GLUTAMATE RELEASE IN THE CG UNDER CHRONIC PAIN

play an essential role in maintenance of the neuro-
pathic state.

Glutamate is a well-known excitatory neurotrans-
mitter in the central nervous system (CNS). The im-
portant role of glutamate and its receptors as central
components of pain and the development and mainte-
nance of central sensitization has been widely stud-
ied. A growing body of evidence suggests that the cin-
gulate cortex (CG) may be involved in modulation of
the experience of pain and negative emotionality
related to pain. Glutamate transmission is also criti-
cal for controlling cortical activity. Indeed, it has been
reported that most midline-intralaminar thalamic
neurons that express Vglut2, which is a marker of
glutamate neuron, project to the medial prefrontal
cortex, including the CG. However, it is not fully
understood whether chronic pain could change gluta-
matergic transmission in the CG.

The study of immediate-early genes (IEGs) has
been widely used to assess the activity of specific neu-
ronal populations in response to a stimulus. Hunt
et al. (1987) were the first to show that noxious stim-
ulation can induce the expression of the IEG c-fos in
the spinal cord dorsal horn. Further studies of c-fos
and other TEGs have repeatedly confirmed that pain-
ful and analgesic stimulation can induce their ex-
pression in the CNS. c-Jun is a component of the
transcription factor AP-1, which binds and activates
transcription at TRE/AP-1 elements. The transcrip-
tional activity of c-Jun is regulated by phosphorylation
at Ser 63 and Ser 73. Therefore, the study of IEGs is
likely to be useful for determining the central partici-
pants in nociceptive and antinociceptive pathways.

In this study, we demonstrated that repetitive mild
noxious heat stimuli increased glutamate release and
promoted the phosphorylation of a N-methyl-p-aspar-
tate (NMDA) receptor subunit, NR1, and c-jun in the
CG along with behavioral measures of enhanced pain
under a neuropathic pain-like state.

MATERIALS AND METHODS

This study was conducted in accordance with the
Guiding Principles for the Care and Use of Labora-
tory Animals, Hoshi University, as adopted by the
Committee on Animal Research of Hoshi University,
which is accredited by the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan.

Animals

In this study, we used male Sprague-Dawley rats
(Tokyo Laboratory Animals Science, Tokyo, Japan)
weighing 230-250 g. Animals were kept in a room
with an ambient temperature of 23°C = 1°C and a
12-hr light—-dark cycle (lights on 08:00 a.m. to 08:00
p.m.). Food and water were available ad libitum. All
animals were housed individually, and all behavioral
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studies were performed during the light period. All
procedures were performed in accordance with the
study protocol approved by the Animal Research
Committee of Hoshi University.

Neuropathic pain model

The rats were deeply anesthetized with isoflurane.
We produced a partial sciatic nerve injury by tying a
tight ligature with a 8-0 silk suture around approxi-
mately one-third to one-half the diameter of the sci-
atic nerve on the right side (ipsilateral side) under a
light microscope (SD30, Olympus, Tokyo, Japan) as
described previously (Malmberg and Basbaum, 1998;
Seltzer et al., 1990). In sham-operated animals, the
nerve was exposed without ligation.

Mild noxious heat stimulation

Contact heat stimulation was performed using a
custom-made, computer-controlled Peltier heating
and cooling device. Peltier elements with a surface
measuring 8.3 X 8.3 mm were fixed at the right hind
paw. Starting at a baseline of 34°C, a stimulation
temperature of 43—46°C was reached after 18 sec at
0.67°C/sec. The stimulation temperature plateau was
held for 20 sec. Over the subsequent 22 sec, the tem-
perature was dropped linearly back to the baseline.

Pain-like behaviors

To observe pain-like behaviors induced by mild nox-
ious heat stimuli, rats were immediately anesthetized
using isoflurane. Animals were then supplied with 1%
isoflurane via a fitted mask. Peltier elements were
tightly attached to the right hind paw. The number of
flinching behaviors was counted, and the duration of
flinching behaviors was measured for 10 min after
the application of mild noxious heat stimuli.

