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Abstract

Spreading depression (SD) is a self-propagating wave of neuronal and glial depolarization that may occur in virtually any gray matter
region in the brain. One consequence of SD is an increased tolerance to ischemia. It has been shown that during cortical SD ATP is
released into the extracellular space and activation of purinergic receptors leads to the induction of ischemic tolerance. In the present
study we show that depolarization of cultured neurons induces ischemic tolerance which is mediated by purinergic receptor activation.
Depolarization causes the release of ATP into the extracellular medium, which may be prevented by treatment with the connexin hemi-
channel blockers flufenamic acid and quinine, but not the pannexin hemichannel blocker carbenoxolone. Knockdown of connexin 36
expression by siRNA greatly reduces the amount of ATP released during depolarization and the subsequent degree of ischemic tolerance.

We conclude that during depolarization neurons release ATP by way of connexin 36 hemichannels.

© 2008 Elsevier Inc. All rights reserved.
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The resistance of the brain to ischemic injury may be
transiently increased by exposure to a non-injurious pre-
conditioning stimulus. It has been shown that ischemic tol-
erance reprograms the response to ischemia, leading to a
protected state [1]. Cortical spreading depression (CSD)
is a well studied phenomenon in the brain that induces a
substantial degree of ischemic tolerance [2-4]. CSD is
described as a slowly propagating wave of depolarized neu-
rons and glia that causes depressed synaptic activity [5-7].
CSD results in transmembrane redistributions of K", glu-
tamate, Ca’", Na®, and CI', which further lead to cell
swelling and a reduction in the extracellular space. The
induction of CSD has been shown to occur in vivo in the
setting of epileptic seizures [8], hypoxia [9], traumatic brain
injury [10], focal ischemia [11], and migraine [12]. Experi-
mental induction of CSD is accomplished with the use of
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mechanical trauma, electrical stimulation, or the applica-
tion of high potassium or a variety of other chemical agents
[13].

In the brain ATP is known to act as a signaling molecule
where it may influence cellular proliferation and differenti-
ation [14,15]. ATP also modulates the excitability of neu-
rons [16] and is known to alter gene expression [17]. Two
families of purinergic receptors, ligand gated cation chan-
nels (P2X) and G-protein coupled receptors (P2Y), mediate
the effects of extracellular ATP. There are a variety of ways
that ATP may be released in the brain including ruptured
cell membranes, vesicular release from nerve terminals
and passage through an assortment of channels including
voltage-dependent anion channels [18], the cystic fibrosis
transmembrane conductance regulator, CFTR [19], P2X7
receptor-channels [20], connexin 43 hemichannels [21-23],
connexin 32 hemichannels [24], and pannexin I hemichan-
nels [25].

We have previously reported that during CSD ATP is
released into the extracellular space and the activation of
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purinergic receptors contributes to the induction of ische-
mic tolerance [26]. As well, in cultured rat primary cortical
neurons, exposure to extracellular ATP provides protection
against potassium cyanide, a chemical form of hypoxia,
and oxygen glucose deprivation (OGD).

Previous studies have implicated a role for connexins in
various models of preconditioning and ischemic injury.
Connexin 43 hemichannels have been implicated in the
induction of ischemic tolerance in the heart [27] and Naus
et al. [28] found that blocking gap junctions during expo-
sure to glutamate in co-cultures of astrocytes and neurons
resulted in increased neuronal injury. These authors also
report that connexin 43 heterozygous null mice show a sig-
nificantly larger infarct volume following focal ischemia in
the brain. Connexin 36 forms a neuron specific channel in
the brain. When these channels are blocked with various
pharmacological agents such as quinine, quinidine and
mefloquine the progression of CSD waves is inhibited
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[29]. In the present study, we show that potassium chloride
(KCl) induced depolarization results in the release of ATP
from cultured cells by way of connexin 36 hemichannels
and leads to protection against ischemia in vitro. We also
show that activation of the P2Y purinergic receptors as
well as induction of the PKA and PLC signal transduction
pathways are required for the induction of ischemic
tolerance.

Materials and methods

All surgical procedures followed the guidelines of the Canadian
Council for Animal Care and were approved by the Animal Care Com-
mittee of the University of Ottawa.

