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Pain Behavior with Reduced Expression of Neuronal
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The correct balance between excitation and inhibition is crucial for brain function and disrupted in several pathological conditions.
Excitatory neuronal circuits in the primary somatosensory cortex (S1) are modulated by local inhibitory neurons with the balance of this
excitatory and inhibitory activity important for function. The activity of excitatory layer 2/3 neurons (L2/3) in the S1 cortex is increased
in chronic pain, but it is not known how the local interneurons, nor the balance between excitation and inhibition, may change in chronic
pain. Using in vivo two-photon calcium imaging and electrophysiology, we report here that the response of L2/3 local inhibitory neurons
to both sensory stimulation and to layer 4 electrical stimulation increases in inflammatory chronic pain. Local application into L2/3 of a
GABAA receptor blocker further enhanced the activity of S1 excitatory neurons and reduced pain thresholds, whereas local application of
the GABAA receptor modulators (muscimol and diazepam) transiently alleviated the allodynia. This illustrates the importance of the local
inhibitory pathways in chronic pain sensation. A reduction in the expression and function of the potassium– chloride cotransporter 2
occurred during chronic pain, which reduces the efficacy of the inhibitory inputs to L2/3 excitatory neurons. In summary, both excitatory
and inhibitory neuronal activities in the S1 are enhanced in the chronic pain model, but the increased inhibition is insufficient to
completely counterbalance the increased excitation and alleviate the symptoms of chronic pain.

Introduction
Inhibitory neurons in cortical areas play key roles in the mainte-
nance of brain function. An imbalance between excitation and
inhibition, attributable to abnormal inhibitory neuron activity,
contributes to several diseases, including epilepsy, depression,
and schizophrenia (Croarkin et al., 2011; Lewis et al., 2005). The
primary somatosensory cortex (S1) contributes to nociception,
specifically coding the location, intensity, and duration of pain

sensation (Bushnell et al., 1999). Under chronic pain conditions,
structural remodeling of the synapses onto S1 excitatory neurons
occurs (Kim and Nabekura, 2011), and an increase in the activity
of layer 2/3 (L2/3) excitatory neurons in the S1 contributes to the
allodynia that characterizes the chronic pain behavior (Eto et al.,
2011). L2/3 GABAergic inhibitory neurons in the S1 innervate
the L2/3 excitatory neurons, forming feedforward and feedback
inhibition that can attenuate excessive activity of the excitatory
neurons (Zhu et al., 2004; Xu and Callaway, 2009). Hence, the
transmission of the sensory and pain information by excitatory
L2/3 pyramidal neurons to other cortical areas (Ferezou et al.,
2007; Kamatani et al., 2007) depends on the integration of these
excitatory and inhibitory inputs.

In the present study, we therefore investigated changes in in-
hibition in S1 in chronic pain and report that the activity of L2/3
inhibitory neurons is increased. Furthermore, pharmacological
manipulation of the S1 inhibition markedly affects allodynia.
There is also, however, disruption of Cl� homeostasis in the L2/3
excitatory neurons resulting in inhibition being less efficacious.
Although there is net increase in inhibition within the cortical
circuit, this is insufficient to balance the enhanced excitatory ac-
tivity and attenuate chronic pain behavior.
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Materials and Methods
Animal preparation. We used 4- to 5-week-old male C57BL/6 and VGAT
(vesicular GABA transporter)–Venus mice, with the latter specifically
expressing Venus in inhibitory neurons (Wang et al., 2009). Mice were
maintained on a 12 h light/dark cycle. Food and water were provided ad
libitum. To induce chronic inflammatory pain, 40 �l of complete
Freund’s adjuvant (CFA) (Sigma) was injected subcutaneously into the
hindpaw at 4 weeks of age, and experiments were performed from 5
weeks. Control mice were injected with 40 �l of saline. All relevant ex-
perimental protocols were approved by the Animal Research Committee
of the National Institutes of Natural Sciences, Japan.

