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In the mammalian CNS, excessive release of glutamate and overactivation of glutamate receptors are responsible for the secondary
(delayed) neuronal death following neuronal injury, including ischemia, traumatic brain injury (TBI), and epilepsy. The coupling of
neurons by gap junctions (electrical synapses) increases during neuronal injury. We report here that the ischemic increase in neuronal
gap junction coupling is regulated by glutamate via group II metabotropic glutamate receptors (mGluRs). Specifically, using electrotonic
coupling, Western blots, and siRNA in the mouse somatosensory cortex in vivo and in vitro, we demonstrate that activation of group II
mGluRs increases background levels of neuronal gap junction coupling and expression of connexin 36 (Cx36) (neuronal gap junction
protein), and inactivation of group II mGluRs prevents the ischemia-mediated increases in the coupling and Cx36 expression. We also
show that the regulation is via cAMP/PKA (cAMP-dependent protein kinase)-dependent signaling and posttranscriptional control of
Cx36 expression and that other glutamate receptors are not involved in these regulatory mechanisms. Furthermore, using the
analysis of neuronal death, we show that inactivation of group II mGluRs or genetic elimination of Cx36 both dramatically reduce
ischemia-mediated neuronal death in vitro and in vivo. Similar results are obtained using in vitro models of TBI and epilepsy. Our
results indicate that neuronal gap junction coupling is a critical component of glutamate-dependent neuronal death. They also suggest
that causal link among group II mGluR function, neuronal gap junction coupling, and neuronal death has a universal character and
operates in different types of neuronal injuries.

Introduction
Gap junctions (which are morphological correlates of electrical
synapses) are intercellular channels between two neighboring
cells that allow direct diffusion of ions and small molecules (Ben-
nett and Zukin, 2004). The channels are made of proteins known
as connexins, which are encoded in mammals by a family of 21
connexin genes (Söhl et al., 2005), and connexin 36 (Cx36) is the
main neuronal connexin (Belluardo et al., 2000; Rash et al.,
2000). In the developing mammalian CNS, coupling of neurons
by gap junctions and the expression of Cx36 transiently increase
(usually during the first 2 postnatal weeks) (Park et al., 2011) and
play a role in a number of developmental events, including the
regulation of neuronal death (Cusato et al., 2003), neuronal mi-
gration (Lo Turco and Kriegstein, 1991), neuronal differentiation
(Bani-Yaghoub et al., 1999), synaptogenesis, and neural circuit
formation (Peinado et al., 1993; Kandler and Katz, 1995; Perso-
nius et al., 2001). The coupling and expression of Cx36 then

decrease (usually during postnatal weeks 3– 4) (Connors et al.,
1983; Kandler and Katz, 1995; Arumugam et al., 2005). However,
Cx36 expression and coupling increase in the adult CNS follow-
ing neuronal injury such as ischemia (Oguro et al., 2001; de Pina-
Benabou et al., 2005), spinal cord and traumatic brain injury
(TBI) (Chang et al., 2000; Frantseva et al., 2002), epilepsy (Gajda
et al., 2003; Samoilova et al., 2003), and inflammation (Garrett
and Durham, 2008).

It has been suggested previously that excessive release of glu-
tamate and overactivation of glutamate receptors [mainly
NMDA receptors (NMDARs)] are primarily responsible for the
secondary (delayed) neuronal death that occurs during neuronal
injuries (Choi, 1988; Arundine and Tymianski, 2004; Hazell,
2007). Recently, we demonstrated that pharmacological block-
ade and genetic elimination of neuronal gap junctions both
dramatically reduce NMDAR-mediated neuronal death in de-
veloping and mature CNS neurons (de Rivero Vaccari et al., 2007;
Wang et al., 2010; Park et al., 2011). In addition, studying the rat
and mouse hypothalamus and cortex, we established a role for
group II metabotropic glutamate receptors (mGluRs) in mecha-
nisms for the developmental increase in neuronal gap junction
coupling and showed that these mechanisms also directly control
the death/survival mechanisms in developing neurons (Park et
al., 2011). Specifically, we showed that chronic activation of
group II mGluRs augments the developmental increase in neu-
ronal gap junction coupling in vivo and in vitro and makes neu-
rons significantly more susceptible to NMDAR-mediated
excitotoxicity. In contrast, chronic inactivation of group II
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mGluRs prevents the developmental increase in neuronal gap
junction coupling and also prevents NMDAR-mediated neuro-
nal death. However, the mechanisms for increase in neuronal gap
junction coupling during neuronal injury are not known. Fur-
thermore, whether gap junctions contribute to death or survival
in injured neurons is controversial (Perez Velazquez et al., 2003;
Decrock et al., 2009). Given that there is excessive release of glu-
tamate during neuronal injury, in the present study we tested the
hypothesis that, as in development, group II mGluRs control the
injury-mediated increase in neuronal gap junction coupling and,
via regulation of gap junctions, they influence injury-induced
neuronal death.

Materials and Methods
Animal care. The use of animal subjects in these experiments was ap-
proved by the University of Kansas Medical Center Animal Care and Use
Committee. The experiments were conducted in accordance with the
National Institutes of Health guidelines. We used wild-type mice
(C57BL/6) and Cx36 knock-out mice (C57BL/6 background strain). The
Cx36 knock-out was originally created by Dr. David Paul (Harvard Med-
ical School, Cambridge, MA). Mice were genotyped as described previ-
ously (de Rivero Vaccari et al., 2007).

Culture preparation, induction of injuries, and culture treatments. Most
of the experiments were conducted in neuronal cultures and some in
purified glial cultures. Neuronal cultures were prepared as reported pre-
viously (Park et al., 2011) from the somatosensory cortex obtained from
day 16 embryos. Pregnant mice were anesthetized with isoflurane before
embryos were removed. After disaggregation using papain, neurons were
plated on glass coverslips and raised in Neurobasal medium (Invitrogen;
catalog #21103), in which the percentage of neurons reaches �95%. The
medium was supplemented with B-27 (Invitrogen; catalog #17504) and
0.5 mM L-glutamine. The culture medium was changed twice a week.
Most of the experiments were conducted in cultures on day in vitro 25 �
1 d (i.e., at the time when the developmental uncoupling of neuronal gap
junctions and Cx36 downregulation already have occurred) (see Fig. 1 A)
(Arumugam et al., 2005); only small interfering RNA (siRNA) transfec-
tions were done on day in vitro 7, and neurons were taken to the experi-
ments on day in vitro 9, which was done because the transfections
induced neurodegeneration in mature cultures. Purified glial cortical
cultures were prepared and maintained as reported (Park et al., 2011).

To induce oxygen– glucose deprivation (OGD), the cultures were
transferred for 30 min from normal conditions (95% air plus 5% CO2; 10
mM glucose) to OGD conditions (95% N2 plus 5% CO2; no glucose). To
induce hypoosmotic shock, the osmolarity of the culture medium was
reduced for 60 min by 30% (from 290 to 203 mOsm). To induce hydro-
static pressure injury, cultures were placed in a modular chamber, where
an increased pressure (103 mmHg) was generated by filling the chamber
with 95% air plus 5% CO2 for 60 min. To induce epileptic discharges,
4-aminopyridine (voltage-dependent K �-channel blocker; 100 �M) was
added to the culture medium for 60 min and then washed out. Shams for
all injuries included change in the culture medium (with or without
drugs in it), but no injury.

