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Multiple cortical areas are involved in pain processing, including the primary somatosensory cortex (S1) and the anterior cingulate cortex
(ACC). Although accumulations of evidence suggest that the S1 activity increases under chronic pain conditions, whether plastic change
occurs or not within the S1, and whether and how the plastic change contributes to chronic pain behavior, is unknown. Here, we provide
the first evidence that intra-regional remodeling within the mouse S1 accelerates chronic pain behavior by modulating neuronal activity
in the ACC, one of the important cortical areas for chronic pain. Using two-photon Ca 2� imaging, we found that the spontaneous activity
of layer 2/3 neurons in the S1 and then response to sensory and layer 4 stimulations increased under chronic pain conditions. In addition,
pharmacological attenuation and facilitation of S1 activity attenuated and facilitated the chronic pain behavior, respectively. Further-
more, electrical response of the ACC to peripheral stimulation successfully correlated with S1 neuronal activity, and inhibition of ACC
activity alleviated the mechanical allodynia. The present results will provide development of efficient therapeutic strategies against
chronic pain by focusing on the S1 and ACC.

Introduction
Chronic pain is a major health issue all over the world, and is
caused by tissue or nerve injury under different disease condi-
tions. Treatment of chronic pain is a clinical challenge because
the mechanisms are less well known. In addition to the spinal
cord (Woolf and Salter, 2000), multiple brain areas, such as the
primary somatosensory cortex (S1) and anterior cingulate cortex
(ACC), are involved in acute pain processing (Price, 2000; Vogt,
2005; Zhuo, 2008). These areas also contribute to chronic pain
(Moisset and Bouhassira, 2007). The S1 has a role in the sensory
aspects of pain, such as the location and duration of pain (Bush-
nell et al., 1999). Although several brain imaging experiments
show increase in the S1 activity under chronic pain conditions
(Peyron et al., 1998; Petrovic et al., 1999; Endo et al., 2008), little
is known about the plastic change of neuronal activity in the S1

and its contribution to the pathological behavior under the
chronic pain condition.

Since pain-related areas may interact with each other in pro-
cessing pain information (Moisset and Bouhassira, 2007), we fo-
cused on layer 2/3 (L2/3) excitatory neurons of the S1, which
integrate sensory information originating from peripheral nerves
and transmit the signals to other pain-related cortical areas (Fe-
rezou et al., 2007; Kamatani et al., 2007). Here, we found facili-
tation of the L2/3 excitatory neuronal activity in the S1 using in
vivo two-photon Ca 2� imaging, which exaggerated pain behavior
by facilitation of ACC activity.

Materials and Methods
Animal preparation. C57BL/6 male mice (4 weeks old) and vesicular
GABA transporter (VGAT)-Venus male mice, which express Venus in
the inhibitory neurons (Wang et al., 2009), were used. To induce chronic
inflammatory pain, 40 �l of Complete Freund’s adjuvant (CFA) (Sigma)
was injected subcutaneously into the hindpaw 1 week before experi-
ments. Control mice were injected with 40 �l of saline only. All relevant
experimental protocols were approved by the Animal Research Commit-
tee of the National Institutes of Natural Sciences, Japan.

Surgery. Mice were anesthetized with urethane (1.7 g/kg body weight,
i.p.) and atropine (0.4 mg/kg body weight, i.p.). The skull was exposed
and cleaned. A 3-mm-wide cranial window was made above the S1. The
exposed dura was covered with a glass coverslip and the space was filled
with agarose (Wako Pure Chemical Industries, 2% in ACSF).

Optical imaging of intrinsic signal. For imaging of intrinsic signals, the
cortical surface was illuminated by blue light-emitting diodes (490 nm)
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and signal was detected as a decrease in reflec-
tive light intensity in response to the hindpaw
stimulation using mechanical manipulator (1
s, 4.0 g/cm 2) (Shibuki et al., 2003).

Labeling procedure and in vivo Ca2� imag-
ing. Multicell bolus loading of L2/3 neurons
and astrocytes with membrane-permeable
Ca 2� indicator Oregon Green 488 BAPTA-1
(OGB-1) AM (Invitrogen) or fura-2 AM (In-
vitrogen) was performed as previously re-
ported (Kerr et al., 2005; Kameyama et al.,
2010).

Ca 2� indicators (OGB-1 or fura-2) were ex-
cited at 800 nm, and Venus and sulforhod-
amine 101(SR101) were excited at 950 nm. A
water-immersion objective (20�, 0.95 numer-
ical aperture, 40�, 0.8 numerical aperture, all
from Olympus) was used to acquire images.