Surgery and optical imaging of intrinsic neuronal activity. Mice were
anesthetized with urethane (1.7 g/kg body weight, i.p.) and atropine (0.4
mg/kg body weight, i.p.) and implanted with a small cranial window
above S1 as reported previously (Eto et al., 2011). Drugs [or artificial CSF
(aCSF)] were applied to S1 via a gap in the coverslip that covered this
cranial window. An intrinsic optical signal in response to mechanical
stimulation of the hindpaw was used to identify S1. This involved a
change in intensity of reflected blue light (490 nm) (Shibuki et al., 2003)
that was evoked in S1 by 1 s application of a 4 g/cm 2 metal plate to the
hindpaw using a custom-made manipulator.

In vivo Ca2� imaging. Multicell bolus loading of L2/3 neurons with the
Ca 2� indicator fura-2 AM (Invitrogen) was performed as reported pre-
viously (Kameyama et al., 2010). Fura-2 AM was dissolved in dimethyl-
sulfoxide and then mixed with 20% Pluonic F-127 (Invitrogen) to yield a
stock concentration of 10 mM that was then diluted 1:10 with aCSF that
also included sulforhodamine 101 (SR101; 0.1 mM). Fura-2 was excited at
800 nm, and both Venus and SR101 were excited at 950 nm, using a
two-photon laser-scanning microscope based on a mode-locked titani-
um–sapphire laser. Fura-2-stained cells were all distinguished as inhibi-
tory and excitatory neurons by the presence or absence of Venus,
respectively, whereas astrocytes were identified by SR101 fluorescence.
Electrical excitation used a bipolar electrode inserted into S1 at a depth of
500 –550 �m, as reported previously (Eto et al., 2011). Electrical pulses
were generated using a stimulator (SEN-7203; Nihon Kohden). Each trial
consisted of 10 square 50 �� current pulses of 200 �s in duration applied
at a frequency of 20 Hz. Peripheral sensory stimulation (see Fig. 1) used
mechanical pressure applied to the hindpaw as described above.

Fluorescence data acquisition and analyses. Images (256 � 256 pixels,
0.428 s/frame) were analyzed with Olympus Fluoview software. The
baseline intensity F0 was obtained by averaging values during the pre-
stimulus period (5 s). Cells were considered responsive if the change in
fluorescence intensity was �10% of the baseline value, the detection
threshold of our system. Because an increase in intracellular calcium
concentration induces reduction of fura-2 signal, the response was ex-
pressed as ��F/F0.

Slice preparation and patch-clamp recordings. Slices were prepared
as reported previously (Eto et al., 2011). For measuring IPSCs in L2/3
pyramidal neurons, patch pipettes were filled with an internal solu-
tion containing the following (in mM): 130 cesium methanesulfonate,
4 CsCl, 2 EGTA, 4 Mg-ATP, and 10 HEPES, and 5 QX-314, pH 7.3.
Neurons were voltage clamped at a holding potential of 0 mV (Mul-
ticlamp 700B; Molecular Devices). Blockers of NMDA [DL-(�)-2-
amino-5-phosphonopentanoic acid (AP-5; 50 �M)] and non-NMDA
[6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 �M)] receptors
were included in the solution. To measure the somatodendritic chlo-
ride gradient, the composition of the patch pipette solution was as
follows (in mM): 18 KCl, 111 K-gluconate, 0.5 CaCl2, 2 NaOH, 10 glu-
cose, 10 HEPES, 2 Mg-ATP, and 5 BAPTA, with pH adjusted to 7.3 with
KOH. Slices were perfused with an aCSF solution containing 50 �M

AP-5, 10 �M CNQX, 1 �M tetrodotoxin (to block voltage-dependent
Na � channels), and 10 �M bumetanide (to selectively block the sodium–
potassium– chloride cotransporter 1). To quantify the GABA reversal
potential, a 13.5 mV liquid junction potential was accounted for in the
data shown in Figure 4b–e. GABA (1 mM) was applied by pressure ejec-
tion (50 ms in duration) from a glass pipette. The GABA solution con-
tained 0.1 �M SR101 so as to monitor the drug diffusion area, which was

�4 �m in diameter. For gramicidin-perforated patch-clamp recordings,
the patch pipette solution contained 150 mM KCl, 10 mM HEPES, pH 7.3
with Tris-OH, and 50 – 80 �g/ml gramicidin.