In cultures, the following drugs and concentrations were used: (RS)-
1-aminoindan-1,5-dicarboxylic acid (AIDA) (100 �M), group I mGluR
antagonist; AMPA (25 �M), AMPA receptor agonist; D,L-2-amino-5-
phosphonovalerate (AP5) (100 �M), NMDAR antagonist; (�)-�-
(aminomethyl)-4-chlorobenzenepropanoic acid (baclofen) (20 �M),
GABAB receptor (GABABR) agonist; bicuculline methiodide (20 �M),
GABAA receptor (GABAAR) antagonist; biphenyl-indanone A (BINA) (3
�M), positive allosteric modulator of mGluR2; 8-bromo-cAMP, sodium
salt (8-Br-cAMP) (100 �M), a cell-permeable analog of cAMP that acti-
vates cAMP-dependent protein kinase (PKA); carbenoxolone (25 �M),
nonspecific blocker of gap junctions; 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (10 �M), AMPA receptor antagonist; (S)-3,5-dihydroxyphenylg-
lycine (DHPG) (10 �M), group I mGluR agonist; glutamate (2 �M), gluta-
mate receptor agonist; 3-isobutyl-1-methylxanthine (IBMX) (50 �M),
nonspecific phosphodiesterase inhibitor that increases intracellular cAMP
levels; (9S,10S,12R)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-

oxo-9,12-epoxy-1 H-diindolo{1,2,3-fg:3�,2�,1�-kl}pyrrolo{3,4-i}{1,6}
benzodiazocine-10-carboxylic acid hexyl ester (KT5720) (0.5 �M), blocker
of the activity of PKA; (2S)-2-amino-2-{(1S,2S)-2-carboxycycloprop-1-yl}-
3-(xanth-9-yl)propanoic acid (LY341495) (2 �M), group II mGluR antago-
nist; (1R,4R,5S,6R)-4-amino-2-oxabicyclo{3.1.0}hexane-4,6-dicarboxylic
acid (LY379268) (2 �M), group II mGluR agonist; (RS)-�-methylserine-O-
phosphate (MSOP) (100 �M), group III mGluR antagonist; muscimol (25
�M), GABAAR agonist; nimodipine (20 �M), blocker of L-type voltage-gated
Ca2� channels; NMDA (50 �M), NMDAR agonist; 3-amino-2-(4-chloro-
phenyl)propanephosphonic acid (phaclofen) (100 �M), GABABR antago-
nist; (RS)-�-cyclopropyl-4-phosphonophenyl glycine (PPG) (10 �M),
group III mGluR agonist; tetrodotoxin (TTX) (2 �M), blocker of voltage-
gated sodium channels. All drugs were obtained from Sigma-Aldrich or
Tocris. In Western blot and electrotonic coupling experiments in cultures, all
agents (e.g., LY379268, LY341495, etc.) were present in the culture medium
for 10 min before, during (30 or 60 min), and 10 min after injury or sham
injury and then washed out.

Photothrombotic focal cerebral ischemia. Ischemia was induced as de-
scribed previously (Wang et al., 2010). Adult (2- to 2.5-month-old) mice
were anesthetized with isoflurane and placed in a stereotaxic frame. The
skull was exposed by incision of the skin. Rose Bengal (1 mg in 100 �l of
sterile saline) was injected intraperitoneally. A fiber optic bundle of a cold
light source (Zeiss 1500; 1.5 mm aperture; 3000 K light intensity) was
placed in the right hemisphere at anteroposterior �1.7 mm and lateral to
midline �2.0 mm from bregma. To activate Rose Bengal, 15 min after its
injection, the brain was illuminated through the intact skull for the fol-

Figure 1. Changes in Cx36 protein expression during development and following ischemia
in vitro. Data from Western blot experiments in neuronal somatosensory cortical cultures are
presented. A, Developmental changes in Cx36 expression. B, OGD-induced changes in Cx36
expression in mature cultures [day in vitro 25 (DIV25)]. Duration of OGD was 30 min. A repre-
sentative blot (above) and statistical data (below) are shown. In both graphs, optical density
signals are normalized relative to tubulin and compared with the control (day in vitro 1 in A;
pre-OGD condition in B; set at 1.0). Statistical analysis was as follows: ANOVA with post hoc
Tukey relative to the control; n � 6 (A) and 5–11 (B) per group; data are shown as mean �
SEM. NS, Nonsignificant.
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lowing 30 min. Sterile saline or drugs (dissolved in saline) were injected
to animals intraperitoneally in doses as described below in the paper. In
all drug treatment and ischemic experiments, an analgesic was used to
reduce possible pain reactions (buprenex; 2 mg/kg).

Electrotonic coupling. Experiments were conducted as described in de-
tail previously (Park et al., 2011). Briefly, the pipette solution contained
the following (in mM): 145 KMeSO4, 10 HEPES, 2 MgCl2, 0.1 CaCl2, 1.1
EGTA, 2 Na-ATP, and 0.3 Na-GTP, pH 7.2, 3–7 M� electrode resistance.
Cells were patched using Multiclamp 700-B amplifier and pCLAMP10
software (Molecular Devices). To determine electrotonic coupling, dual
whole-cell current-clamp recordings were conducted in cultures from
pairs of neurons. Because in cell cultures different cell types are morpho-
logically indistinguishable and electrophysiological characterization of
cell types is not elaborated, neurons were chosen randomly. Test current
steps (500 ms, �100 pA) were applied to cell 2 (injected cell) and elec-
trotonic responses were detected in cell 1 (noninjected cell). Recordings
were done at a holding potential of �65 mV. Data were analyzed off-line
with Clampfit 10 (Molecular Devices). The coupling coefficient was cal-
culated as the response amplitude in the noninjected cell (cell 1) divided
by the amplitude in the injected cell (cell 2). Incidence of electrotonic
coupling was calculated as percentage of neuronal pairs that demon-
strated the coupling. Cells were considered as coupled if the coupling
coefficient was �1.6%. Only one pair of neurons per coverslip was tested.

Western blots. Experiments were performed as reported in detail pre-
viously (Arumugam et al., 2005; Park et al., 2011). Briefly, the primary
somatosensory cortex (obtained from the right ischemic region, right
sham region, or left contralateral region) or cortical cultures were ho-
mogenized in a lysis buffer, and total protein was determined using the
Bio-Rad DC protein assay method. Fifty micrograms of protein was
loaded in each lane, transferred to 0.45 �m polyvinylidene difluoride
membrane, and processed with a blocking solution and antibodies.
Rabbit anti-Cx36 (0.5 �g/ml; Zymed; catalog #51-6300), rabbit anti-
connexin 43 (Cx43) (0.2 �g/ml; Zymed; catalog #71-0700), rabbit anti-
mGluR2 (0.5 �g/ml; Millipore; catalog #AB9209), rabbit anti-mGluR3 (0.5

�g/ml; Sigma-Aldrich; catalog #G1545), and mouse anti-tubulin (1:10,000;
Sigma-Aldrich; catalog #T6793) were used as the primary antibodies, and
they were visualized with horseradish peroxidase-conjugated anti-rabbit an-
tibody (1:10,000; Zymed; catalog #G21234) or anti-mouse IgG antibody
(1:10,000; Sigma-Aldrich; catalog #M5899). Signals were enhanced using
ECL detection reagents (GE Healthcare). Band optical density was
determined by using Quantity One quantification analysis software
4.5.2 (Bio-Rad). All optical density signals were normalized relative to
tubulin and experimental samples were compared with controls (set
at 1.0). Tubulin levels per unit of total protein did not vary signifi-
cantly among samples used in this study.

