly significant.
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