Mechanical allodynia tests and drug application. The mechanical pain
thresholds were measured using von Frey hairs (Chaplan et al., 1994), in
the same mice, before and 7 d after injection of saline or CFA into the
hindpaw. To evaluate drug effects on these thresholds, a small injection
hole (1 mm in diameter) was made in the skull above S1. Surgery and
pressure injection of drugs into L2/3 was conducted under brief anesthe-
sia using isoflurane (1–3% as needed, with 30% oxygen balanced with
nitrogen).

Western blotting. Brain slices containing S1 L2/3 were collected and
homogenized in ice-cold SDS buffer (2% SDS, 10% glycerol, 2%
2-mercaptoethanol, 75 mM Tris-HCl). Samples were separated using 7%
SDS-PAGE. Membranes were probed with anti-potassium-chloride
cotransporter 2 (KCC2) antibody (1:500) and anti-�-actin antibody
(1:1000).

Statistical analyses. All values were expressed as mean � SEM. Statis-
tical comparisons were performed using ANOVA, followed by a Bonfer-
roni’s test, or using unpaired Student’s t test. The difference between
cumulative distributions was assessed using the Kolmogorov–Smirnov
test. A difference was considered significant at p 	 0.05.

Results
Increase in activity of inhibitory neurons in chronic pain
Inflammatory chronic pain was induced by subcutaneous injec-
tion of CFA into mice hindpaws. The intrinsic optical signal aris-
ing from neuronal activity was used to identify the S1
contralateral to the injected hindpaw. In vivo Ca 2� responses in
S1 neurons were imaged with fura-2 AM and GABAergic in-
terneurons identified as Venus positive in VGAT–Venus mice
(Fig. 1a). Mechanical stimulation of the hindpaw evoked larger
and more frequent Ca 2� transients in L2/3 inhibitory neurons in
CFA-injected mice (Fig. 1b,c). The relative fluorescence change
and probability of a Ca 2� response in these L2/3 inhibitory neu-
rons was 0.156 � 0.002 (578 responses in 4 animals) and 0.232 �
0.012 (126 trials in 4 animals), respectively, in CFA-injected mice.
These values were significantly different from the amplitude and
response probability in control mice, which were 0.133 � 0.002
(300 responses in 3 animals) and 0.152 � 0.013 (99 trials in 3
animals), respectively (Fig. 1b,c). Ca 2� responses in the opposite
hemisphere S1 L2/3 inhibitory neurons in response to stimula-
tion of the non-injected contralateral hindpaw were not different
between control (three animals) and CFA-injected mice (three
animals; Fig. 1d). These results demonstrate that the activity of
the L2/3 inhibitory neurons that specifically respond to mechan-
ical stimulation of the CFA-injected hindpaw shows a chronic
increase in activity associated with chronic inflammatory pain. In
addition, both the response probability and amplitude of Ca 2�

transients in response to in vivo electrical stimulation of the layer
4 (L4) region in S1 (Fig. 1e) increased in CFA-injected mice com-
pared with those in control mice (Fig. 1f,g). This indicates that
either the intrinsic excitability of the L2/3 interneurons or the
excitatory input to these L2/3 neurons increases in chronic pain,
similar to the enhanced excitatory input from L4 to L2/3 excit-
atory neurons that we have reported recently (Eto et al., 2011).