Figure 2. Ischemic increase in neuronal gap junction coupling in vitro is regulated by glutamate via group II mGluRs and is action potential-dependent. Data from experiments in wild-type mouse
mature neuronal somatosensory cortical cultures are shown. All pharmacological agents were present in the culture medium for 10 min before, during, and 10 min after OGD or sham OGD and then
washed out. The analysis was done 2 h after OGD or sham OGD. A, B, Electrotonic coupling. Statistical data and representative traces (a1, b1) are shown. Presented are the incidence of electrotonic
coupling and the coupling coefficient. Statistical analysis was as follows: Fisher’s exact probability test (A; see Table 1 for the number of samples) and ANOVA with post hoc Tukey (B; responses from
all of the tested pairs are included in the analysis). C–E, Western blots: Cx36 expression. Statistical data and representative blots (c1– e2) are shown. Optical density signals are normalized relative
to tubulin and compared with the control (set at 1.0). Statistical analysis was as follows: ANOVA; n � 6 –15 per group. In all graphs, statistical significance is shown relative to control (i) and
nontreated plus OGD (ii). In B–E, the data are shown as mean � SEM. Glu, Glutamate.

Table 1. Incidence of electrotonic coupling in mature neuronal somatosensory
cortical cultures under different experimental conditions

Conditions
No. of tested
neuronal pairs

No. of coupled neuronal
pairs

WT cultures
Sham OGD

Control 26 0
LY379268 (2 �M) 23 4 (i) p � 0.042
LY341495 (2 �M) 24 0 (i) NS

OGD
Nontreated 32 7 (i) p � 0.013
LY379268 (2 �M) 25 10 (i) p � 0.0003, (ii) NS
LY341495 (2 �M) 40 1 (i) NS, (ii) p � 0.019

Cx36 knock-out cultures
Sham OGD

Control 15 0
LY379268 (2 �M) 18 0

OGD
Nontreated 18 0

Statistical analysis was as follows: Fisher’s exact probability test, shown relative to control (i) and nontreated plus
OGD (ii) in wild-type cultures. NS, Nonsignificant.
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siRNA. Experiments were conducted as described in detail previously
(Park et al., 2011). The mGluR2 and mGluR3 siRNAs were purchased
from Dharmacon RNAi Technology (catalog #M-080176-00 and
L-094437-01, respectively). Each siRNA consisted of four pooled 19 nt
duplexes and was used in a final concentration of 50 nM. Cells were
transfected using Lipofectamine 2000 (Invitrogen) 48 h before the induc-
tion of OGD and were processed for Western blot analysis 2 h after OGD.
Both transfections effectively reduced protein levels. Scrambled siRNAs
were used as controls and were ineffective.

Reverse transcription–quantitative real-time PCR. Experiments were per-
formed as reported previously (Park et al., 2011). Total RNA was isolated
from cultures using Trizol method (Invitrogen). Total RNA (1 �g) was
reverse transcribed with oligo-dT primers and the SuperScript II kit (Invit-
rogen) according to the manufacturer’s instructions. One microliter of the
reverse transcription reaction material was used as template for reverse tran-
scription–quantitative real-time PCR (RT-qPCR) using a Bio-Rad iCycler in
a total volume of 20 �l with SYBR Green PCR Master Mix (Applied Biosys-
tems) and amplified for 40 cycles for 15 s at 95°C and for 20 s at 60°C. The
following primer pairs were used: mouse Cx36, 5�-CCAGTAAGGAGACA
GAACCAGAT-3� (sense) and 5�-GATGATGTAGAAGCGGGAGATAC-3�
(antisense); mouse �-actin, 5�-GATGGTGGGAATGGGTCAGAA-3�
(sense) and 5�-CTCATTGTAGAAGGTGTGGTGC-3� (antisense). In all ex-
periments, Cx36 mRNA signals were normalized to �-actin mRNA signals,
and normalized values were compared with controls (set at 1.0). �-Actin
levels did not vary significantly among samples used in this study.

Methyl thiazolyl tetrazolium assay. Neuronal viability in cultures was
quantitatively evaluated by methyl thiazolyl tetrazolium (MTT) assay as
reported previously (Park et al., 2011). Cultures were raised in 24-well
plates. In all tests, LY341495 and carbenoxolone were added to the cul-
ture medium before induction of injury and remained in the medium
during and for 24 h after the induction of injury, after which the cells
were taken for analysis. Neurons were incubated with MTT (MTT Cell
Viability Assay kit; Biotium; 40 �M, 400 �l per well) at 37°C for 4 h. Then
the medium was carefully aspirated and 400 �l of DMSO per well was

added to dissolve the blue formazan product. To measure the absor-
bance, 200 �l of the medium from each well in 24-well plate were trans-
ferred into an independent well in a 96-well plate. The values of
absorbance at 570 nm were measured using a microplate reader
(�Quant; Bio-Tek). Furthermore, as indicated above, we used the cul-
tures that were mostly neuronal (up to 95%). However, to control spe-
cifically for neuronal cell death, a separate group of cultures was
subjected to a high concentration of glutamate (500 �M) for 24 h that
killed all neurons, but did not affect glial cell survival. The absorbance in
these purified glial cultures was measured, averaged, and the result was
subtracted from the individual absorbance data in neuronal culture
groups so that the final result would represent only neuronal death/
survival. Finally, the absorbance results in experimental groups were
normalized to control groups.

Fluoro-Jade B staining. This staining is selective and highly sensitive for
identification of degenerating neurons (for details, see Wang et al., 2010).
Staining was conducted as reported previously (Wang et al., 2010). Ani-
mals were anesthetized and transcardially perfused with PBS (0.01 mol/L;
100 ml) followed by a perfusion with 4% paraformaldehyde (dissolved in
50 ml of PBS; pH 7.4). The brains were removed. Fifty-micrometer-thick
coronal sections were cut with a Leica VT1000S vibratome and mounted
on gelatin-coated slides. The sections were hydrated in alcohol, incu-
bated with potassium permanganate (0.006%; 10 min), incubated with
Fluoro-Jade B (0.001%; 30 min), rinsed, and air-dried. The staining was
visualized using a Nikon Eclipse 80i fluorescent microscope, FITC filter,
and Photometrics ES2 digital camera. The ischemic cortical region was
outlined and the total number of stained pixels was measured in the
outlined region using a densitometric thresholding technique imple-
mented with NIH ImageJ software. The threshold was set at a level just
above that which would have counted background and nonspecific stain-
ing in areas outside the outlined region. The analysis was done in five
cortical sections (including �1.5, �1.6, �1.7, �1.8, and �1.9 mm from
bregma), and data were averaged for five sections. The staining analysis
was done by a person blinded to experimental groups. Since Fluoro-Jade

Figure 3. Group I and group III metabotropic glutamate, AMPA, NMDA, GABAA, and GABAB receptors are not involved in the ischemic regulation of Cx36 expression. Pharmacological treatments
were performed in wild-type mouse mature neuronal cortical cultures that were subjected to OGD or sham OGD followed by assessment of Cx36 protein expression 2 h after OGD or sham OGD (see
text for details on the used drug concentrations; all agents were present in the culture medium for the time as described for Fig. 2). A–E, Analysis of the role of group I and III mGluRs, NMDARs, and
GABABRs (A, B), AMPA receptors (C), and GABAARs (D, E). Statistical data and representative blots (a1– e2) are shown. Optical density signals are normalized relative to tubulin, and normalized
values are compared with the control (set at 1.0; not shown in B). In all graphs, statistical analysis was as follows: ANOVA with post hoc Tukey; statistical significance is shown relative to control (i)
and nontreated plus OGD (ii); n � 5–13 per group; the data are shown as mean � SEM. Bic, Bicuculline; Musc, muscimol; Nimod, nimodipine.
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B has an excellent sensitivity and selectivity for identification of degen-
erating neurons, no additional costaining with neuronal markers was
necessary.

