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Group II metabotropic glutamate receptor
expressing neurons in anterior cingulate
cortex become sensitized after
inflammatory and neuropathic pain

Sisi Chen1, Feni Kadakia2, and Steve Davidson1,2

Abstract

The anterior cingulate cortex is a limbic region associated with the emotional processing of pain. How neuropathic and

inflammatory pain models alter the neurophysiology of specific subsets of neurons in the anterior cingulate cortex remains

incompletely understood. Here, we used a GRM2Cre:tdtomato reporter mouse line to identify a population of pyramidal

neurons selectively localized to layer II/III of the murine anterior cingulate cortex. GRM2 encodes the group II metabotropic

glutamate receptor subtype 2 which possesses analgesic properties in mouse and human models, although its function in the

anterior cingulate cortex is not known. The majority of GRM2-tdtomato anterior cingulate cortex neurons expressed GRM2

gene product in situ but did not overlap with cortical markers of local inhibitory interneurons, parvalbumin or somatostatin.

Physiological properties of GRM2-tdtomato anterior cingulate cortex neurons were investigated using whole-cell patch

clamp techniques in slice from animals with neuropathic or inflammatory pain, and controls. After hind-paw injection of

Complete Freund’s Adjuvant or chronic constriction injury, GRM2-tdtomato anterior cingulate cortex neurons exhibited

enhanced excitability as measured by an increase in the number of evoked action potentials and a decreased rheobase. This

hyperexcitability was reversed pharmacologically by bath application of the metabotropic glutamate receptor subtype 2

agonist (2R, 4R)-4-Aminopyrrolidine-2,4-dicarboxylate APDC (1 mM) in both inflammatory and neuropathic models. We

conclude that layer II/III pyramidal GRM2-tdtomato anterior cingulate cortex neurons express functional group II metabo-

tropic glutamate receptors and undergo changes to membrane biophysical properties under conditions of inflammatory and

neuropathic pain.
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Introduction

Chronic pain, often a result of tissue inflammation or

nerve damage, is a major cause of reduced quality of

life. Many strategies for pain management are inade-

quate or include opioid drugs with unwanted side-

effects and a high potential for abuse. Deficiencies in

pain management can generate or exacerbate comorbid-

ities such as stress, anxiety, and depression, underscoring

the common and complex relationship between somato-

sensory homeostasis and psychiatric disorders.1–3

Functional neural plasticity and neuroanatomical

changes within the brain, far from the site of injury,

have been suggested to contribute to the chronification

and maintenance of pain.4 For example, cortical hyper-
activity initially induced by peripheral nerve injury was
not suppressed even after peripheral injury-evoked sig-
nals were blocked.5 Such ongoing, higher order central
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sensitization, particularly within limbic areas, is well
positioned to contribute to ongoing affective and moti-
vational dimensions of pain and may facilitate the psy-
chiatric comorbidity.6

The anterior cingulate cortex (ACC) has emerged as a
primary site for pain and emotional processing; it is acti-
vated during noxious somatosensory stimulation and its
activity and neuroanatomy become reorganized in
patients with chronic pain.7–10 Animal models of pain
produce altered neural excitability and synaptic plastic-
ity in the ACC including long-term potentiation or
depression mediated by ionotropic glutamatergic signal-
ing.11 Glutamatergic signaling in ACC has been critically
and specifically linked to affective pain processing.12–14

Metabotropic glutamate receptors (mGluRs) have also
been implicated in ACC signaling related to pain, in par-
ticular, group I mGluRs (mGluR1/5) have been shown
to have a facilitatory role in nociception.15–17

In contrast, group II mGluRs, encoded by GRM2 and
GRM3, canonically couple to the Gi/o intracellular sig-
naling pathway to suppress cyclic adenosine monophos-
phate (cAMP) and neural excitability.18 We previously
showed that activation of group II mGluRs suppressed
hyperexcitability in both mouse and human nociceptors
in vitro.19 Group II mGluRs are also expressed in the
brain,20–22 and systemic group II mGluR agonist admin-
istration produces antinociceptive behavioral effects,
raising the possibility that group II mGluRs may be
capable modulating pain supraspinally.23,24 Indeed, acti-
vation of group II mGluRs in medial prefrontal cortex
(mPFC) and the amygdala had modulatory effects on an
arthritic pain model.25–28 Recently, group II mGluRs
were shown to modulate excitatory neurotransmission
in human cortical neurons.29 However, much remains
unknown regarding the identity of the group II
mGluR expressing neurons within the forebrain. Small
molecule modulators of group II mGluRs are currently
in clinical trials for nonpain disorders, but may be a
potential tool for pain management, underscoring the
need to understand the functional roles of group II
mGluR expressing neurons. Here, we report on a trans-
genic murine model to identify GRM2 ACC neurons in
the mouse and investigate the anatomy and membrane
physiology of this population under inflammatory and
neuropathic pain conditions.