Increase in the net GABA inhibition of excitatory neurons is
insufficient to offset mechanical allodynia
To examine the functional consequences of this increased inhib-
itory neuron activity, we investigated the in vivo effects of GABAA

receptor modulating drugs on activity of their targets: the L2/3
excitatory neurons. The amplitude of Ca 2� transients in the cor-
tex in response to sensory stimulation has been reported to lin-
early correlate to the number of action potentials (Kerr et al.,
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Figure 1. Intracortical plasticity between L4 and the L2/3 inhibitory neurons in the S1 contribute to the enhanced L2/3 interneuron response to sensory stimulation under chronic pain conditions.
a, Ca 2� fluorescence (left) in L2/3 inhibitory neurons, identified as fluorescence in VGAT–Venus mice (middle, yellow dotted circles). Astrocytes were identified by SR101 fluorescence (right). Scale
bar, 20 �m. b, Typical traces of sensory-evoked Ca 2� transients of L2/3 inhibitory neurons in control (top traces) and CFA-injected (bottom traces) mice. c, d, Cumulative probability histograms of
response probability per cell and amplitude of Ca 2� transients in the S1 region contralateral to a CFA-injected hindpaw (c) or to a non-injected normal hindpaw (d); in c, a significant difference
between control and CFA-injected mice was observed (Kolmogorov–Smirnov test, p 	 0.05). e, Schematic drawing of in vivo Ca 2� imaging of L2/3 inhibitory neurons in response electrical
stimulation of L4. f, g, The relationship between stimulus intensity and response probability per cell (f ), and amplitude of Ca 2� transients (g) in response to L4 stimulation at the indicated
intensities, in control and CFA-injected mice. *p 	 0.05, significantly different from the control group by ANOVA, followed by a Bonferroni’s test; error bars represent � SEM.
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Figure 2. Effects of GABAA receptor modulators on the hyperactivity of S1 excitatory neurons and on pain behavior. a, Schematic drawing of in vivo Ca 2� imaging of L2/3 excitatory neurons in
response to L4 electrical stimulation in the presence of SR95531 (SR) (red circle) to block the output from the hyperactive inhibitory neurons. b, Averaged traces of L4 stimulation-evoked Ca 2�

transients in L2/3 excitatory neurons in control (top traces) and CFA-injected (bottom traces) mice before (left) and after the local application of 0.6 �M (middle) and 3 �M (right) SR95531. c,
Amplitude of Ca 2� transients of L2/3 excitatory neurons in control (white columns) and CFA-injected (red columns) mice, with and without SR95531. d, Comparison of the effects of SR95531
between control (white columns) and CFA-injected (red columns) mice. The y-axis (�amplitude) shows the difference in the amplitude of the Ca 2� transients before and after application of
SR95531. *p 	 0.05, significantly different from the control group by ANOVA, followed by a Bonferroni’s test; error bars represent � SEM. e–g, Effects of microinjection of GABAA receptor drugs into
the L2/3 region of S1 cortex on paw-withdrawal thresholds tested with von Frey hairs. e, SR95531 (0.6 �M), a GABAA receptor antagonist, reduced withdrawal thresholds beyond the reduction
already present as a result of chronic allodyniain CFA-injected mice (red filled circles). This dose of SR95531 had no effect in control mice (blue filled circles). f, Muscimol (50 �M) transiently alleviated
mechanical allodynia in CFA-injected mice (red open circles), whereas vehicle injection had no effect (red open squares). g, Diazepam (10 �M) transiently alleviated mechanical allodynia in
CFA-injected mice (open circles), whereas vehicle injection had no effect (filled circles). *p 	 0.05, significantly different from the value at just before drug application by ANOVA, followed by a
Bonferroni’s test; error bars represent � SEM.
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2005). The amplitude of Ca 2� responses
in L2/3 excitatory neurons evoked by L4
stimulation was greater in CFA-injected
mice (346 cells, 4 animals, p 	 0.05) than
that in control mice (454 cells, 5 animals;
Fig. 2b,c), as we reported previously (Eto et
al., 2011). Application of 0.6 and 3 �M