Statistical analysis. Data were analyzed using the two-tailed Stu-
dent’s t test (paired, when possible), ANOVA with post hoc Tukey’s or
Fisher’s exact probability test, and InStat software (GraphPad Soft-
ware). The number of samples indicated for in vitro experiments
(including Western blot, siRNA, RT-qPCR, and MTT) represents the
number of plate wells/coverslips with cells obtained at least from
three independent cell culture preparations. The number of samples
indicated for experiments in animals represents the number of ani-
mals. Data are reported as mean � SEM.

Results
Regulation of neuronal gap junction coupling during
ischemia in vitro
To determine changes during neuronal injury in neuronal gap
junction coupling and expression of Cx36, we used OGD (see
Materials and Methods), which is considered an in vitro model of
ischemia (Lobner and Choi, 1994). Tests were done in wild-type

mouse neuronal somatosensory cortical
cultures after their maturation (Fig. 1A).
We used Western blots to examine Cx36
protein expression and electrotonic cou-
pling to analyze the coupling coefficient
and incidence of electrotonic coupling
(see Materials and Methods). As expected,
OGD increased the levels of Cx36 protein
(maximum at 2 h after OGD), the cou-
pling coefficient, and the incidence of
electrotonic coupling (Figs. 1B, 2A–C),
suggesting increased neuronal gap junc-
tion coupling.

We tested the role of chemical neu-
rotransmitter receptors in the ischemic
increase in neuronal gap junction cou-
pling. In general, if a receptor contributes
to the ischemia-mediated increase in cou-
pling, the following events must occur: re-
lease of the corresponding endogenous
neurotransmitter by ischemic cells, in-
crease in background levels of coupling
and Cx36 expression by activation of the
receptor, and prevention of the ischemia-
mediated increases in coupling and Cx36
expression by receptor blockade. Depend-
ing on the amount of endogenous neu-
rotransmitter released and the amount of
receptors occupied by the neurotransmit-
ter during ischemia, administration of the
receptor agonist may or may not augment
the ischemic increases in coupling and
Cx36 expression. Excessive and rapid
(10 – 45 min) release of glutamate has
been found in neuronal cortical cultures
during and after OGD (Lobner and Choi,
1994) and in the rat brain after focal cere-
bral ischemia (De Cristóbal et al., 2001;
Yoshioka et al., 2009). We have previously
shown that group II mGluRs regulate the
transient increase in neuronal gap junc-
tion coupling during development and
that activating these receptors leads to in-
creased Cx36 expression in mature neu-
rons (Park et al., 2011). Therefore, we

tested whether group II mGluRs regulate the increase in neuronal
gap junction coupling following ischemia.

In cortical cultures, activation of group II mGluRs (with
LY379268; 2 �M) increased background levels of Cx36 and neu-
ronal gap junction coupling (Fig. 2A–C, Table 1). Inactivation of
these receptors (with LY341495; 2 �M) did not affect background
levels of Cx36 and gap junction coupling (which were already low
in mature cultures), but prevented the OGD-mediated increase
(Fig. 2A–C, Table 1). Administration of glutamate (2 �M; an
endogenous agonist for all glutamate receptors) also increased
background Cx36 levels, and this effect was prevented by inacti-
vation of group II mGluRs (Fig. 2D). Furthermore, the blockade
of action potentials with TTX (2 �M; a voltage-gated sodium
channel blocker) did not preclude LY379268 from increasing the
background levels of Cx36, but prevented the OGD-induced
Cx36 upregulation (Fig. 2E). From these data, we conclude that
action potential-dependent synaptic release of glutamate regu-
lates the OGD-mediated increases in neuronal gap junction cou-

Figure 4. Increase in Cx36 expression after photothrombotic focal cerebral ischemia is regulated by group II mGluRs. Data from
Western blot experiments in the primary somatosensory cortex of adult wild-type mice are presented. A–C, Statistical data and
representative blots (a1– c2) are shown. In A, “C” indicates contralateral cortex (left hemisphere), and “I” indicates ipsilateral
cortex (right hemisphere), which also is ischemic. In B and C, all data are from the ipsilateral cortex: nonischemic (B) and ischemic
(C). In all experiments, optical density signals are normalized relative to tubulin and compared with the control: contralateral
cortex (A), saline ipsilateral (B), and saline contralateral (C; not shown); set at 1.0. Statistical analysis was as follows: Student’s t
test; shown relative to the contralateral cortex (A) and saline ipsilateral (B, C); n � 6 –10 per group; data are shown as mean �
SEM. Injections were as follows: saline (100 �l), LY379268 (10 mg/kg; in 100 �l of saline), LY341495 (5 mg/kg; in 100 �l of saline);
in B, each injection was single; in C, two injections were done (immediately before and immediately after the induction of
ischemia).
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pling and Cx36 expression, the regulation is via activation of
group II mGluRs, and these receptors likely are postsynaptic (as
suggested by the TTX data).

A number of other neurotransmitter receptors may regulate
neuronal gap junction coupling (Hatton, 1998; Arumugam et al.,
2005). However, neither background levels of Cx36 were affected
by activation of NMDARs, group I mGluRs, group III mGluRs or
GABABRs (with 50 �M NMDA, 10 �M DHPG, 10 �M PPG, and
20 �M baclofen, respectively) (Fig. 3A) nor the OGD-induced
increases in Cx36 expression were prevented by inactivation of
these receptors (with 100 �M AP5, 100 �M AIDA, 100 �M MSOP,
and 100 �M phaclofen, respectively) (Fig. 3B). This suggests that
these receptors are not involved in the OGD-dependent regula-
tion of Cx36.

Inactivation of AMPA receptors (with CNQX; 10 �M) pre-
vented the OGD-mediated increase in Cx36 expression (Fig. 3C).
However, their activation (with AMPA; 25 �M) did not affect
background Cx36 levels (Fig. 3C). Therefore, we believe that
AMPA receptors do not play a role in the ischemic regulation of
Cx36, and the effect of CNQX in decreasing Cx36 expression is
most likely through a decrease in the general level of electrical
activity in cultures (i.e., similar to the effect of TTX) (Fig. 2E).