Fluorescence data acquisition and analysis.
Images (256 � 256 pixels, 0.428 s per frame)
was analyzed with Olympus Fluoview software.
Hindpaw stimulation was repeatedly applied at
each plane. The baseline intensity, F0, was ob-
tained by averaging the intensity values during
the prestimulus period (5 s). Cells were consid-
ered responsive if the fluorescence intensity
change was �10% of baseline value, because
we can clearly distinguish responses from base-
line. Amplitude from OGB-1, fura-2 signals
were calculated as �F/F0 (�F � F � F0), ��F/
F0, respectively.

Intra-regional electrical stimulation. In some
experiments, we placed a bipolar electrode (In-
ter Medical) at the depth of 500 –550 �m below
the cortical surface. Electrical pulses were gen-
erated using a stimulator (SEN-7203, Nihon
Kohden) attached to an isolator unit (SS-403J,
Nihon Kohden). Ten pulses of 200 �s constant
current (10 –100 �A, interval of 1 min, 20 Hz)
were applied in each trial.

Slice preparation and whole-cell patch-clamp
recording. Brain slices were made as previously
reported (Eto et al., 2007). Electrical recordings
were made using the conventional whole-cell
patch-clamp recording technique at a holding
potential of �60 mV (Axopatch 700B, Molec-
ular Devices). Patch pipettes were filled with
the internal solution, which contained (in
mM:) 130 cesium methanesulfonate, 4 CsCl, 2
EGTA, 4 Mg-ATP, and 10 HEPES, 5 QX314,
pH 7.3 (7–9 M�). Evoked EPSCs were re-
corded from the L2/3 pyramidal neurons in the
S1 hindpaw area in the presence of 50 �M

D-(�)-2-amino-5-phosphonopentanoic acid
(AP-5), an NMDA receptor antagonist, and
elicited by applying voltage pulses (100 �s, 0.05
Hz) to the S1 layer 4. Data were acquired using
pCLAMP 10 software, filtered at 2 kHz, digi-
tized at 10 kHz.

In vivo electrophysiology. A craniotomy was made in the region overlying
the ACC and S1. Field EPSPs (fEPSPs) in the ACC (1.3–1.4 mm from the
surface) were recorded using a DiI-coated tungsten electrode. After amplifi-
cation (ER-91, NeuroData) and bandpass filtering (10–1 kHz), the signal
was sent to an analog-to-digital converter (PowerLab/4ST). The drug
[AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
or SR95531 (2-(3-carboxyl)-3-amino-6-(4-methoxyphenyl)-pyridazinium
bromide) with 0.1% fluorescein isothiocyanate (FITC)] was applied to the
L2/3 region of the S1 hindpaw area, and drug expansion was assessed by the
fluorescence from FITC.

Mechanical allodynia test and drug application. The mechanical al-
lodynia tests were performed before injection of saline or CFA into
the hindpaw, 7 d after the injection, and after drug injection using the
von Frey test (Chaplan et al., 1994). A small hole (1 mm) was made on
the skull above the S1, and drugs (CNQX, vehicle containing 1%
DMSO, SR95531) were injected using a glass pipette at the L2/3 region
under brief anesthesia, using isoflurane (1–3% as needed) inhalation
with 30% oxygen balanced with nitrogen. In control mice, injection of
a higher concentration (3 mM) of CNQX increased pain threshold
(n � 4). Thus, we used injection of 1 mM CNQX in this study. For
drug application to the ACC, small holes were made on the skull

Figure 1. Increased spontaneous activity and sensory-evoked response of L2/3 neurons in the S1 under chronic pain conditions.
a, Schematic diagrams of pressure stimulation of the hindpaw (left) and a brain showing the imaged area of the S1 as a square area
(middle), and the intrinsic optical response in the S1 elicited by stimulation of the hindpaw in control mice (right). Scale bar, 0.5
mm. b, Typical traces of spontaneous Ca 2� transients (red dots) were obtained from different L2/3 neurons. c, Cumulative
probability graph of spontaneous Ca 2� transient frequency. d, Typical traces of Ca 2� transients in L2/3 neurons evoked by
hindpaw stimulation (indicated by black bars). e, Representative distribution of Ca 2� responses to each hindpaw stimulation (10
successive stimulations). Each box represents either no response (blue), or small (from 0.1 to 0.15) (yellow) or large amplitude of
�F/F0 (�0.15) (red) in the Ca 2� imaging. f– h, Cumulative probability histograms of responding cell ratio (f ), response proba-
bility per cell (g), and amplitude of Ca 2� transients (h). The responding cell ratio and response probability were determined as the
number of responsive cells divided by total imaged cells at each plane, and as the number of responsive trials divided by the total
number of trials, respectively. In each analysis, a significant difference between the control and CFA-injected group was detected
(Kolmogorov–Smirnov test, p � 0.05).
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above the bilateral ACC, and CNQX (1 mM, 0.5 �l) was injected into
the bilateral ACC.