SR95531 [2-(3-carboxypropyl)-3-amino-6-
(4-methoxyphenyl)pyridazinium bromide],
a GABAA receptor blocker, concentration
dependently increased the amplitude of
Ca 2� responses in both control and CFA-
injected mice (control, five animals; CFA,
three animals; Fig. 2b,c). The extent of this
increase for both SR95531 concentrations
was greater in CFA-injected mice than
that in controls (Fig. 2d). This result sug-
gests that net effect of GABA inhibition on
L2/3 excitatory neurons in the S1 is
greater in the chronic pain model than
that in control mice. However, this en-
hanced inhibition to the excitatory neu-
rons is insufficient to offset the enhanced
activity of the excitatory neurons during
chronic pain. We also examined the ef-
fects of GABAA receptor modulators in-
jected into S1 on the mechanical pain
thresholds using the von Frey filament.
Microinjection of a low dose of 0.6 �M

SR95531 (0.5 �l) into the S1 did not affect
mechanical sensitivity in control mice
(five animals) but further reduced the
mechanical pain thresholds in CFA-
injected mice (five animals; Fig. 2e).
Hence, the increased inhibitory neuro-
nal activity is modestly alleviating the
mechanical allodynia but not able to
prevent it. Microinjection of a GABAA

receptor agonist (muscimol, 50 �M, 0.5
�l) or a positive GABAA receptor allo-
steric modulator (diazepam, 10 �M, 0.5 �l) could conversely
increase the mechanical thresholds in CFA-injected mice,
whereas the vehicle had no effect (Fig. 2f,g). Hence, additional
activation of GABAA receptors in the L2/3 of the S1 could com-
pletely (although transiently) attenuate chronic pain behavior,
with important possible clinical relevance. Together, these in vivo
data indicate that, although the activity of L2/3 inhibitory neu-
rons is significantly enhanced, the net effect of this increased
GABA inhibition is insufficient to offset the increased excitation
and alleviate pain behavior. Additional enhancement of GABAA-
mediated inhibition can, however, counteract the excessive exci-
tation and eliminate allodynia.

Locus of the enhanced neuronal activity
We next examined the synaptic output of the L2/3 inhibitory in-
terneurons, conducting whole-cell patch-clamp recording of IPSCs
in L2/3 excitatory pyramidal neurons in brain slices containing the
S1 hindlimb area, in the presence of CNQX and AP-5 (Fig. 3). The
frequency and amplitude of spontaneous IPSCs were not different
between control and CFA-injected mice (frequency: 4.62 � 0.86 Hz,
nine cells in controls; 5.80 � 0.74 Hz, seven cells in CFA; amplitude:
23.9 � 3.00 pA, nine cells in controls; 26.1 � 3.38 pA, seven cells in
CFA; Fig. 3a–c). Evoked IPSCs (eIPSCs) were induced by local

paired electrical stimulation of the L2/3 inhibitory neurons using
a range of stimulus intensities (Fig. 3d). The stimulus intensity–
eIPSC amplitude relationship and the eIPSCs paired-pulse ratios
(second IPSC amplitude/first IPSC amplitude) were also not sig-
nificantly different between control and CFA-injected mice (con-
trols, eight cells; CFA, nine cells) (Fig. 3e– g). The results suggest
that the transmission from inhibitory synapses to L2/3 excitatory
neurons were not altered during chronic inflammatory pain. We
next examined IPSCs in L2/3 pyramidal neurons when the in-
terneurons were activated by feedforward inputs from activated
L4 neurons, simultaneously recording L4 activated EPSCs in the
same L2/3 pyramidal neurons. EPSCs were recorded at the IPSC
reversal potential (from �55 to �60 mV), whereas IPSCs were
recorded at the EPSC reversal potential (0 mV). CNQX was used
to isolate the feedforward IPSCs from the IPSCs evoked by direct
activation of any inputs. (feedforward IPSC 
 IPSCs without
CNQX � IPSCs with CNQX). Both the feedforward IPSCs and
the direct L4 evoked EPSCs increased in CFA-injected mice (n 