Our previous studies in developing neurons showed (Park et
al., 2011) that GABAARs negatively regulate the transient devel-
opmental increase in neuronal gap junction coupling via
GABAAR-mediated excitation and influx of Ca 2� through L-type
voltage-gated Ca 2� channels. In the present study in mature neu-
rons, inactivation of GABAARs (with bicuculline; 20 �M) in-
creased background levels of Cx36 (Fig. 3D). However, the
increase was prevented by blockade of group II mGluRs, indicat-
ing that this was caused by disinhibition-mediated release of glu-
tamate from neurons and activation of group II mGluRs rather
than via direct effect. In addition, activation of GABAARs (with
muscimol; 25 �M) prevented the OGD-mediated increase in
Cx36 expression (Fig. 3E). However, this effect was not altered by
blockade of L-type voltage-gated Ca 2� channels (with nimodip-
ine; 20 �M), suggesting that the muscimol effect is not due to
GABAAR-mediated excitation, but rather is due to inhibition of
the general level of electrical activity (again, similar to the effect of
TTX) (Fig. 2E). Considering these findings, we conclude that
GABAARs are not involved directly in the ischemic regulation of
neuronal gap junctions.

Regulation of neuronal gap junction coupling during
ischemia in vivo
To determine whether group II mGluRs also regulate neuronal
gap junction coupling during ischemia in vivo, we used photo-
thrombotic focal cerebral ischemia in adult wild-type mice (see
Materials and Methods) and measured Cx36 protein levels in the
ischemic region (right primary somatosensory cortex) and the
corresponding unaffected contralateral region. The expression of
Cx36 was increased in the ischemic region 2 h after ischemia
followed by a decrease (Fig. 4A). In nonischemic mice, an intra-
peritoneal injection of group II mGluR agonist (LY379268) ele-
vated background levels of Cx36 2 h after injection (Fig. 4B).
Injection of an antagonist (LY341495) did not have an effect (Fig.
4B). However, the antagonist completely abolished the ischemic
increase in Cx36 expression (Fig. 4C). These data support the in
vitro findings (see above) that the ischemic increase in neuronal
gap junction coupling is regulated via activation of group II
mGluRs.

Cellular mechanisms for ischemic increase in neuronal gap
junction coupling
It has been established previously (Conn et al., 2005) that group II
mGluRs include mGluR2 and mGluR3 and that activation of
these receptors suppresses cAMP/PKA-dependent signaling. In
mature neuronal cortical cultures, we used administration of
8-Br-cAMP plus IBMX (100 �M plus 50 �M; a cell-permeable
analog of cAMP plus a nonspecific phosphodiesterase inhibitor)
and KT5720 (0.5 �M; a blocker of the activity of PKA) to increase
and decrease, respectively, the activity of cAMP/PKA-dependent
signaling. We also used Western blot analysis to confirm that the
ischemic regulation of neuronal gap junctions is via cAMP/PKA.
The effect of activation of group II mGluRs (i.e., increased back-
ground Cx36 levels) was mimicked by blockade of PKA and was
prevented by elevation in cytoplasmic cAMP (Fig. 5A). Further-
more, the effect of inactivation of group II mGluRs (i.e., reduc-
tion of the OGD-mediated Cx36 upregulation) was mimicked by
elevation in cytoplasmic cAMP levels and prevented by blockade
of the activity of PKA (Fig. 5B). This confirmed that the regula-
tion by group II mGluRs is via cAMP/PKA-dependent signaling.

We also tested the importance of mGluR2 versus mGluR3.
First, we used an siRNA approach in neuronal cortical cultures.
Because siRNA transfections induced neuronal death in mature
cultures, day in vitro 7–9 cultures were used (see Materials and
Methods). The experiment showed that genetic suppression of
both mGluR2 and mGluR3 prevented the OGD-mediated in-
crease in Cx36 expression (Fig. 6A,B). Second, to determine
whether there are developmental changes, between days in vitro 7
and 25, in the expression of mGluR2 and mGluR3, we used West-
ern blots and observed no changes and decreases in the levels of
mGluR2 and mGluR3, respectively (Fig. 6C). Finally, selective
agonists and antagonists for mGluR2 and mGluR3 and positive

Figure 5. The ischemic regulation of Cx36 by group II mGluRs is through cAMP/PKA-
dependent signaling. A, B, Pharmacological treatments were performed in wild-type mouse
mature neuronal cortical cultures that were subjected to sham OGD (A) or OGD (B) followed by
assessment of Cx36 protein expression 2 h after sham OGD or OGD. Statistical data and repre-
sentative blots are shown. Optical density signals are normalized relative to tubulin, and nor-
malized values are compared with the control (set at 1.0; not shown in B). Statistical analysis
was as follows: ANOVA with post hoc Tukey; statistical significance is shown relative to control
(i), nontreated plus OGD (ii), LY379268 alone (iii), and LY341495 alone (iv); n � 7–11 per
group; data are shown as mean � SEM. Treatments were as follows: PKA(�), activation of the
cAMP/PKA-dependent signaling by 8-Br-cAMP plus IBMX (100 �M plus 50 �M); PKA(�), block-
ade of the activity of PKA with KT5720 (0.5 �M); LY379268, 2 �M; LY341495, 2 �M; all agents
were present in the culture medium for the time as described for Figure 2.
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allosteric modulators for mGluR3 are not
available, but we tested a positive alloste-
ric modulator of mGluR2, BINA (3 �M),
to see whether it potentiates the effect of
OGD on Cx36 expression. Five-minute-
long OGD or BINA treatment (50 min)
alone did not have an effect on Cx36 levels
(as measured using Western blots 2 h after
OGD or BINA administration); however,
the expression of Cx36 was increased
when 5 min OGD was given in the begin-
ning of a 50 min BINA treatment (Fig.
6D). Together, these data suggest that the
mGluR2 is important for the ischemic
control of Cx36 expression. Given the de-
velopmental decrease in mGluR3 expres-
sion, the role of this receptor in Cx36
regulation during ischemia seems less
likely than that of mGluR2; however, it
cannot be completely ruled out.

Specificity of the mechanisms for
increase in neuronal gap junction
coupling
We examined whether regulation by group
II mGluRs is specific for neuronal Cx36-
containing gap junctions. First, electrotonic
coupling was measured in neuronal cortical
cultures prepared from Cx36 knock-out
mice. As expected, the coupling was not ob-
served in Cx36-deficient neurons, and re-
mained absent following OGD or treatment
with group II mGluR agonist (Fig. 7A,B;
Table 1), both of which increase the cou-
pling in wild-type neurons (Fig. 2A,B). Sec-
ond, using purified glial cortical cultures
and the primary somatosensory cortex
(both obtained from wild-type mice), we
performed Western blots to examine the ex-
pression of Cx43, a presumptive astrocytic
connexin (Rash et al., 2000). Cx43 levels
were increased 2 h after ischemia both in
vitro and in vivo (Fig. 7C,D). However,
background levels of Cx43 and ischemia-
mediated increases were not altered by, re-
spectively, activation and inactivation of
group II mGluRs. Furthermore, back-
ground Cx43 levels were not altered by ad-
ministration of glutamate in vitro (Fig. 7E).