Surgery and microinjection

After 3 days of habituation to the main animal col-
ony, all rats were anesthetized with sodium pentobar-
bital (50 mg/kg intraperitoneally). The anesthetized
animals were placed in a stereotaxic apparatus. The
skull was exposed, and a small hole was made using a
dental drill. A guide cannula (AG-4; Eicom, Kyoto,
Japan) was implanted into the CG (from bregma: poste-
rior, +1.70 mm; lateral, +0.40 mm; and ventral, —0.50
mm). The guide cannula was fixed to the skull with cra-
nioplastic cement. Two to three days after surgery, the
animals underwent a sham operation or ligation.

Quantification of glutamate

Stereotaxic surgery was performed under sodium
pentobarbital (70 mg/kg, intraperitoneally) anesthe-
sia. Rats were placed in a stereotaxic apparatus, and
the skull was exposed. A small hole was then made
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using a dental drill. A microdialysis probe (D-I-6-01; 1
mm membrane length; Eicom) was implanted into the
CG (from bregma: anterior, +1.7 mm; lateral, —0.4
mm; and ventral, —1.1 mm) according to the atlas of
Paxinos and Franklin (1997). The microdialysis probe
was fixed to the skull with cranioplastic cement. At
24 hr after implantation, rats were placed in the ex-
perimental cages (830 cm wide X 30 ¢cm long X 30 cm
high). The probe was perfused continuously at a flow
rate of 2 pl/min with artificial cerebrospinal fluid
containing 0.9 mM MgCl,, 147.0 mM NaCl, 4.0 mM
KCl, and 1.2 mM CaCl,. Outflow fractions were taken
every 5 min. After eight baseline fractions were col-
lected, rats received mild noxious heat stimuli to the
hind paw by Peltier module. For this experiment, di-
alysis samples were collected for 60 min after the
application of mild noxious heat stimuli. During the
measurements, mice were slightly anaesthetized with
isoflurane (0.5%). Dialysis fractions were then ana-
lyzed using high-performance liquid chromatography
with electrochemical detection (HTEC-500; Eicom).
Glutamate was separated by a column with a mobile
phase containing ammonium chloride (2.67 g/L), 10%
ammonia solution (80 pl/L), and hexadecyl trimethyl
ammonium bromide (250 mg/L). The mobile phase
was delivered at a flow rate of 0.40 mL/min. Gluta-
mate was identified according to the retention times
of a glutamate standard, and the amounts of gluta-
mate were quantified by calculations using peak
areas. The baseline microdialysis data were calcu-
lated as concentrations in the dialysates. Other
microdialysis data are expressed as percentages of
the corresponding baseline level.