8) compared with those in normal mice (n 
 7), but the ratio of
EPSC amplitude to IPSC amplitude did not significantly change
(control, 0.50 � 0.09; CFA, 0.35 � 0.06; p � 0.05). Together,
these results strongly suggest that the increased feedforward ac-
tivation of L2/3 interneurons by L4 inputs contributes greatly to

Figure 3. Inhibitory synaptic transmission to L2/3 pyramidal neurons in the S1 was not altered in chronic pain. a, Typical traces
of spontaneous IPSCs in control (top) and CFA-injected (bottom) mice. b, c, Mean frequency of spontaneous IPSCs (b) and IPSC
amplitudes (c) in control (white columns) and CFA-injected (red columns) mice. d, Schematic drawing of whole-cell patch-clamp
recording of IPSCs from L2/3 pyramidal neurons in response to L2/3 electrical stimulation. e, Averaged traces of IPSCs evoked by
paired-pulse stimulation at an intensity of 30 �A in slices from control (left) and CFA-injected (right) mice. f, g, Stimulus intensity–
IPSC amplitude curves (f ) and stimulus intensity–paired-pulse ratio relationships (g) in neurons from control (black line) and
CFA-injected (red line) mice. Error bars represent � SEM.
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their enhanced activity. However, the L4 inputs also results in
enhanced activity of excitatory L2/3 pyramidal neurons in
chronic pain, with the balance of excitation and inhibition in S1
L2/3 being less affected.

Reduction of KCC2 expression in chronic pain
The above results also suggest that the postsynaptic GABAA re-
ceptor responses were not altered during chronic pain. However,
the postsynaptic GABA response also depends on the electro-
chemical Cl� gradient, which was artificially maintained in the
above standard whole-cell patch-clamp experiments. Neuronal
Cl� homeostasis is disrupted in a number of pathological condi-
tions, primarily attributable to loss of function of the potassium–
chloride cotransporter KCC2 (Nabekura et al., 2002; Coull et al.,
2005). To examine whether Cl� homeostasis is altered in L2/3
pyramidal neurons in the chronic pain model, initially examined
efficacy of Cl� extrusion between soma and dendrites (somato-
dendritic gradient) by loading the cell soma with 19 mM Cl� (18
mM KCl plus 0.5 mM CaCl2) through the whole-cell patch-clamp
pipette and recorded the reversal potential of the response to
GABA (EGABA) locally applied to the soma and to the dendrites 60
�m away (Jarolimek et al., 1999; Khirug et al., 2010; Fig. 4a). For

control mice, the EGABA obtained from local dendritic GABA
application was more negative than that obtained for the somatic
GABA response (dendrites, �64.05 � 3.50 mV; soma, �55.86 �
1.92 mV; n 
 7, p 	 0.05) (Fig. 4b,d). This reflects the active efflux
of Cl� from dendrites primarily via KCC2. In CFA-injected mice,
there was no difference between EGABA of the dendritic and soma
GABA response (dendrites, �52.4 � 3.93 mV; soma, �54.6 �
2.58 mV; n 
 7, p 	 0.05) (Fig. 4c,d). Hence, there was no soma-
todendritic �EGABA (EGABA at dendrite � EGABA at soma) in CFA-
injected mice compared with the negative value obtained in
control mice (control, �8.16 � 2.05 mV, n 
 7; CFA, 2.07 � 2.60
mV, n 
 7; p 	 0.05). Application of 1 mM furosemide, a KCC2
inhibitor, reduced the somatodendritic�EGABA in control mice (n

7) but did not affect the value in CFA-injected mice (Fig. 4d,e). We
next more directly examined these suggested changes to intracellular
Cl� by measuring the EGABA of the synaptic GABA response to local
electrical stimulation using the gramicidin-perforated patch-clamp
method (Kitamura et al., 2008), which prevents dialysis of intracel-
lular Cl� into the recording patch pipette and allows electrical mea-
surements while maintaining intracellular chloride intact. EGABA in
CFA-injected mice (�59.4�2.82 mV, n
6) was significantly more
positive than that in control mice (�69.9 � 1.83 mV, n 
 8, p 	