Figure 6. The role of mGluR2 versus mGluR3 in the ischemic control of Cx36 expression. Data from siRNA (A, B) and Western blot
(A–D) experiments in wild-type mouse neuronal cortical cultures are shown. A, B, Transfections were done on day in vitro 7 (DIV7),
followed by OGD or sham OGD on DIV9 and Western blot analysis 2 h after OGD/sham OGD. In sham OGD conditions (control), siRNA
suppression of mGluR2 (A) and mGluR3 (B) decreases the receptor protein levels but does not significantly affect background levels
of Cx36. Following OGD, the cells transfected with scrambled siRNA (SCR siRNA) demonstrate increased Cx36 expression, but this
increase does not occur in cells transfected with active siRNA (either mGluR2 or mGluR3). C, Developmental changes in the

4

expression of mGluR2 and mGluR3. D, In mature cultures, BINA
(3 �M; 50 min) potentiates the effect of a 5-min-long OGD on
Cx36 expression. In all figures, statistical data and representa-
tive blots (a1– d1) are shown. Optical density signals are nor-
malized relative to tubulin, and normalized values are
compared with the scrambled siRNA in control conditions
(A, B), corresponding DIV7 (C), and control (D), set at 1.0. Sta-
tistical analysis was as follows: ANOVA with post hoc Tukey
(A, B, D); Student’s t test (C); *p 	 0.05, **p 	 0.01, ***p 	
0.001; n � 5–10 (A, B), 4 (C), 3 (D) per group; data are shown
as mean � SEM. Stainings were done sequentially on one
membrane.
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These data are in agreement with previous
studies indicating that the expression of
Cx43 also increases following ischemia
(Danesh-Meyer et al., 2008). However, our
data show that the ischemic regulation of
glial Cx43 is not via glutamate-dependent
mechanisms, and group II mGluRs particu-
larly. Moreover, because no increase in the
coupling occurs in Cx36-deficient neurons
(Fig. 7A,B), these mechanisms are exclusive
for Cx36.

Changes in Cx36 mRNA levels
following ischemia
During development, the increase in neuro-
nal gap junction coupling is regulated by
group II mGluRs via transcriptional regula-
tion of the Cx36 gene (Park et al., 2011). To
determine whether the same regulation oc-
curs during ischemia, we measured Cx36
mRNA levels with RT-qPCR. Surprisingly,
the levels of Cx36 mRNA were not elevated
2 h after ischemia both in vitro and in vivo
(Fig. 8A,B) (i.e., at the time when protein
levels are increased) (Figs. 2C, 4A). In addi-
tion, activation of group II mGluRs did not
affect background Cx36 mRNA levels also
both in vitro and in vivo (Fig. 8A,B). This
suggests that the ischemic increase of Cx36
likely is controlled at the posttranscriptional
level.

Functional implications
Previously, we (Wang et al., 2010) demon-
strated that pharmacological blockade of
neuronal gap junctions and Cx36 knock-
out both dramatically reduce NMDAR-
mediated excitotoxicity and neuronal death
caused by focal cerebral ischemia in adult
mice. Furthermore, we (Park et al., 2011)
showed that chronic inactivation of group II
mGluRs, which prevents transient develop-
mental increase in neuronal gap junction
coupling, also prevents NMDAR-mediated
neuronal death. In the present study, we
tested whether mechanisms regulating isch-
emic increase in neuronal gap junction cou-
pling also regulate ischemic neuronal death.
The amount of neuronal death was mea-
sured using MTT assay in cultures and
Fluoro-Jade B staining in brain sections. In
wild-type mouse cortical cultures, there was substantial amount of
neuronal death 24 h after OGD (Fig. 9A) that was dramatically re-
duced both by blockade of gap junctions with a nonspecific gap
junction blocker, CBX (carbenoxolone) (25 �M), and by inactiva-
tion of group II mGluRs (with LY341495; 2 �M) (i.e., the treatment
that also prevents the OGD-mediated upregulation of neuronal gap
junctions) (Fig. 2A–C). Strikingly, in Cx36 knock-out cultures, the
amount of OGD-mediated neuronal death was statistically insignif-
icant and pharmacological blockade of gap junctions or group II
mGluRs did not have any additional neuroprotective effects (Fig.
9B). Furthermore, in the primary somatosensory cortex of adult
wild-type mice, dramatic neuronal death was detected 48 h after

ischemia (Fig. 9C–F), but was substantially reduced by inactivation
of group II mGluRs (Fig. 9C,G). In Cx36 knock-out mice, the level of
ischemic neuronal death was significantly lower than in wild-type
animals, and inactivation of group II mGluRs did not have any ad-
ditional effects (Fig. 9C,H). From these observations, we conclude
that the ischemic increase in neuronal gap junction coupling is a
critical component of neuronal death mechanisms during ischemia.

Other types of neuronal injury
TBI, spinal cord injury, and epilepsy also demonstrate excessive
release of glutamate and glutamate-dependent excitotoxicity
(Choi, 1988; Arundine and Tymianski, 2004) as well as increased

Figure 7. The regulation by group II mGluRs is specific for Cx36-containing gap junctions. A, B, Electrotonic coupling experi-
ments in Cx36 knock-out (Cx36 KO) mouse mature neuronal somatosensory cortical cultures reveal no coupling between the
neurons. Statistical data for the incidence of electrotonic coupling and the coupling coefficient (A, B, respectively) are presented
(see Table 1 for the number of samples). For comparison, data from the OGD group in wild-type (WT) neuronal cultures from Figure
2, A and B, are included in the boxes. C–E, Cx43 expression. Statistical data and representative blots (c1– e1) from Western blot
experiments in the primary somatosensory cortex obtained from adult wild-type mice (C) and in wild-type mouse mature purified
glial cortical cultures (D, E) are shown. Statistical analysis was as follows: ANOVA with post hoc Tukey; n � 8 (C), 8 –13 (D), and
7–10 (E) per group; data are shown as mean � SEM. Optical density signals are normalized relative to tubulin, and normalized
values are compared with the nonischemic saline (C) and control (D, E), set at 1.0. Experimental conditions and drug concentrations
are the same as in Cx36 experiments (see Figs. 2, 4). In C, all measurements of Cx43 expression were done in the right (ipsilateral)
cortex.
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neuronal gap junction coupling and Cx36 expression (Perez-
Velazquez et al., 1994; Chang et al., 2000; Frantseva et al., 2002;
Gajda et al., 2003; Samoilova et al., 2003). We tested whether
group II mGluRs control the expression of Cx36 and neuronal
death during other types of neuronal injuries too. We used three
in vitro injury models: hypoosmotic shock as a model of cytotoxic
and osmotic edemas that occur during stroke and TBI (Unter-
berg et al., 2004); hydrostatic pressure injury, which represents
mechanical aspects of TBI (Morrison et al., 1998); and adminis-
tration of 4-aminopyridine as a model of epileptic seizures
(Wong and Yamada, 2001). The injuries were induced as de-
scribed in Materials and Methods. Tests were conducted in ma-
ture neuronal cortical cultures using Western blots, RT-qPCR,
and MTT assay to determine the expression of Cx36 protein and
mRNA and the amount of injury-induced neuronal death. As
with ischemia, each of the three injuries induced Cx36 protein
increases 2 h after injury, but did not alter Cx36 mRNA levels
(Figs. 10A,C, 11A,C, 12A,C). The injury-mediated increases in
Cx36 protein were prevented by inactivation of group II mGluRs
(Figs. 10B, 11B, 12B). Furthermore, neuronal death was detected
24 h following each of the three injuries and was dramatically
reduced by inactivation of group II mGluRs or pharmacological
blockade of gap junctions (Figs. 10D, 11D, 12D). Calcium imag-
ing tests confirmed that administration of 4-aminopyridine
causes seizure-like activity (Fig. 12E).