Statistical analysis. All values are expressed as mean 	 SEM. Statistical
comparisons were performed using ANOVA followed by a Bonferroni
test or unpaired Student’s t test. The difference between cumulative dis-
tributions was assessed using the Kolmogorov–Smirnov test. The differ-
ence was considered significant at p � 0.05.

Results
CFA was injected into the hindpaw of a wild-type mouse or a
VGAT-Venus mouse (see Material and Methods) to generate a
chronic inflammatory pain model. Before Ca 2� imaging, the area
of S1 topographically corresponding to the contralateral hind-

paw area was identified by optical imaging
of intrinsic signals (Fig. 1a, right), which
were evoked by pressure stimulation ap-
plied to the hindpaw of anesthetized mice
with either saline (control) or CFA injec-
tion (Fig. 1a, left).

For the measurement of L2/3 neuronal
activity, the Ca 2� indicator OGB-1 AM
was used (Kerr et al., 2005). The frequency
of spontaneous Ca 2� transients was in-
creased in the CFA-injected mice (4.26 	
0.12 transients/min, 172 cells, 2 animals,
p � 0.05) when compared with the con-
trol mice (3.42 	 1.8 transients/min, 130
cells, 2 animals). Cumulative probability
histograms were significantly different
between the control and CFA-injected
mice (Fig. 1b,c). Response pattern of Ca 2�

transients to a train of hindpaw stimula-
tion was valid among neurons of control
and CFA-injected mice (Fig. 1d,e). The
L2/3 neuronal activity of the CFA-injected
mice increased in responding cell ratio
(38.0 	 1.06%, 350 trials in 5 animals,
p � 0.05), response probability per cell
(0.35 	 0.01, 886 cells in 5 animals, p �
0.05), and amplitude (0.154 	 0.078, 4660
responses in 5 animals, p � 0.05) com-
pared with the control mice, which dis-
played values of 19.4 	 1.00% (209 trials
in 4 animals), 0.17 	 0.01 (534 cells in 5
animals), and 0.137 	 0.099 (1420 re-
sponses in 4 animals), respectively (Fig.
1f– h). Considering that the amplitude of
evoked Ca 2� transient reflects the num-
ber of action potentials (Kerr et al., 2005),
this result suggests that spontaneous ac-
tivity and excitability of L2/3 neurons in
response to peripheral stimulation in-
creased under chronic pain condition.

To clearly distinguish the activity of
L2/3 excitatory neurons, which integrate
and transmit sensory information to
other cortical areas, the L2/3 excitatory
neuronal activity elicited in response to
hindpaw pressure stimulation was exam-
ined by fura-2 Ca 2� imaging (Kameyama
et al., 2010) (Fig. 2a,b). The L2/3 excitatory
neuronal activity of the CFA-injected mice
in response to sensory stimulation in-
creased in responding cell ratio (22.2 	

0.01%, 400 trials in 4 animals, p � 0.05), response probability per
cell (0.219 	 0.007, 450 cells in 4 animals, p � 0.05), and ampli-
tude (0.149 	 0.001, 1880 responses in 4 animals, p � 0.05),
compared with the control mice, which displayed values of
17.3 	 0.01% (320 trials in 3 animals), 0.136 	 0.005 (610 cells in
3 animals), and 0.133 	 0.001 (1651 responses in 3 animals),
respectively (Fig. 2c– e). These results clearly demonstrate the
hyperexcitability of L2/3 excitatory neurons in chronic pain
conditions.

To examine plastic changes of synaptic transmission within
the S1 in CFA-injected mice, we next measured Ca 2� transients
in L2/3 excitatory neurons evoked by electrical stimulation of the