Materials and methods

Animals

Both male and female mice (8–12weeks of age) were
included in the study. GRM2Cre mice were generated
on a C57BL/6j background from cryo-preserved sperm
(stock number: 036166-UCD; Strain Name: Tg(Grm2-
cre)MR89Gsat/Mmucd) from the Mutant Mouse

Resource and Research Center at UC Davis. Ai9
(ROSA26LSL-tdtomato) mice were purchased from
Jackson Labs. The GRM2Cre line was crossed with the
Ai9 line to obtain offspring that expressed tdtomato
fluorescent protein in GRM2 neurons. The experimental
protocols were approved by the Institutional Animal
Care and Use Committee of the University of
Cincinnati and conducted in accordance with the
National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Mice were housed four
per cage at 22� 0.5�C under a controlled diurnal cycle
of 12 h light and 12 h dark, with food and water ad
libitum.

Histology, immunohistochemistry, and in situ
hybridization

To obtain brain tissues, mice were first anesthetized with
isoflurane, then perfused with 0.01M phosphate buffer,
followed by perfusion with 4% paraformaldehyde
(PFA). Brains were extracted and placed in 4% PFA
for 2 h at room temperature (RT), followed by transfer
to 30% sucrose at 4�C. Frozen sections were cut at
30 mm using a Leica CM1860 UV cryostat (Leica
Biosystems Inc., Buffalo Grove, IL, USA). For histolo-
gy, specimens were washed with 0.01M phosphate
buffer, dried, and coverslipped for microscopy. For
immunohistochemistry, antiparvalbumin primary anti-
body (PV, rabbit polyclonal Ab, 1:100, Invitrogen, cat-
alog# PA1-933) and secondary antibody (Donkey anti
rabbit, 1:1000, Alexa Fluor 488, Thermo-Fisher, cata-
log# A21206) and antisomatostatin (rat monoclonal
Ab, 1:50, Abcam, catalog# 30788) and secondary anti-
body (Donkey anti Rat, 1:1000, Alexa Fluor 488, cata-
log# A-21208) were used. To assess the morphological
properties of GRM2-tdtomato neurons, biocytin
(Invitrogen, catalog# B1592) was delivered from the
recording pipette which was left in place for another
20min after recordings were done. Brain slices obtained
after electrophysiology were fixed in 4% PFA for at least
30min at RT and then incubated in Alexa Fluor 488
streptavidin (1:300, Invitrogen, catalog# 32354) in 1%
Triton-X 100 phosphate-buffered saline overnight at
4�C. For in situ hybridization using RNAscope, 2
GRM2Cre; ROSA26LSL-tdtomato mice were anesthetized
and perfused, followed by transfer to RNAse-free 30%
sucrose overnight. Frozen sections were cut at 14 mm and
then stored at �80�C. RNAscope Multiplex Fluorescent
v2 Assay (Advanced Cell Diagnostics Inc., Newark, CA,
USA) was carried out for fresh-frozen tissue as recom-
mended by the manufacturer. The RNAscope Mm-
GRM2 (#108068) probe was hybridized and developed
with a single channel. Tyramide Signal Amplification
(TSA) Plus Cyanine 5 systems (1:1000, PerkinElmer)
was diluted with TSA buffer to visualize the GRM2
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hybridized signal. Slides were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) and coverslipped with
Prolong Gold Antifade Reagent (Invitrogen). Image
acquisition was captured as Z stacks with an Olympus
BX63 epifluorescence microscope using CellSens
Dimension Desktop software (Olympus). Cells contain-
ing three or more fluorescent puncta were considered to
be positive.

Hind-paw inflammation with Complete Freund’s
Adjuvant

Under manual restraint, Complete Freund’s Adjuvant
(CFA) (10 mL, Thermo-Fisher, catalog# 77140) was
injected subcutaneously into the plantar left hind paw
using a 31 gauge needle (BD, Franklin Lakes, NJ,
USA).30 Mice were returned to their home cage for
24 h before further experiments.

Chronic constriction injury model

A peripheral mononeuropathy was produced by loosely
ligating the sciatic nerve using methodology adapted
from Bennet and Xie.31 Briefly, under isoflurane anes-
thesia, the left sciatic nerve was exposed at mid-thigh
level by blunt dissection through the biceps femoris
muscle. Three loosely constrictive ligatures (6–0 chromic
gut suture; ETHICON, Somerville, NJ, USA) were tied
around the sciatic nerve with at least 0.5mm between
sutures. Muscle and skin were sutured closed in layers.
Sham operations exposed and freed the nerve, but no
ligatures were used. Mice were returned to their home
cage for seven days before further experiments.