Discussion
We (Park et al., 2011) previously showed that group II mGluRs
control the developmental increase in neuronal gap junction
coupling, which normally occurs during the first 2 weeks of post-
natal development, and that these regulatory mechanisms also
influence death/survival mechanisms in developing neurons. In
the present study, under ischemic conditions in the somatosen-
sory cortex of adult mice and in mature neuronal cortical cul-
tures, we found that group II mGluRs also mediate increased
expression of Cx36 and the concomitant neuronal gap junction
coupling that occurs during the first 2 h after ischemia. Based on
previous studies on postischemic glutamate release (Lobner and
Choi, 1994; De Cristóbal et al., 2001; Yoshioka et al., 2009) and on

our data shown in Figures 2, D and E, and
3D, we suggest that the regulation likely is
via action potential-dependent synaptic
release of glutamate and activation of the
receptors that are postsynaptic. We also
conclude that the increased neuronal gap
junction coupling, mediated by group II
mGluRs, is a critical determinant of the
extent and spread of ischemia-mediated
neuronal death. Experiments using other
injury models in vitro (which represent
some pathological aspects of TBI and ep-
ilepsy) produced essentially identical re-
sults. This suggests that the causal link
among group II mGluR function, neuro-
nal gap junction coupling, and neuronal
death is universal, and operates in differ-
ent types of neuronal injuries.

The data indicate that there are mecha-
nistic similarities underlying the regulation
of Cx36 expression during development
(Park et al., 2011) and neuronal injury
(present study). For example, as in develop-
ment, the regulation of Cx36 by group II
mGluRs in mature injured neurons is via

cAMP/PKA-dependent signaling. Furthermore, in both conditions
(development and injury), other glutamate receptors and GABABRs
do not participate in the increase in Cx36 expression. In addition, the
regulation by group II mGluRs is specific for neuronal gap junctions
in both development and injury, as activation of the receptors does
not induce gap junction coupling in Cx36-deficient neurons and
does not affect the expression of glial Cx43.

However, there are important differences between develop-
mental and injury-dependent regulatory mechanisms. For exam-
ple, while there is a direct negative contribution of GABAARs in
regulation of the developmental increase in Cx36 expression (via
the GABAAR-dependent excitation and control of the Cx36 gene
expression) (Park et al., 2011), GABAARs contribute only indi-
rectly during neuronal injury (likely via GABAAR-dependent in-
hibition of the general level of electrical activity and the synaptic
release of glutamate) (Fig. 3D,E). Furthermore, molecular mech-
anisms for the group II mGluR-dependent increase in Cx36 ex-
pression are different: they include transcriptional regulation via
a neuron-restrictive silencer element in the Cx36 gene promoter
in developing neurons (Park et al., 2011) but involve posttran-
scriptional regulation during neuronal injury (Fig. 8); the latter
may be via mechanisms that include translational regulation or
protein stability, both of which we are currently assessing. In
addition, both mGluR2 and mGluR3 play a role in the develop-
mental increase in Cx36 expression (Park et al., 2011), but the
role of mGluR2 in the ischemic regulation of Cx36 in mature
neurons seems more important than that of mGluR3 (Fig. 6).

Our previous work (Wang et al., 2010) showed that NMDAR-
mediated neuronal death in the brain of adult mice was
dramatically reduced by pharmacological inactivation of Cx36-
containing gap junctions (with a relatively selective blocker me-
floquine) or genetic knock-out of Cx36. In that study, we also
demonstrated that the reduced level of neuronal death in knock-
out animals was not due to the reduced expression of NMDARs,
activity of NMDARs, or permeability of the blood– brain barrier
to NMDA. In addition, NMDAR-mediated neuronal death was
substantially reduced (and, in some cases, prevented) in develop-
ing neuronal cultures by Cx36 knock-out, pharmacological

Figure 8. Cx36 mRNA levels are unchanged 2 h following ischemia or activation of group II mGluRs. Statistical data from
RT-qPCR experiments in wild-type mouse mature neuronal somatosensory cortical cultures (A) and in the primary somatosensory
cortex of adult wild-type mice (B) are shown. Experimental conditions and drug concentrations are the same as in Western blot
experiments in vitro (Fig. 2) and in vivo (Fig. 4). In both graphs, relative Cx36 transcript levels are normalized to �-actin, and
normalized values are compared with the control (set to 1.0). Statistical analysis was as follows: ANOVA with post hoc Tukey (A, B,
left panels) and Student’s t test (A, B, right panels); shown relative to control (A), contralateral cortex (“C”) (B, left panel), and
ipsilateral cortex (“I”) 2 h after saline injection (“saline”) (B, right panel); n � 5–9 (A) and 4 –7 (B) per group; data are shown as
mean � SEM.
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blockade of gap junctions, or chronic inactivation of group II
mGluRs (i.e., the treatment that also prevents normal develop-
mental increase in neuronal gap junction coupling) (de Rivero
Vaccari et al., 2007; Park et al., 2011). In the present study, using
adult animals and mature cultures, we show that inactivation of
group II mGluRs and genetic knock-out of Cx36 both dramati-
cally reduce neuronal death caused by neuronal injury (Figs.
9 –12). Furthermore, in Cx36-deficient animals/cultures, inacti-
vation of group II mGluRs does not result in an additional reduc-
tion in neuronal death. Together, the results strongly suggest that
neuroprotection is specifically due to blockade of Cx36-containing
gap junctions or inhibition of their regulatory mechanisms. Given
that, in the mature CNS, Cx36-containing gap junctions are re-
stricted largely to GABAergic interneurons and presumably are not
expressed in pyramidal cells (Deans et al., 2001; Hormuzdi et al.,
2001), but the coupling between pyramidal neurons increases within
1 h following neuronal injury (Frantseva et al., 2002), it is possible

that both these neuronal types are subject to neuronal death because
of expression and/or upregulation of neuronal gap junctions. Future
studies will clarify this issue.

In the present work, we did not test the effects of group II
mGluR agonists on death/survival of injured neurons, as this was
done in a number of previous studies by others (Bond et al., 2000;
Movsesyan and Faden, 2006; Beraudi et al., 2007; Yoshioka et al.,
2009). Interestingly, according to those studies, group II mGluR
agonists also have a neuroprotective effect in different models of
neuronal injury, such as ischemia and TBI. However, because the
agonists reduce synaptic release of glutamate (including the
injury-mediated release) (Beraudi et al., 2007; Yoshioka et al.,
2009), it has been proposed that the neuroprotection is via acti-
vation of presynaptic group II mGluRs that decreases glutamate
release and ultimately reduces the amount of neuronal death. In
contrast, according to our data, the regulation of Cx36 is via
postsynaptic receptors (see above). Furthermore, activation of