Figure 2. Intracortical remodeling between the L2/3 and L4 in the S1 contributes to the hypersensitivity of L2/3 excitatory
neurons to sensory stimulation under chronic pain conditions. a, Visualization of L2/3 excitatory neurons (red dotted circles in the
fura-2 image). Cells expressing Venus (inhibitory neurons, green) and cells stained with SR101 (astrocytes, red) were excluded
from the analysis. Scale bar, 12 �m. b, Typical traces of sensory-evoked Ca 2� transients of L2/3 excitatory neurons in a control
(upper traces) and CFA-injected (lower traces) mouse. c– e, Cumulative probability histograms of the responding cell ratio (c),
response probability per cell (d), and amplitude of Ca 2� transients (e). In each analysis, a significant difference between control
and CFA-injected mice was observed (Kolmogorov–Smirnov test, p � 0.05). f, Schematic drawing of in vivo Ca 2� imaging of L2/3
excitatory neurons in response to L4 electrical stimulation. g–i, The relationship between stimulus intensity and responding cell
ratio (g), amplitude of Ca 2� transients (h), and response probability per cell (i). Excitability of L2/3 excitatory neurons of S1 evoked
by electrical stimulation of the L4 region increased in the CFA-injected mice. j, Averaged traces of EPSCs evoked by paired-pulse
stimulations of 60 �A in control (top) and CFA-injected (bottom) mice. k, Stimulus intensity–response curves from control (7 cells,
filled squares) and CFA-injected (8 cells, filled circles) mice. *p � 0.05, significantly different from the control group by ANOVA
followed by Bonferroni test. Error bars represent 	SEM.
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layer 4 (L4) region in vivo (Fig. 2f). Evoked Ca 2� transients in-
creased with respect to the responding cell ratio, response prob-
ability per responding cell, and amplitude, compared with the
respective values of control mice (control, 3 animals; CFA, 4
animals) (Fig. 2g–i), which may indicate intracortical remodeling
between the L4 and L2/3 neurons under chronic pain conditions
in vivo. This intracortical remodeling was further confirmed by
patch-clamp recording of EPSCs from L2/3 pyramidal neurons
in brain slice preparations (Fig. 2j,k). The obtained intensity–
response curves revealed that the amplitudes of EPSCs evoked by
electrical stimulation of the L4 region were increased in the CFA-
injected mice compared with the control mice (Fig. 2j,k). In
addition, the paired-pulse ratio (second EPSC/first EPSC, am-
plitude) was significantly smaller in CFA-injected mice (1.06 	
0.08, 8 cells) than in control mice (1.68 	 0.42, 7 cells, p � 0.05)
(Fig. 2j). This increased synaptic input from L4 to L2/3 pyramidal
neurons also suggests that the intra-regional network from L4 to
L2/3 excitatory neurons is remodeled in chronic pain conditions.

To directly examine the role of hyperactivities of S1 neurons
in pain behavior under a chronic inflammatory pain condition,
CNQX (1 mM, 1 �l) was microinjected into the surface area of the
S1 in CFA-injected mice. Injection of CNQX increased the paw-
withdrawal threshold (Fig. 3a). In contrast, microinjection of
CNQX at the same dose to the S1 did not affect the paw-
withdrawal threshold in control mice (Fig. 3a) (see Material and
Methods). However, an injection of a GABAA receptor antago-
nist, SR95531, decreased the paw-withdrawal threshold in con-
trol mice (Fig. 3b). Thus, this result suggests that S1 neuronal
hyperactivity contributes to the facilitation of mechanical allodynia
under chronic pain conditions.

Since L2/3 excitatory neurons project to other cortical areas
(Ferezou et al., 2007; Kamatani et al., 2007), the plastic change
may modulate activity of other pain-related cortical areas,
which may contribute to expression of mechanical allodynia.
To clarify the influence of increased outputs from the S1 on
the ACC, one of the important areas for chronic pain (Zhuo,
2007; Xu et al., 2008), we recorded fEPSPs in the ACC evoked
by sensory stimulation with the suppression or disinhibition
of the neuronal activity in the S1 (Fig. 4). Under normal con-
ditions (control mice), local CNQX (1 mM, 1 �l) injection into
the S1 did not alter the slope of fEPSP of the ACC in response
to electrical stimulation of the hindpaw (Fig. 4b,c). However,
in chronic pain conditions (CFA-injected mice), CNQX injec-

tion into the S1 decreased the slope of the fEPSP of the ACC in
response to electrical stimulation of the hindpaw (Fig. 4b,c). In
contrast, disinhibition of S1 activity by local application of
SR95531 (3 �M, 1 �l) into the S1 facilitated sensory-evoked
fEPSP in the ACC in control mice (Fig. 4d,e). To clarify the
role of the ACC activity in chronic pain behavior, we applied
CNQX into the ACC, which increased paw-withdrawal thresh-
olds (Fig. 4f ). This result suggests that the facilitated outputs
from the S1 enhanced ACC activity, which leads to accelera-
tion of mechanical allodynia under chronic pain conditions.