Brain slice preparation

Mice were deeply anesthetized with isoflurane and per-
fused with 20 to 30mL ice-cold carbogenated (95% O2,
5% CO2) N-Methyl-D-glucamine (NMDG)-artificial
cerebrospinal fluid (aCSF) (in mM: 92 NMDG, 2.5
KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 25 glucose, 2 thiourea, 5 Na-ascorbate, 3
Na-pyruvate, 0.5 CaCl2�4H2O, and 10 MgSO4�7H2O),
300 to 310 mOsm adjusted with sucrose, pH 7.4 with
adjusted with HCl. Mice were then decapitated, and
brains were quickly extracted into NMDG-aCSF solu-
tion then glued onto a mounting cylinder. Brains were
cut at a thickness of 300 mm using a VF-300-0z compres-
stome (Precisionary Instruments, Greenville, NC, USA).
Brain slices (between approximately þ1.2mm and 0mm
Bregma) were then incubated for recovery in NMDG-
aCSF solution for 15min at RT. Slices were transferred
into RT aCSF-HEPES (in mM: 92 NaCl, 2.5 KCl, 1.25
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thio-
urea, 5 Na-ascorbate, 3 Na-pyruvate, 2 CaCl2�4H2O,

and 2 MgSO4�7H2O, 300–310 mOsm adjusted with

sucrose, pH 7.4) prior to recording.

Electrophysiology

Brain slices were transferred to a recording chamber and

secured using a slice anchor under the objective of an

upright microscope (Olympus BX51). All recordings

were performed from the right, contralateral hemisphere

with continuous whole-bath perfusion, with a flow rate

at 1 to 2mL/min and temperature was maintained at

32�C using a dual automatic temperature controller

(TC-344C, Warner Instruments) monitored with a feed-

back thermistor positioned in the bath. The slice was

visualized with an infrared light source and video

camera (Rolera Bolt). For fluorescent detection of

tdtomato-expressing neurons, LED illumination

(CoolLED, p-4000) with Texas Red filter cube was

used. Whole-cell recordings were performed in extracel-

lular bath solution containing (in mM) 145 NaCl, 3 KCl,

2.5 CaCl2, 1.2 MgCl2, 10 HEPES, 7 glucose, adjusted to

pH 7.4 with NaOH. Patch pipettes were pulled from

standard-walled, filamented 1.5/0.86 OD/ID (outer

diameter/inner diameter) borosilicate glass (Warner

Instruments, Hamden, NJ, USA), with open tip resistan-

ces ranging from 4 to 6 MX using a P-1000 micropipette

puller (Sutter Instrument, Novato, CA, USA). For

experiments testing membrane properties in current

clamp, the intracellular solution contained (in mM)

130K-gluconate, 5 KCl, 5 NaCl, 2 MgCl2, 0.3

Ethelyene glycol-bis(2-aminoethylether)-NNN’N’-tetra-

acetic acid (EGTA), 10 HEPES, 2 Na ATP, adjusted

to pH 7.3 with KOH and 294 mOsm with sucrose,

with biocytin added (3–5 mg/mL). After whole-cell

access and adjusting the capacitance, neurons were

held at �70mV for a minimum of 2min before record-

ing. Neurons with resting membrane potential>�45mV

were not studied further. Recordings were obtained on a

MultiClamp 700B and sampled at 20 kHz and filtered at

10 kHz using a Digidata 1550A (Molecular Devices).

Data were collected and analyzed with Clampex 10.5

and Clampfit 10.5 software (Molecular Devices). The

group II mGluR agonist 2R, 4R-(2R, 4R)-4-

Aminopyrrolidine-2,4-dicarboxylate (APDC) (1 mM;

Tocris) was dissolved in external solution using a

gravity-fed perfusion system (Harvard apparatus). All

membrane properties (rheobase, max dv/dt, threshold,

action potential height/width, tau, after hyperpolariza-

tion, and input resistance) were assessed on the first

evoked action potential elicited from an 800ms square

pulse of increasing magnitude (20 pA/step). Tau was cal-

culated from peak after-hyperpolarization (AHP) to

90% depolarization to baseline.
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Statistical analysis

All statistical analyses were performed using GraphPad

Prism (San Diego, CA, USA). For GRM2-tdtomato

neuron membrane biophysics and action potential prop-

erties analyses, one-way analysis of variance (ANOVA)

was used to determine the difference among groups.

For GRM2-tdtomato neuron firing frequency analysis,

two-way ANOVA with Sidak’s post hoc test was used to

compare between groups. Fisher’s exact test was used to

compare proportional data. Unpaired Student’s t tests

were used to compare two groups. For all statistical

analyses, significance was defined as p< 0.05. Data are

presented as mean� standard error of the mean.

*p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001. N

values are number of cells recorded.