RNA preparation and semiquantitative
analysis by reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA obtained from the CG of rats was
extracted using the SV Total RNA Isolation system
(Promega Co., Madison, WI). The CG was quickly
removed after rats were decapitated and homogenized
in ice-cold lysis buffer containing B-mercaptoethanol
following the manufacturer’s instructions. First-strand
c¢DNA was prepared as described previously (Narita
et al., 2001), and the c-fos, c-jun, JunB, or Fra-1 gene
was amplified in 50 pL of a (PCR) solution containing
MgCly, ANTP mix, and DNA polymerase with synthe-
sized primers (c-fos: 5'-CAT CGG CAG AAG GGG CAA
AGT AGA G-3' [sense] and 5-TGC CGG AAA CAA
GAA GTC ATC AAA G-3 [antisense], c-jun: 5-CAA
CAT GCT CAG GGA ACA GGT G-3 [sense] and 5'-
GGA GTT CAT CCG CAA TCT AGC C-3' [antisense],
JunB: 5-CCG GAT GTG CAC GAA AAT GGA ACA
G-3' [sense] and 5-ACC GTC CGC AAA GCC CTC
CTG -3’ [antisensel, Fra-1: 5-CAT GTA CCG AGA
CTT CGG GG-3 [sense] and 5'-GCC TCA CAA AGC
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CAG GAG TG-3 [antisensel, glyceraldehyde-3-phos-
phate dehydrogenase: 5-CCC ACG GCA AGT TCA
ACG G-3 [sense] and 5-CTT TCC AGA GGG GCC
ATC CA-3' [antisense]). Samples were heated to 94°C
for 2 min, 55°C for 2 min, and 72°C for 8 min and
cycled 29 times through 94°C for 1 min, 55°C for 2
min, and 72°C for 3 min. The final incubation was at
72°C for 7 min. The mixture was subjected to 2% aga-
rose gel for electrophoresis with the indicated markers
and primers for the internal standard (glyceraldehyde-
3-phosphate dehydrogenase). Each sample was applied
to more than two lanes in the same gel. The agarose
gel was stained with ethidium bromide and photo-
graphed with UV transillumination. The intensity of
the bands was analyzed and quantified by computer-
assisted densitometry using ImageJ (free download
software developed by the National Institutes of
Health, Bethesda, MD). For the control, the different
intensities of each band obtained from sham-operated
rats were analyzed, and the average intensity was cal-
culated. Each control intensity was then compared
again with the average intensity to calculate the
standard error. Under these conditions, the intensities
of bands for samples obtained from sciatic nerve-
ligated rats were analyzed and compared with the av-
erage intensity for sham-operated rats. Finally, the
percentage of the control with standard error of mean
(SEM) for each sample was quantified.

Immunohistochemistry

Seven days after surgery, rats received mild nox-
ious heat stimulation. Fifteen minutes after stimula-
tion, rats were deeply anesthetized by the inhalation
of 3% isoflurane with oxygen as the carrier gas and
intracardially perfusion-fixed with freshly prepared
4% paraformaldehyde in 0.1M phosphate-buffered sa-
line (PBS, pH 7.4). After perfusion, the brains were
quickly removed, and thick coronal sections of the
frontal cortex, including the CG, were rapidly dis-
sected and postfixed in 4% paraformaldehyde for 3 hr.
They were then permeated with 20% sucrose in 0.1M
PBS for 1 day and 30% sucrose in 0.1M PBS for
2 days with agitation, and finally frozen in an embed-
ding compound (Sakura Finetechnical, Tokyo, Japan).
All samples were stored at —30°C until use. Trans-
verse sections 8-mm thick were cut using a cryostat
(Leica CM1510; Leica Microsystems, Heidelberg, Ger-
many). The CG sections were blocked in 10% normal
goat serum in 0.01M PBS for 1 hr at room tempera-
ture. Primary antibody was diluted in 0.013 PBS
containing 10% normal goat serum (1:250 phosphoryl-
ated-NR1 [Ser 896] [Upstate Biotechnology, Inc, NY],
1:300 phosphorylated-c-jun [Ser73] [Cell Signaling,
Beverly, MA]) and incubated for 2 days overnight at
4°C. The samples were then rinsed and incubated
with the appropriate secondary antibody conjugated
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Fig. 1. Effect of mild noxious heat stimuli on sham-operated or sciatic nerve-ligated rats. Immedi-
ately after the application of mild noxious heat stimuli, the number of flinching behaviors was
counted (A) and the total duration of flinching behaviors was measured (B) for 10 min after the appli-
cation of mild noxious heat stimuli to the right hind paw of rats. Each column represents the mean *
SEM of six rats. Student’s t-test: *P < 0.05 and **P < 0.01 vs. sham-operated group.

with Alexa 488 (Molecular Probes, Eugene, OR) for 2
hr at room temperature. The slides were then cover-
slipped with PermaFluor Aqueous mounting medium
(Immunon, Pittsburgh, PA). The fluorescence of
immunolabeling was detected using a light micro-
scope (Olympus AX-70; Olympus Optical, Tokyo, Ja-
pan) and photographed with a digital camera (Polar-
oid PDMC II/OL; Olympus Optical).