Figure 9. Inactivation of group II mGluRs and neuronal gap junctions both reduce ischemic neuronal death. A, B, Statistical data from MTT experiments in wild-type (A) and Cx36 knock-out (B)
mature neuronal cortical cultures are shown. Statistical analysis was as follows: ANOVA with post hoc Tukey; shown relative to nontreated plus OGD group; ***p 	 0.001; n � 6 –12 per group. C–H,
Statistical data (C) and representative images (D–H) from Fluoro-Jade B staining experiments in adult mice are shown. All images are taken at bregma �1.7 mm (i.e., at the center of ischemic
injury). Images in D–F are taken from the same brain section and the regions that are boxed in D and E are shown at a higher magnification as E and F, respectively. Saline and LY341495 injections
were done in triplicate: immediately before, immediately after, and 24 h after the induction of ischemia (in doses as in Fig. 4). In C, the number of stained pixels in the ischemic cortical region is
analyzed: ANOVA; statistical difference is shown relative to the saline-treated WT mice (***p 	 0.001) and between saline- and LY341495-treated Cx36 knock-out mice (NS, nonsignificant); n �
4 –7 mice per group; data are shown as mean � SEM. Hipp, Hippocampus; SSp, primary somatosensory cortex; Thal, thalamus.
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group II mGluRs does not cause significant increases in neuronal
gap junction coupling and Cx36 expression above the levels that
already are elevated as a consequence of injury (Figs. 2A–C, 4C,
10B, 11B, 12B). This suggests the possibility that administration
of group II mGluR agonists following injury would not induce
additional gap junction-dependent neuronal death. Thus, both
inactivation and activation of group II mGluRs may be neuro-
protective, but via different mechanisms [i.e., via decrease in
Cx36 expression caused by inactivation of the receptors (likely
postsynaptic) (present study) and via decrease in glutamate re-
lease caused by activation of the receptors (likely presynaptic)
(Beraudi et al., 2007; Yoshioka et al., 2009)].

It has been suggested previously (Choi, 1988; Arundine and
Tymianski, 2004; Hazell, 2007) that glutamate-dependent exci-
totoxicity plays critical role in the secondary (delayed) neuronal
death during different types of neuronal injury. The excitotoxic
mechanisms of glutamate are well characterized and include hy-
peractivation of glutamate receptors (primarily NMDARs), mas-
sive influx of Ca 2� ions, and overactivation of Ca 2�-dependent
signaling pathways that eventually causes death of neurons (Fig.
13A) (Choi, 1988; Arundine and Tymianski, 2004; Hazell, 2007).

However, as discussed above, according to our studies, NMDAR-
mediated neuronal death is reduced dramatically if neuronal gap
junction coupling also is reduced (de Rivero Vaccari et al., 2007;
Wang et al., 2010; Park et al., 2011). Based on our previous data
and the results presented here, we propose a novel model for the
mechanisms of glutamate-dependent excitotoxicity (Fig. 13B).
We postulate that, during neuronal injury, the main determinant
of massive glutamate-dependent neuronal death is not overacti-
vation of NMDARs per se, but rather the presence of neuronal
gap junctions. While overactivation of NMDARs triggers neuro-
degenerative processes, in the absence of neuronal gap junctions
the neurodegeneration is limited to a small group of neurons
[which, for various reasons, may be especially sensitive to excito-
toxicity; see discussion in the study by de Rivero Vaccari et al.
(2007)]. However, in the presence of neuronal gap junctions, the
amount of NMDAR-mediated neuronal death is greatly multi-
plied and death occurs in nearly all (or all) coupled neurons. In
this respect, the background level of neuronal gap junction cou-
pling, normally found in many mature brain regions (Bennett
and Zukin, 2004), is critical for NMDAR-mediated excitotoxicity
to occur and expand. In addition, the activation of group II

Figure 10. Group II mGluRs regulate increase in Cx36 expression and neuronal death during
different types of neuronal injury: hypoosmotic shock (HOS). Data from Western blot (A, B),
RT-qPCR (C), and MTT (D) experiments in wild-type mouse mature neuronal somatosensory
cortical cultures are presented. Experimental conditions, drug concentrations, and analyses are
the same as in OGD experiments shown in Figures 1B, 2C, 8A, and 9A; however, because cultures
were subjected to HOS for 60 min (see Materials and Methods), the drug treatments were 30
min longer than during OGD. Statistical analysis was as follows: ANOVA with post hoc Tukey;
shown relative to control (i) and nontreated plus HOS (ii); n � 5–10 (A), 4 –7 (B), 5 (C), and 10
(D) per group; mean � SEM.

Figure 11. Group II mGluRs regulate increase in Cx36 expression and neuronal death during
different types of neuronal injury: hydrostatic pressure injury (HPI). Data from Western blot
(A, B), RT-qPCR (C), and MTT (D) experiments in wild-type mouse mature neuronal somatosen-
sory cortical cultures are presented. Experimental conditions, drug concentrations, and analyses
are the same as in ischemic experiments shown in Figures 1B, 2C, 8A, and 9A; however, because
cultures were subjected to HPI for 60 min (see Materials and Methods), the drug treatments
were 30 min longer than during OGD. Statistical analysis: ANOVA with post hoc Tukey; shown
relative to control (i) and nontreated plus HPI (ii); n�4 –12 (A), 5–7 (B), 5 (C), and 6 – 8 (D) per
group; data are shown as mean � SEM.
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mGluRs (caused by injury-mediated glutamate release) induces
synthesis of new neuronal gap junctions and these new gap junc-
tions enhance the extent of neuronal death.

We postulate that this is a universal mechanism for glutamate-
dependent neuronal death regardless of the type of neuronal in-
jury: this mechanism operates when glutamate is released by
injured cells. The contribution of gap junctions to cell death likely
is through propagation between the coupled neurons of gap
junction-permeable neurodegenerative signals, for example
NMDAR-, inflammation-, and apoptosis-dependent signals such

as Ca 2�, Na�, and IP3 and presumably others (Cusato et al.,
2006; Decrock et al., 2009; Peixoto et al., 2009). Obviously, non-
Cx36-containing and pannexin-containing gap junctions and/or
hemichannels also may play a role in neuronal death during in-
jury (Oguro et al., 2001; Frantseva et al., 2002; Thompson et al.,
2008). In fact, the ischemia-mediated neuronal death that is seen
in Cx36 knock-out cultures/animals in Figure 9, B and H, may
potentially be due to necrotic and apoptotic mechanisms, with
contribution of non-Cx36-containing gap junctions and hemi-
channels. However, given the amount of neuroprotection pro-
vided by elimination of Cx36 and/or inactivation of the
mechanisms for increase in Cx36 expression, the role for neuro-
nal gap junctions in injury-mediated neuronal death seems to be
substantial.

In conclusion, this study provides new mechanisms for exci-
totoxicity beyond ionotropic glutamate receptors that include
neuronal gap junctions as a critical part of these mechanisms.
Because clinical trials for NMDAR antagonists as neuroprotec-
tive agents largely failed (Ikonomidou and Turski, 2002), our
study suggests that another important therapeutic target for the
development of new neuroprotective agents can be neuronal gap
junction coupling.
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Figure 13. Glutamate-dependent excitotoxicity during neuronal injuries. A, Traditional model of the mechanisms for
glutamate-dependent excitotoxicity. B, Novel model of the mechanisms of glutamate-dependent excitotoxicity. b1, Existing
neuronal gap junctions (GJ) contribute substantially to neuronal death caused by overactivation of NMDARs. b2, New neuronal gap
junctions are induced by activation of group II mGluRs (IImGluRs) and also contribute to glutamate-dependent neuronal death. Q,
This sign indicates the increase. See text for details.
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