Results

GRM2-tdtomato ACC neurons are pyramidal and

located predominantly in layer II/III

Transgenic reporter mice GRM2Cre; ROSA26LSL-tdtomato

were used to identify GRM2-postive neurons in the ACC

(GRM2-tdtomato). GRM2-tdtomato somata were locat-

ed at least 120 mm from the brain surface at the longitu-

dinal fissure, and the majority of neurons occupied a

band extending to a depth of approximately 300 mm in

ACC (Figure 1(a) and (b)). These observations are

consistent with previous observations from immunohis-

tological and in situ reports of metabotropic glutamate

receptor subtype 2 (mGluR2)/GRM222,32 (see also:

GENSAT Brain Atlas, MR89-Cre). The band of

GRM2-tdtomato neurons was present in both Cg1 and

Cg2 and were observed to be most densely localized

within layer II/III,33 although a smaller number of

tdtomato-labeled cells were also observed in deeper

layers. To assess the morphology of individual GRM2-

tdtomato neurons, biocytin was used to visualize neuro-

nal somata and neurite extensions after recording

(Figure 1(c)). GRM2-tdtomato neurons in layer II/III

ACC were identified as pyramidal type with somatic

dendrites extending 100 to 150 mm in a radial pattern

and an apical dendrite which seldom branched until

reaching layer I. To determine whether the fluorescent

signal in GRM2-tdtomato neurons corresponds to ongo-

ing GRM2 gene expression, in situ hybridization with

Figure 1. GRM2-tdtomato expression in ACC is localized to layer II/III pyramidal neurons. (a) Schematic of ACC area under investigation
in this study. (b) GRM2Cre; ROSA26LSL-tdtomato mouse expresses red fluorescent protein in layer II/III in ACC. Scale bar¼ 200mm. (c)
Biocytin labeling of GRM2-tdtomato neurons in layer II/III ACC, which were all pyramidal and send apical dendrites to layer I. Scale
bars¼ 50mm. (d) RNAscope in situ histochemistry of GRM2. (e) Immunohistochemistry shows lack of overlap of ACC GRM2-tdtomato
neurons with PV or SST (f), Scale bars¼ 100mm. PV: parvalbumin; SST: somatostatin.

4 Molecular Pain



RNAscope was performed to test colocalization. We
observed that 78% of GRM2-tdtomato neurons also
expressed GRM2 in situ hybridization signal (Figure 1
(d)). The in situ signal often surrounded or encapsulated
the cytosolic GRM2-tdtomato expression. In situ signal
for GRM2 was also observed unassociated with tdto-
mato somata, suggesting that tdtomato may not be
expressed in all GRM2 expressing somata in this trans-
genic model. Colocalization experiments with immuno-
histochemical markers of cortical interneurons showed
that GRM2-tdtomato neurons did not overlap with par-
valbumin or somatostatin expressing neurons in ACC,

indicating a lack of co-expression with markers of inhib-
itory interneurons (Figure 1(e) and (f)).

Membrane properties of GRM2-tdtomato and

tdtomato-negative ACC neurons from naive mice

Whole-cell patch clamp recordings were performed
from 19 GRM2-tdtomato and 13 tdtomato-negative
layer II/III pyramidal ACC neurons from naive mice
(Figure 2(a) and (b); Table 1). A schematic illustrates
how measurements were made of action potential
properties including threshold, amplitude, tau, and
rheobase (Figure 2(c)). For threshold, the action
potential waveform voltage was plotted as a derivative,
and the value at which membrane voltage increased at
a rate of 10 V/s was used. Resting membrane potential
between the GRM2-tdtomato and tdtomato-negative
groups was not different (�65.41� 1.55mV; �65.62
� 2.33mV, respectively). However, several measures

of membrane excitability were significantly different
between GRM2-tdtomato and tdtomato-negative sub-

sets, including a significantly less polarized threshold at
which action potentials are elicited in the GRM2-tdto-
mato subset (�26.8mV� 0.6mV; �36.4� 1.3mV,

respectively), suggesting GRM2-tdtomato neurons
possess reduced excitability under naive, uninjured

conditions compared with tdtomato-negative layer II/
III pyramidal ACC neurons. Additionally, GRM2-
tdtomato neurons exhibited lower action potential

peak and more negative AHP voltage, suggesting over-
all that GRM2-tdtomato neurons may be more resis-
tant to activation and produce a less robust signal than

tdtomato-negative neurons.

Peripheral inflammation and neuropathic injury
enhanced action potential discharge of

GRM2-tdtomato ACC neurons

To investigate whether the excitability of GRM2-tdto-
mato layer II/III ACC neurons is altered by peripheral
inflammation, 10 mL of CFA was injected subcutaneous-

ly into the left plantar hind paw. Coronal brain slices
containing ACC were prepared 24 h later from both
CFA-injected and naive littermates. A step-current pro-

tocol was used to determine the characteristics of evoked
responses in GRM2-tdtomato ACC neurons. In naive

mice, no more than three action potentials were
observed in any neuron in response to step current up
to the maximum tested, 120 pA (Figure 3(a), top).