Digitized images of CG sections obtained from five
independent rats for each group were captured at a
resolution of 1316 X 1035 pixels with a camera (Po-
laroid PDMCII/OL). The upper and lower threshold
density ranges were adjusted to encompass and
match the immunoreactivity to provide an image with
immunoreactive material appearing in black pixels
and nonimmunoreactive material as white pixels. The
number of p-NR1- or p-c-jun-labeled cells in each area
was then counted, and the mean (=SEM) number of
cells was calculated. A standardized rectangle was
positioned over the CG area of sham-operated rats. At
the same position on the CG area of sciatic nerve-
ligated rats, the number of positive cells within the
same threshold was again calculated.

Statistical analysis

Data are expressed as the mean with SEM. Two-way
analysis of variance with independent and repeated
measures, as well as planned comparisons or Student’s

t-tests, was used as appropriate for the experimental
design. Multiple comparisons were performed using
the Bonferroni post-hoc test, where appropriate. All
statistical analyses were performed with Prism version
5.0a (GraphPad Software, La Jolla, CA).

RESULTS
Pain-like behaviors induced by mild noxious
stimuli in sciatic nerve-ligated rats

We observed pain-like behaviors induced by mild
noxious stimuli under a neuropathic pain-like state in
rats. As shown in Figure 1, mild noxious stimuli sig-
nificantly increased both the number of flinching
responses in sciatic nerve-ligated rats and the dura-
tion of these responses compared with those in sham-
operated rats (*P < 0.05 and **P < 0.01, vs. sham-
operated rats).

Increase in dialysate glutamate level induced
by mild noxious stimuli under a neuropathic
pain-like state

Figure 2A shows the placement of microdialysis
probes within the rat CG. Probe-inserted regions
were localized in the CG. Only data from rats in
which probes had been accurately inserted in the CG
were used for subsequent statistical analysis. In the
microdialysis study, there was no difference in the
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Fig. 2. Change in the dialysate glutamate level induced by mild
noxious heat stimuli in sham-operated and sciatic-nerve ligated
rats. A: Location of microdialysis probe sites in the rat cingulate
cortex (CG). Stippled lines represent regions in which microdialysis
probes were inserted in the rat brain. B: Effects of mild noxious
heat stimuli on the dialysate glutamate level in the CG of sham-
operated and sciatic nerve-ligated rats. Mild noxious heat stimuli
were applied at time 0. The data are expressed as percentages of
the corresponding baseline levels with SEM of seven mice. Error
bars represent SEM; n = 7; two-way analysis of variance and Bon-
ferroni test (unless otherwise indicated). **P < 0.01.

basal level of glutamate in the CG between sham-
operated and nerve-ligated rats. The effects of mild
noxious stimuli on the dialysate glutamate level in
the rat CG are shown in Figure 2B. The level of glu-
tamate was markedly increased by mild noxious stim-
uli in nerve-ligated rats compared with that in sham-
operated rats. Two-way analysis of variance showed a
significant interaction between operation and time
(Fis,30) = 4.906, P < 0.01), a significant effect of oper-
ation (F30) = 6.799, P < 0.001), and a significant
effect of time (F(5 30, = 6.416, P < 0.05).

Changes in phosphorylated-NR1-like
immunoreactivity after mild noxious
stimuli under a neuropathic pain-like
state in the CG of rats
To investigate a possible change in the level of
phosphorylated-NR1 in the CG of nerve-ligated rats
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with mild noxious stimuli, immunohistochemical
studies were performed. In this study, the sample
preparation for the immunostaining of phosphoryl-
ated-NR1 was performed at 15 min after heat stimuli
using the Peltier module under the sciatic nerve liga-
tion. Phosphorylated-NR1-like immunoreactivity was
detected in the CG of sham-operated rats with mild
noxious stimuli (Fig. 3A). In nerve-ligated rats with
mild noxious stimuli, phosphorylated-NR1-like immu-
noreactivity in the CG was markedly increased com-
pared with that in sham-operated rats (Fig. 3B;
*#%P < 0.001 vs. sham-operated rats)