Figure 4. Decrease of KCC2 expression and function in the S1 cortex in chronic pain. a– c, The somatodendritic chloride gradient in L2/3 pyramidal neurons was abolished in chronic pain
conditions. a, Schematic diagram of the experimental arrangement: a standard whole-cell patch pipette imposing a Cl � load into the cell stimulates KCC2-mediated Cl � efflux along the dendrites.
b, c, Typical current–voltage relationship of the currents in response to local application of GABA at the soma (green line) and dendrites (black line), in control (b) and CFA-injected (c) mice. Insets
show typical GABA response current traces at different voltages. d, EGABA for the dendritic application (white columns) and soma application (green columns) in control and CFA-injected mice, with
and without furosemide (Furo). *p 	 0.05, significantly different from the data of dendrites in control mice by ANOVA, followed by a Bonferroni’s test. e, Difference between EGABA of dendrites and
soma in control mice (white columns) and CFA-injected mice (red columns). *p 	 0.05, significantly different from the data of �EGABA in control mice without furosemide by ANOVA, followed by
a Bonferroni’s test. Error bars represent � SEM. f, GABAergic IPSCs recorded in L2/3 pyramidal neurons using gramicidin-perforated patch-clamp recordings to maintain intracellular Cl � intact. Top
traces show typical traces in neurons from control (left) and CFA (right) mice, at holding potentials between �110 and �40 mV (10 mV increments). Bottom graph shows averaged reversal
potentials of these IPSCs (EGABA) in neurons from control and CFA-injected mice. g, Western blots showing reduced KCC2 expression in S1 cortex from CFA-injected mice. Top shows a sample blot,
which used �-actin as a control. Bottom graphs show averaged relative expression in controls (n 
 7) and chronic pain conditions (n 
 7). *p 	 0.05, Student’s t test.
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0.05; Fig. 4f). Finally, we measured KCC2 expression using Western
blots of S1 cortex and found that KCC2 expression levels was signif-
icantly decreased in chronic pain (p 	 0.05) (Fig. 4g). Thus, reduc-
tion of KCC2 expression results in a less strongly hyperpolarizing
GABAergic response, which would be expected to reduce the efficacy
of GABAergic inhibition in S1.

Discussion
In the present study, we demonstrate hyperactivity of L2/3 inhib-
itory neurons in the S1 in response to mechanical stimulation in
the inflammatory chronic pain model. The inhibitory neurons
also showed enhanced activity when excited by local electrical
stimulation, indicating that plasticity in the S1 cortex itself con-
tributes to the enhanced response to sensory stimulation. These
L2/3 inhibitory neurons are activated by sensory stimulation
(Zhu et al., 2004) via a neuronal pathway that includes excitatory
inputs from L4 (Xu and Callaway, 2009). Excitatory synapses
onto interneurons can undergo synaptic plasticity, such as long-
term potentiation in the interneurons of the hippocampus and
amygdale (Mahanty and Sah, 1998; Kullmann and Lamsa, 2007)
and spike-timing-dependent plasticity of cortical interneurons
(Lu et al., 2007). Chronic inflammatory pain in response to CFA
in the hindpaw is associated with enhanced afferent activity in
peripheral sensory nerves (Ji et al., 2003), resulting in increased
excitation of L4 neurons and subsequently L2/3 excitatory and
inhibitory neurons. Increased activation of these cortical areas is
also likely to result from hyperexcitability of responses in the
spinal cord during chronic pain. We have shown recently that the
activity of L2/3 excitatory neurons are also increased in the same
chronic pain model (Eto et al., 2011), and L2/3 inhibitory neu-
rons also receive feedback input from these L2/3 excitatory neu-
rons (Kaiser et al., 2004). In short, we suggest that increased
peripheral and central afferent activity in the mechanosensation
and pain pathways induces local synaptic plasticity within the S1
cortex that results in enhanced excitatory inputs to both L2/3
excitatory and inhibitory neurons and resultant chronic potenti-
ation of responses of these neurons.