However, in mice with hind-paw inflammation, 45% of
GRM2-tdtomato ACC neurons exhibited four or more
action potentials during step current (Figure 3(a),

bottom, (b)). Therefore, we operationally defined
GRM2-tdtomato neurons exhibiting four or more
action potentials upon a �120 pA stimulus as

“sensitized”; 7 to 10 postoperative days after unilateral
chronic constriction injury (CCI) or sham surgery,

Figure 2. Whole-cell patch-clamp recordings in GRM2-tdtomato
neurons in ACC. (a) GRM2-tdtomato neuron under infrared
visualization for patch-clamp recording in adult ACC slice with
pipet in view; same cell showing expression of red fluorescent
protein. (b) Example traces from typical GRM2-tdtomato and
tdtomato-negative pyramidal neurons. (c) Schematic for measuring
threshold, amplitude, tau, and rheobase. Derivative of voltage
curve (above) for measuring the point at which voltage changed by
10mV/ms which was taken to be threshold at the voltage of the
same time point (below). AHP: after-hyperpolarization.

Table 1. Membrane properties of GRM2-tdtomato and
tdtomato-negative neurons from naive mice.

GRM2-

tdtomato

(n¼ 19)

Tdtomato-

negative

(n¼ 13)

Resting membrane

potential (mV)

�65.41� 1.55 �65.62� 2.33

Rheobase (pA) 82.63� 12.28 52.31� 12.31

Threshold (mV) �26.79� 0.57 �36.42� 1.34****

AP slope (max, mV/ms) 238.52� 34.29 263.35� 40.34

AP peak (mV) 66.95� 2.26 75.97� 2.97*

AP width (ms) 3.3� 0.16 4.24� 0.55

AHP amplitude (mV) �41.14� 0.89 �48.30� 1.63**

Tau (ms) 51.99� 5.06 69.37� 17.74

AHP: after-hyperpolarization; AP: action potential.
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whole-cell patch clamp recordings were made from
GRM2-tdtomato neurons in ACC brain slices. After
sham surgery, we observed that 24% of GRM2-tdto-
mato neurons in contralateral ACC met the criteria for
sensitized. In the group of mice with CCI, 88% of
GRM2-tdtomato ACC neurons met the criteria for sen-
sitized (Figure 3(b)). The larger proportion of sensitized
neurons after both inflammatory and neuropathic injury
versus their respective naive and sham controls was sig-
nificant (Fisher’s exact test, ps< 0.0001).

To better characterize the inflammation- and
neuropathic-induced sensitization of GRM2-tdtomato
ACC neurons, increasing stepwise current was delivered
while action potential discharge was monitored.
Peripheral inflammation of the plantar hind paw with
CFA generated increased numbers of action potentials
with increasing current in sensitized GRM2-tdtomato

ACC neurons compared to nonsensitized neurons from
CFA-treated mice and neurons from naive mice (F(2,
71)¼ 52.36; p< 0.0001) (Figure 3(c)). Likewise, CCI-
induced neuropathy generated increased numbers of
action potentials in sensitized GRM2-tdtomato ACC
neurons compared to CCI-nonsensitized, sham-sensi-
tized, and sham nonsensitized groups (F(3, 34)¼ 20.70;
p< 0.0001) (Figure 3(d)). Consistent with our observa-
tion that sham surgery produced a small population of
sensitized neurons, stepwise current in sensitized neurons
from sham mice produced an enhanced action potential
discharge relative to the non-sensitized neurons from
sham treated mice (Figure 3(d)). These data together
show that GRM2-tdtomato ACC neurons from inflam-
matory and neuropathic injured mice exhibit heightened
neural discharge relative to the discharge from naive and
sham controls.

Figure 3. Different proportions of GRM2-tdtomato ACC neurons become sensitized depending on injury. (a) A step-current protocol up
to 120 pA was run to determine the evoked responses in GRM2-tdtomato ACC neurons. Under this protocol, no neurons from naive mice
exhibited greater than three action potentials. GRM2-tdtomato ACC neurons were therefore defined as sensitized if four or more action
potentials were evoked from the treatment groups. (b) Proportion of sensitized neurons from naive, sham, CFA, and CCI treatment
groups. Proportion of sensitized versus nonsensitized neurons in naive versus CFA groups was significantly different; as was the proportion
between sham and CCI groups (Fisher’s exact tests). (c) Number of action potentials evoked from sensitized and nonsensitized naive and
CFA across increasing stimulation (two-way repeated measures (RM) ANOVA, Tukey’s posttest; * vs. naive). (d) Number of action
potentials evoked from sensitized and non-sensitized sham and CCI groups across increasing stimulation (two-way RM ANOVA, Tukey’s
posttest; * vs. sham nonsensitized; # vs. sham sensitized). AP: action potential; CFA: Complete Freund’s Adjuvant; CCI: chronic con-
striction injury.
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Figure 4. Membrane characteristics of sensitized and nonsensitized GRM2-tdtomato ACC neurons in inflammatory and neuropathic
treatment groups. (a) Example traces of evoked action potentials in GRM2-tdtomato ACC neurons from naive and CFA-treated groups. (b)
Comparison of discharge between 1� rheobase and 2� rheobase from sensitized and nonsensitized neurons from naive (n¼ 19) and CFA
(n¼ 47) groups evoked (two-way ANOVA, Sidak’s posttests). (c) Threshold, rheobase, and tau from sensitized and nonsensitized naive and
CFA groups (one-way ANOVA with Tukey’s posttests. (d) Example traces of evoked action potentials in GRM2-tdtomato ACC neurons
from sham (n¼ 12) and CCI-treated (n¼ 23) groups. (e) Comparison of evoked discharge between 1� rheobase and 2� rheobase from
sensitized and nonsensitized neurons from sham and CCI groups (two-way ANOVA, Sidak’s posttests). (f) Threshold, rheobase, and tau
from sensitized and nonsensitized sham and CCI groups (one-way ANOVA with Tukey’s posttests). CFA: Complete Freund’s Adjuvant;
CCI: chronic constriction injury.
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Peripheral and neuropathic injury models increased