No change in the expression of IEG mRNAs in
the CG of rats with mild noxious heat stimuli
under a neuropathic pain-like state

In the reverse transcription-polymerase chain reac-
tion assay, there were no differences between sham-
operated and ligated mice with regard to mRNA lev-
els of the IEGs c-fos, c-jun, junB, and fra-1 in the CG
after sciatic nerve ligation (Fig. 4).

Changes in phosphorylated-c-Jun-like
immunoreactivity after mild noxious
stimuli under a neuropathic pain-like state
in the CG of rats

Under these conditions, we investigated a possible
change in the level of phosphorylated-c-Jun in the CG
of nerve-ligated rats with mild noxious stimuli. In
this study, the sample preparation for the immuno-
staining of phosphorylated-c-Jun was performed at
15 min after heat stimuli using the Peltier module
under the sciatic nerve ligation. Immunohistochemi-
cal studies showed that phosphorylated-c-jun-like im-
munoreactivity was detected in the CG of sham-oper-
ated rats with mild noxious stimuli (Fig. 5A). In
nerve-ligated rats with mild noxious stimuli, phospho-
rylated-cjun-like immunoreactivity in the CG was
markedly increased compared with that in sham-oper-
ated rats (Fig. 5B; **P < 0.01 vs. sham-operated rats)

DISCUSSION

In this study, we first investigated whether mild
noxious heat stimuli could cause pain-like behaviors
under a neuropathic pain-like state. Mild noxious
stimuli increased the duration and number of sponta-
neous pain-like behaviors such as flinching in sciatic
nerve-ligated rats, but not in sham-operated rats.
Under the present condition, an in vive microdialysis
study showed that mild noxious heat stimuli caused a
robust and significant increase in glutamate release
in the CG of sciatic nerve-ligated rats. A growing
body of evidence suggests that glutamate and its
receptors play mediatory and modulatory roles in pe-
ripheral nociception and sensitization. Furthermore,
glutamate is an excitatory neurotransmitter in the
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Fig. 3. Changes in the levels of phosphorylated-NR1 immunore-
activity (p-NR1-IR) in the CG of rats with neuropathic pain. A,B:
Increase in p-NR1-IR in the CG of rats after mild noxious heat stim-
uli after sham-operation (A) or sciatic nerve ligation (B). The sample
preparation for the immunostaining of phosphorylated-NR1 was
performed at 15 min after heat stimuli using the Peltier module

CNS, and glutamate and its receptors play an impor-
tant role in the development and maintenance of cen-
tral sensitization. In this study, we also found that
mild noxious heat stimuli caused a robust and signifi-
cant increase in phosphorylated-NR1-positive cells in
the CG of sciatic nerve-ligated rats. Protein phospho-
rylation is a major mechanism by which glutamate
receptor function is regulated (Dingledine et al.,
1999). It was previously reported that the responses
of neurons in slices of the trigeminal nucleus caudalis
to NMDA are enhanced after the activation of protein
kinase C in the neurons (Chen and Huang, 1991),
and these enhanced responses can be explained by an
increased probability of channel opening and a reduc-
tion in the voltage-dependent Mg?* block of the
NMDA receptor channels (Chen and Huang, 1992).
Such changes in NMDA receptor function may
depend on the phosphorylation of NMDA receptors

under the sciatic nerve ligation. Scale bars: 50 pm. C: Number of p-
NR1-IR-positive cells in the CG of rats with sciatic nerve ligation or
sham operation. The number of p-NR1-IR-positive cells was counted
as described in the text. Student’s f-test: ***P < 0.001 vs. sham-
operated group.