The L2/3 inhibitory neurons project locally to the excitatory
L2/3 neurons in which they can function to reduce excessive
excitation of the excitatory neurons evoked by sensory inputs
(Zhu et al., 2004; Xu and Callaway, 2009). We show here that,
although the activity of these inhibitory interneurons is increased
in chronic pain, this is clearly insufficient to prevent the hyper-
activity of the L2/3 excitatory neurons and the allodynia that
characterize chronic inflammatory pain. The inhibitory inputs
were having some effect, because the GABAA receptor antagonist
SR95531 increased Ca 2� transients in L2/3 excitatory neurons
and reduced mechanical thresholds in the chronic pain mice even
further. The effects of SR95531 in CFA-injected mice were greater
than in control, consistent with the elevated activity of the L2/3
inhibitory neurons. Although the elevated inhibitory activity
could only attenuate and not offset allodynia, local injection of
the GABAA receptor activators muscimol or diazepam could
completely alleviate allodynia, indicating additional scope to en-
hance the local inhibition in S1 that could be used clinically.

The increased inhibition may be an adaptive response to try to
counteract the effects of the enhanced excitation and thereby
reduce chronic pain behavior, but such an adaptation appears
only partially effective. The efficacy of synaptic transmission be-
tween these inhibitory neurons and the excitatory neurons is also
important for determining the net inhibition in S1. Our patch-
clamp results in S1 brain slices indicate that the presynaptic
GABA release probability and the postsynaptic receptor number

are unchanged in chronic pain. Hence, “shunting” inhibition
should be increased in chronic pain. However, the postsynaptic
response also depends on the intracellular Cl� concentration,
which is primarily regulated by the KCC2 chloride transporter
(Kakazu et al., 1999; Rivera et al., 1999). In CFA-injected mice,
chronic pain is associated with a decrease in KCC2 expression
and a decrease in Cl� efflux in L2/3 pyramidal excitatory neu-
rons. This results in increased intracellular Cl� concentration
and a less hyperpolarizing GABAA receptor response. A similar
downregulation of KCC2 expression and function is seen in nu-
merous pathological conditions, including in the dorsal horn of
the spinal cord in which it plays a key role in chronic pain (Coull
et al., 2005). Increased neuronal activity can reduce KCC2 func-
tion by dephosphorylation (Lee et al., 2011) or reduced expres-
sion (Fiumelli et al., 2005; Kitamura et al., 2008), and a similar
increased activity in S1 may trigger KCC2 downregulation. In
other brain areas, release of trophic factors, such as brain-derived
neurotrophic factor, from neurons or glia may mediate activity-
dependent downregulation of KCC2 function (Kohara et al.,
2001; Coull et al., 2005; Wake et al., 2007). The loss of KCC2
function would reduce the effectiveness of inhibitory inputs from
L2/3 interneurons onto L2/3 excitatory neurons. Although inhib-
itory neuron activity is increased, the reduced efficacy of their
synaptic outputs may contribute to the inability of the enhanced
inhibitory activity to alleviate chronic pain.

In summary, chronic inflammatory pain is associated with
increased activity of both the L2/3 excitatory neurons and
L2/3 inhibitory neurons. However, the balance between exci-
tation and inhibition is the critical functional outcome, and
this balance is weighed toward excessive excitation in chronic
pain. A loss of KCC2 and the resultant reduced efficacy of
GABAergic inhibition may contribute to this excitation–
inhibition imbalance in chronic pain. The enhanced inhibition
does alleviate the pain behavior somewhat but is not able to pre-
vent the enhanced L2/3 excitation or the allodynia. However, the
inhibitory neuronal circuits in S1 and their mechanism remain as
powerful components of the pain behavior and valid targets for
new drugs to treat chronic pain.
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