intrinsic excitability in GRM2-tdtomato ACC neurons

Physiological excitability of GRM2-tdtomato ACC neu-

rons from inflammatory and neuropathic mice was fur-

ther assessed by examining discharge at 1� and 2�
rheobase. Examples of typical traces from inflammatory

and neuropathic groups are shown (Figure 4(a) and (d)).

In nonsensitized neurons from CFA-treated mice, no

difference in action potential discharge was observed

between 1� and 2� rheobase; however, in sensitized

neurons from CFA-treated mice, doubling the rheobase

produced a significant increase in action potential dis-

charge (p< 0.0001; F(1, 75)¼ 22.8; Figure 4(b)).

Similarly, nonsensitized neurons showed no change in

discharge of GRM2-tdtomato ACC neurons from

sham and neuropathic mice at 1� or 2� rheobase,

whereas sensitized GRM2-tdtomato neurons from

sham and CCI groups exhibited significantly greater dis-

charge at 2� compared to 1� rheobase (sham: p< 0.001;

CCI: p< 0.0001; F(3, 45)¼ 71.63; Figure 4(e)). The

observed increase in discharge from sensitized neurons

from the sham group suggests that sham injury induced

neurobiological changes to some neurons in the brain

similar to full injury models.
To investigate the cellular biophysical features that

could contribute to membrane excitability, rheobase,

tau, and AHP were measured in both inflammatory

and neuropathic models along with their controls. In

the inflammatory model, sensitized neurons exhibited

hyperpolarized thresholds, lower rheobase, and shorter

tau, relative to the nonsensitized neurons, each of which

could contribute to the observed enhanced action poten-

tial discharge (Figure 4(c)). AHP voltages were not

different between naive (�41.14� 0.89mV), nonsensi-

tized (�42.22� 1.19mV), and sensitized (�43.89

� 1.05mV) neuron groups (one-way ANOVA;

p> 0.05; F(2, 63)¼ 1.47).
Despite the robust action potential discharge evoked

from sensitized neurons of neuropathic mice, biophysical

membrane properties were largely not different from

nonsensitized neurons (Figure 4(d)). Sensitized neurons

from the CCI model showed no differences in rheobase

or threshold from the nonsensitized neurons within

group. Tau was of significantly shorter duration in the

sensitized CCI group, similar to what was observed after

inflammation (one-way ANOVA; p< 0.05; F(3, 31)¼
4.09). AHP voltage from CCI and sham mice showed

that nonsensitized neurons from the CCI group

(�43.79� 1.87mV) were significantly hyperpolarized

compared to the sham group (�38.65�mV 1.13mV),

one-way ANOVA; p< 0.05; F(2, 32)¼ 4.14; Tukey’s

posttest) but neither were different from the CCI-

sensitized group (�40.41� 0.76mV).

Inflammatory and neuropathic hypersensitivity in
GRM2-tdtomato ACC neurons was decreased by
APDC

To test whether GRM2-tdtomato neurons exhibit evi-
dence of functional group II mGluRs, the group II
mGluR agonist APDC was bath applied to ACC slices
from inflammatory and neuropathic pain models.
Previously, 0.5 mM APDC was shown to effectively pre-
vent hyperexcitability in single fiber recordings,34 and we
previously showed that 1 mM APDC prevented hyper-
excitability in both human and mouse dissociated
dorsal root ganglia when bath applied.19 In GRM2-tdto-
mato neurons from naive mice, bath application of 1 mM
APDC did not change evoked action potential frequency
or rheobase (Figure 5(a) to (c)). However, in sensitized
GRM2-tdtomato ACC neurons from mice with CFA-
induced hind-paw inflammation, bath application of
APDC increased rheobase (t test, p< 0.05) and reduced
firing frequency at 2� rheobase (two-way ANOVA F
(1,8)¼ 8.0; Sidak’s multiple comparison, p< 0.001)
(Figure 5(d) to (f)). In GRM2-tdtomato ACC neurons
from mice with CCI neuropathy, APDC likewise
increased rheobase (t test, p< 0.0001) and reduced
firing frequency at 1� and 2� rheobase (two-way
ANOVA F(1, 11)¼ 53.79; Sidak’s multiple comparison,
1� p> 0.0001, 2� p >0.05) (Figure 5(g) to (i)). These
data indicate that the GRM2-tdtomato neurons possess
functional mGluR2 receptors which, when activated,
suppress membrane excitability.