(Hatt, 1999; Raymond et al.,, 1994). In addition, it
was previously reported that the increase in the num-
ber of phosphorylated-NR1-positive cells in the spino-
thalamic tract in the dorsal horn of the spinal cord
has a time course that parallels the central sensitiza-
tion of spinothalamic tract cells in the capsaicin-
induced inflammatory pain-like state (Zou et al.,
2000). If we consider these findings, the present data
suggest that the increased level of released glutamate
and the associated phosphorylation of NR1 subunit in
the CG by mild noxious stimuli under the sciatic
nerve ligation could explain the development of cen-
tral sensitization under a neuropathic pain-like state.

IEGs, such as c-fos, c-jun, Fra-1, and JunB, were
originally described as a class of genes that were rap-
idly and transiently expressed in cells after various
forms of stimulation. Member of the Fos and Jun pro-
tein families participate in the regulation of a variety
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Fig. 4. Representative reverse transcription-polymerase chain
reaction for c-fos (A), cjjun (B), JunB (C), Fra-1 (D), and the inter-
nal standard glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs. The intensity of the bands was determined in a semiquan-
titative manner using Imaged software. Each value for c-fos, c-jun,

of cellular processes. In the CNS, IEGs are expressed
after only specific types of stimulation. The events
from cell-surface stimulation to IEG expression in the
nucleus are complex and involve multiple second-mes-
senger pathways. The details of these pathways have
been described (Armstrong and Montminy, 1998;
Ginty et al., 1992; Lee et al., 1992; Lerea and McNa-
mara, 1993; Munglani and Hunt, 1995; Peunova and
Enikolopov, 1993), and, in general, several neuro-
transmitters that are associated with the processing
of nociceptive information, such as glutamate and
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JunB, or Fra-1 mRNA in sciatic nerve-ligated rats was normalized
by the value for the respective GAPDH mRNA. The values in nerve-
ligated rats are expressed as a percentage of the increase in sham-
operated rats. Each column represents the mean * SEM of five
samples. Error bars represent SEM.

substance P, increase the concentration of Ca®® in
postsynaptic neurons, which could be associated with
NMDA receptors, leading to IEG activation. The tran-
scriptional activity of c-jun seems to be enhanced in
response to phosphorylation at Ser63 and Ser73 in its
activation domain. The phosphorylation of Ser73
seems to be more critical than the phosphorylation of
Ser63, which usually occurs to a lower extent and is
insufficient for stimulating the activating function of
c-jun (Pulverer et al., 1991; Smeal et al., 1991, 1994).
In this study, mild noxious heat stimuli failed to
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Fig. 5. Changes in the levels of phosphorylated-c-jun immunoreactivity (p-c-jun-IR) in the CG of
rats with neuropathic pain. A,B: Increase in p-c-jun-IR in the CG of rats after mild noxious heat stim-
uli after sham-operation (A) or sciatic nerve ligation (B). A-ii, B-ii: Higher magnification. Scale bars:
50 um. C: Numbers of p-c-jun-IR-positive cells in the CG of rats with sham operation or sciatic nerve
ligation. The number of p-c-jun-IR-positive cells was counted as described in the text. Student’s #-test:

**P < 0.01 vs. sham-operated group.

change the mRNA levels of cjun, c-fos, Fra-1, and
JunB under a neuropathic pain-like state. However,
mild noxious heat stimuli caused an increase in
p(Ser73)-c-jun-positive cells in the CG of nerve-ligated
rats compared with the levels in sham-operated rats.
Although additional research is needed, these find-

ings raise the possibility that an increased level of p-
c-jun is critical for the glutamate-linked central sensi-
tization caused by peripheral noxious stimulation.

In conclusion, the present data constitute direct
evidence that neuropathic pain with mild noxious
heat stimuli produces an increase in glutamate
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release, the phosphorylation of NR1, and the activa-
tion of c-jun in the CG. This phenomenon could lead
to a neuropathic pain-like state associated with “brain
sensitization” and result in negative emotionality
related to pain.
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