Discussion
Cortical plasticity of the S1 has been discussed in chronic pain as
a maladaptive memory formation (Vartiainen et al., 2009). Re-
cently, brain imaging studies revealed the involvement of the S1
in the processing of allodynia in both humans and animals (Pey-
ron et al., 1998; Petrovic et al., 1999; Endo et al., 2008). In the
present study, in vivo imaging with single-cell resolution further
demonstrated the increased excitability of L2/3 excitatory neu-
rons. In the S1, neurons in the S1 code intensity and location of
touch and pain stimulations (Kenshalo and Isensee, 1983). Since
L2/3 neurons project to neurons in the same layer (Cheetham et
al., 2007), increased outputs from the L2/3 neurons could en-
hance neuronal activity in the same layer, which may lead to
recognition of touch sensation as exaggerated pain sensation.

In addition, we observed plastic changes of local cortical cir-
cuits from L4 to L2/3 in the S1 (Fig. 2). The S1 reorganization
occurs constantly in response to the inputs from peripheral
afferent neurons to the L2/3 neurons, which exhibit activity-
dependent plasticity, such as long-term potentiation (Walcott
and Langdon, 2002; Ismailov et al., 2004) and long-term depres-
sion (Allen et al., 2003). Since hyperexcitability in peripheral neu-
rons enhances nociceptive inputs to supraspinal sites in chronic
pain conditions (Urban and Gebhart, 1999; Woolf and Salter,
2000), such increased inputs may have caused the observed
activity-dependent plastic changes in the afferents to L2/3 neu-
rons within the S1, as seen in spinal circuits (Woolf and Salter,
2000). In pain models with exaggerated pain sensation, func-
tional plastic change occurs within the ACC (Wei and Zhuo,
2001) and structural change of layer 5 neurons occurs in the S1
(Kim and Nabekura, 2011). Thus, the functional and structural
plastic change within the pain-related cortical areas may have a
critical role in chronic pain syndrome.

We demonstrated that pharmacological inhibition of excit-
atory synaptic transmission in L2/3 of the S1 successfully attenu-
ated the mechanical allodynia and hyperexcitable activity of the
ACC, while disinhibition of the transmission facilitated the pain
behavior (Fig. 3) and ACC activity (Fig. 4). Excessive sensory
information from the L2/3 excitatory neurons in the S1 to the
ACC may increase the activity of the ACC. The experience of pain
is a result of both sensory and emotional aspects, which are inde-
pendently processed via different pathways involving the S1 and
ACC, respectively (Price, 2000; Moisset and Bouhassira, 2007),
and both types of cortical areas have been expected to interact
with each other (Rainville et al., 1997). Since modulation of S1
activity altered electrical responses of the ACC to sensory stimu-
lation (Fig. 4), plastic change of a sensory-related area could
modulate the neuronal activity of a brain area related to emo-
tional aspects of pain. In the S1 cortex, L2/3 neurons project to
several cortical areas, including motor cortex (Ferezou et al.,
2007), and the S2 (Kamatani et al., 2007). Since S2 projects to the
insular cortex (Friedman and Murray, 1986), which has interac-
tion between the ACC (Price, 2000), facilitated outputs from L2/3

Figure 3. The S1 neuronal activity modulated mechanical allodynia. a, Microinjection of
AMPA receptor antagonist CNQX into the L2/3 region attenuated mechanical allodynia in CFA-
injected mice (closed circles, 5 mice), but did not result in any observable changes in control
mice (open circles, 3 mice). b, Microinjection of SR95531 (3 �M) into the S1 significantly re-
duced the paw-withdrawal thresholds in control mice (6 mice). *p � 0.05, significantly differ-
ent from the value just before drug application by ANOVA, followed by Bonferroni test. Error
bars represent 	SEM.
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excitatory neurons may modulate the ACC neuronal activity via
indirect pathways, and the possibility of the direct pathways still
exists. The ACC is involved in chronic pain behavior via activa-
tion of the descending pain facilitatory system (Calejesan et al.,
2000; Xu et al., 2008). Thus, the facilitation of the ACC activity by
the S1 inputs via a direct or indirect pathway could enhance
chronic pain behavior. Actually, in the present study, inhibition
of ACC neuronal activity attenuated the chronic pain behavior
(Fig. 4). Thus, the hyperactivity of the L2/3 neurons in the S1 have

a critical role in the expression of chronic
pain behavior. However, it could not be
excluded that the modulation of S1 activity
directly manipulates pain behavior, which
in turn may alter the ACC activity evoked by
sensory stimulation, since neurons in the S1
code intensity and location of pain stimula-
tions (Kenshalo and Isensee, 1983). This
study may shed light on the central mecha-
nisms of chronic pain and provide a new
efficient therapeutic strategy against chronic
pain by focusing on the interaction between
the S1 and ACC.
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