Discussion

Group II mGluRs have been implicated as an analgesic
target by many studies showing that activation and upre-
gulation of these receptors suppress behavioral
responses to nociceptive stimuli.35–41 Likewise, group
II mGluR activation and upregulation suppressed
neural responses in dorsal root ganglia and spinal cord
neurons, indicating potential sites of action and neural
correlates for analgesia.19,37,42–45 The brain has also been
hypothesized as a site for group II mGluRs to modulate
pain, in particular within the amygdala and mPFC.21,46

In a rat model of arthritis, activation of group II
mGluRs decreased excitatory synaptic transmission to
neurons in the central nucleus of the amygdala and
inhibited local action potential discharge.25,26

Consistent with this, enhancement of group II mGluR
activity by the neurotransmitter N-acetylaspartylgluta-
mate in the amygdala reduced excitatory neurotransmis-
sion during inflammation.47 Recently, Mazzitelli and
Neugebauer found that group II mGluR activation of
the amygdala led to decreased activity in wide dynamic
range spinal cord neurons and reduced behavioral indi-
cations of pain in rats.28 Activation of group II mGluRs
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also decreased action potential discharge in layer V

infralimbic cortex neurons.27 These studies point to

group II mGluRs as targets in multiple brain regions

with the capacity to reduce excitability, modulate noci-

ceptive activity, and pain.
In vivo electrophysiological experiments in animal

models and human have established that ACC neurons

respond to nociceptive stimulation to the body.33,48–51

The precise contribution of the ACC to the pain experi-

ence is under ongoing investigation, but ACC activation

during experimentally manipulated negative emotions

and the observation of pain in others suggest a multi-

modal role for the ACC in affective processing of pain

and mood.52–54 Pharmacological evidence shows that

modulating Gs-coupled, group I mGluRs in the ACC

produce a facilitatory effect on nociceptive withdrawal

reflex.15 Yet knowledge of the function and role of the

group II mGluRs in the ACC is limited. Intriguingly,

activation of group II mGluRs by oral N-acetylcystein

decreased nociceptive electroencephalogram signals

from the brain of human subjects, including from

within the cingulate region.55 These observations suggest

that different groups of mGluRs in ACC may be posi-

tioned to enhance or suppress multiple dimensions of

pain-related experience.
Here, we used a novel transgenic reporter mouse to

specifically identify and characterize GRM2 neurons in

the ACC using a tdtomato reporter. We evaluated the

expression of GRM2 gene produce in our transgenic

tdtomato reporter mice using RNAscope to determine

whether tdtomato labeled cells exhibit ongoing expres-

sion of GRM2 and found 78% of tdtomato neurons

colocalized with GRM2 probe. A subset tdtomato cells

lacked detectable GRM2 mRNA colocalization indicat-

ing that while these permanently marked cells did not

express GRM2 at the time of testing, they did at some

earlier time suggesting that GRM2 expression in the

ACC may be downregulated in some cells. In situ

Figure 5. Pharmacological activation of group II mGluRs reduced excitability in GRM2-tdtomato ACC neurons from both CFA and CCI
models. (a) Example traces of GRM2-tdtomato ACC neurons from naive mice. (b) Rheobase and (c) spike discharge at 1� and 2�
rheobase were unchanged by bath applied APDC (1 mM). (d) CFA-sensitized GRM2-tdtomato ACC neurons displayed fewer action
potentials after 2-min treatment with APDC, (e) APDC raised the rheobase (n¼ 10; student’s unpaired t test) and (f) decreased the
discharge at 2� rheobase (two-way ANOVA, no interaction; main effect of APDC (p< 0.01); Sidak’s posttests). (g) CCI-sensitized GRM2-
tdtomato ACC neurons displayed fewer action potentials after 2-min treatment with APDC, (h) APDC raised the rheobase (n¼ 24;
student’s unpaired t test) and (i) decreased the discharge at 1� and 2� rheobase (two-way ANOVA, no interaction; main effect of APDC
(p< 0.0001); Sidak’s posttests). CFA: Complete Freund’s Adjuvant; CCI: chronic constriction injury; APDC: (2R, 4R)-4-Aminopyrrolidine-
2,4-dicarboxylate.
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hybridized label for GRM2 probe was detected at a
number of loci within the ACC without the presence
of tdtomato raising the possibility that the transgenic
reporter mice used in these studies originating from the
Tg(GRM2-cre)MR89Gsat transgenic line had incom-
plete efficiency. GRM2-tdtomato ACC neurons were
pyramidal type located in layer II/III possessing an
apical dendrite extending to layer I. Immunoreactivity
of GRM2-tdtomato neurons showed no overlap with
parvalbumin or somatostatin, markers typical of cortical
inhibitory interneurons. In contrast, these markers were
previously found co-expressed with group I mGluRs in
several supraspinal areas, supporting the idea that group
I and group II mGluRs may be expressed on distinct
populations of neurons.56–58

Identified GRM2-tdtomato and tdtomato-negative
pyramidal layer II/III ACC neurons in brain slices
were targeted for recording. In the naive animals,
GRM2-tdtomato ACC neurons displayed a significantly
higher action potential threshold, lower action potential
peak, and more AHP than tdtomato-negative pyramidal
neurons, all of which are indicative of lower basal excit-
ability. We then determined that both peripheral inflam-
mation and neuropathic injury sensitized GRM2-
tdtomato ACC neurons measured by an increased
neuronal discharge upon stimulation. Interestingly,
inflammation or neuropathic injury produced different
proportions of sensitized GRM2-tdtomato ACC neu-
rons, with CCI producing twice the proportion of sensi-
tized neurons compared to CFA. This difference could
be related to the duration of the injuries: 24 h for CFA
versus 7 to 10 days for CCI; or the extent of body area
affected by the injuries: the plantar hind paw for CFA
versus more of the hind limb for CCI; or it may reflect
the differential regulation of gene expression within
nociceptive neurons by inflammatory versus neuropathic
models.59 Altogether, the proportionality suggests a
capacity of the ACC to become dynamically engaged
based on the quality or magnitude of a specific
trauma, as has been previously suggested.60 This is also
consistent with our finding that sham surgery, which
involved incision and freeing the nerve, produced a
greater proportion of sensitized neurons than observed
in naive mice.

The greater capacity for action potential discharge
exhibited after either inflammatory or neuropathic
injury in GRM2-tdtomato ACC neurons may be due in
part to changes in intrinsic membrane properties as well
as increased excitatory input from presynaptic connec-
tions. Sensitized GRM2-tdtomato ACC neurons showed
no signs of ongoing or spontaneous action potentials
after either inflammatory or neuropathic injury,
only hypersensitivity in response to stimulation.
Interestingly, changes in intrinsic membrane properties,
such as rheobase and threshold, suggest a more robust

membrane hyperexcitability after inflammation than
after CCI, despite a greater overall number of sensitized
neurons observed after CCI. We hypothesize that under
more chronic pain models, the regulation of hypersensi-
tivity in ACC neurons shifts to become maintained
partly from circuit level mechanisms that emerge over
time. Consistent with this idea, in vivo recordings after
CCI from layer II/III ACC neurons displayed synchrony
of subthreshold membrane oscillation that was depen-
dent on local electrical coupling which developed only
after seven days postinjury.61 Synchronized oscillatory
could contribute to enhancement of discharge in
GRM2-tdtomato ACC pyramidal neurons from neuro-
pathic animals upon stimulation or synaptic input from
thalamocortical projections.62

The ACC receives nociceptive input from midline
thalamic nuclei including the centrolateral thalamus
and mediodorsal thalamus.63–65 Previous studies have
shown that pain models trigger the development of syn-
aptic plasticity in the ACC.66–69 Both presynaptic and
postsynaptic mechanisms are involved in the onset and
maintenance of pain-induced synaptic plasticity in ACC
including altered presynaptic transmitter release proba-
bility and postsynaptic alpha-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptor density.11,67,70

In addition to ionotropic glutamate receptors, there is
also evidence that functional group I mGluRs contribute
to synaptic plasticity in layer II/III ACC.16 Activation of
group I mGluRs could induce long-term depression
(LTD) in the ACC and could restore loss of LTD
caused by injury.71 Here, we show that excitability in
GRM2-tdtomato ACC neurons sensitized after inflam-
matory and neuropathic injury is suppressed by the
group II mGluR agonist APDC. In contrast, naive
GRM2-tdtomato neurons showed no changes to intrinsic
excitability or action potential discharge after bath expo-
sure to APDC. These results indicate the presence of
functional group II mGluRs on postsynaptic neurons
in ACC that can be targeted selectively during pain,
suggesting a pharmacological strategy for regulating
excitability of these neurons in vivo.

In summary, GRM2-tdtomato pyramidal neurons in
layer II/III of the mouse ACC become sensitized by
inflammatory and neuropathic injury. These neurons
possess functional group II mGluR receptors the activa-
tion of which suppressed the increased action potential
discharge observed after injury but did not affect mem-
brane properties or discharge under basal conditions.
Future studies directed at characterizing the input path-
ways to GRM2-tdtomato ACC neurons as well as their
downstream connections will improve our understand-
ing of how these neurons are integrated into nociceptive
and emotional circuitry. Drug discovery for mGluRs is
an active area of research and clinical trials of mGluR2/3
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agonists have already been approved demonstrating a

promising safety profile.21 Therefore, such studies

could provide additional mechanistic rationale for the

use of group II mGluR agonists and allosteric modula-

tors to treat pain and psychiatric disorders.
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