Primary cortical neuron cultures. Pregnant Sprague-Dawley rats
(Charles River Canada, St. Constant, QC, Canada) at E-15/16 were
anesthetized with halothane and sacrificed by cervical dislocation. Fetuses
were decapitated and the cortical region dissected out and collected under
sterile conditions. Primary cortical neurons were cultured as described
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Fig. 1. Induction of tolerance to in vitro forms of hypoxia by depolarization. (A) Primary cortical cultures were exposed to elevated KCl for 30 min at the
concentrations indicated. After 8 h, cells were exposed to | mM KCN for 4 h. Cell survival was determined 24 h later. All concentrations of KCI provided
significant protection against KCN with 100 mM being the most significant. (B) Induction of tolerance requires time to develop, no protection was seen at
0 and 1 h following pretreatment, maximal protection was seen 8 h following exposure to KCl. (C) Exposure to 100 mM KCI provided protection against
oxygen glucose deprivation. (D) Signal transduction pathways mediating the induction of tolerance to metabolic hypoxia. Cultures were exposed to KCl
(100 mM for 30 min) alone, or in the presence of a signal transduction inhibitor, and returned to normal medium for 8 h before exposure to KCN (1 mM
for 4 h). Cell survival was determined 24 h later. Inhibition of PKA or PLC almost completely eliminates tolerance, whereas inhibition of the PI3 kinase,
ERK or PKA pathways did not show a significant inhibition of protection. A star indicates a statistically significant difference from KCI/KCN treatment
alone. Cultures were also exposed to KCN (1 mM for 4 h) alone, or in the presence of an inhibitor. N = 4.
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previously [26]. The cells were plated on poly-p-lysine (100 pg/ml, Sigma)
dishes in neurobasal medium (Invitrogen) containing N2 and B27 sup-
plements (Invitrogen) and kept for 7 days in vitro (DIV) without replacing
the culture medium in a humidified atmosphere of 95% air and 5% CO, at
37 °C. Cultures were grown for another 6-7 days, with one half of the
medium being changed every 2-3days, before being used in an
experiment.

Cerebellar granule neuron cultures. Cerebellar granule neurons (CGN)
were isolated from 7- to 9-day-old mice, plated and cultured as described
previously [30] on poly-bp-lysine (20 ug/ml; PDL)-coated surfaces in neu-
robasal medium (Invitrogen) containing N2 and B27 supplements (Invit-
rogen). Cells were plated on poly-pD-lysine coated plates at the same
densities as stated above.

Treatment of cultures. Cultures of rat primary cortical neurons were
treated with 100 mM KCl for 30 min and returned to normal medium for
up to 8 h. They were then exposed to oxygen glucose deprivation (OGD,
8 h) or potassium cyanide (KCN, 1 mM, 4 h) and returned to normal
medium. Cell survival was determined 24 h by LDH assay. OGD was
carried out in a hypoxic glove box (Coy Laboratory Instruments, Inc.,
Grass Lake, Michigan). Metabolic hypoxia (KCN) was chosen as a model
to further characterize the protective effects of KCl and identify the signal
transduction pathways involved. Unless otherwise stated, cultures were
pretreated with the compound being tested for 1 h and then exposed to
KCI (100 mM) in the presence of the compound for 30 min. Cultures were
then returned to normal medium for 8 h before exposure to KCN (1 mM)
for 4 h. Cultures were returned to normal medium and the extent of cell
survival determined 24 h later by measurement of lactate dehydrogenase
(LDH) activity released in the media. The LDH assay was performed
using the CytoTox96 Non-Radioactive Cytotoxicity Assay Kit (Promega)
according to the manufacturer’s protocol. Cytotoxicity was determined by
measuring wavelength absorbance at 490 nm. Ischemia induced LDH
release was expressed as a percentage of experimental LDH release/max-
imal LDH release.

ATP measurements. ATP release from cells was measured using the
Adenosine 5'-triphosphate Bioluminescent Assay Kit (Sigma Aldrich)
according to the manufacturer’s instructions. Samples were read using the
SpectraMax luminometer (Molecular Devices). A standard curve was
performed prior to all experiments.

siRNA transfections. Connexin 36 siRNA was purchased from Santa
Cruz Biotechnology containing three target specific sequences. About
10 pmol of siRNAs were transfected into CGN cultures using Lipofect-
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amine 2000 according to the manufacturer’s instructions. Downregulation
and quantitation of connexin 36 mRNA was evaluated 24 h post-trans-
fection using RT-PCR as described previously [17] with the following
primers: Cx36 sense (5-TGTCAATGGGGTGCTCCAGA-3') and Cx36
antisense (5-TCTGCCTTGGGGCTACTTGC-3'). The primers for
GAPDH were: GAPDH sense (5-CATGGCCTTCCGTGTTCCTACCC-
3’) and GAPDH antisense (5-CTTCGGCCGCCTGCTTCA-3).

Statistics. Statistical significance was determined using the Student’s 7-
test of significance of difference of means. Error bars indicate standard
deviation.

Results and discussion

Potassium chloride protects against in vitro models of
ischemia

To determine the protective effects of depolarization in
primary cortical neurons, cultures were exposed to various
concentrations of potassium chloride (KCl) in normal med-
ium. At the concentrations used KCl alone did not induce
any cell death or proliferation (Fig. 1A). To precondition
the cells, cultures were exposed to elevated KCIl for
30 min and returned to normal medium for 8 h [26]. Fol-
lowing this the cells were exposed to potassium cyanide
(KCN) for 4 h. All concentrations tested provided protec-
tion against KCN, but 100 mM provided the greatest
degree of protection and was the concentration used
throughout the duration of this study (Fig. 1A). When cul-
tures were treated with KCN immediately following expo-
sure to KCl for 30 min, there was no significant protective
effect. However, if cultures were returned to normal med-
ium for a period of time before exposure to KCN the pro-
tective effect was maximal after 8 h (Fig. 1B). Cultures were
also exposed to oxygen glucose deprivation for various
times to further characterize the protection by KCl induced
depolarization. Cells were pretreated with 100 mM KCI for
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Fig. 2. Protection afforded by KCl is in part due to the release of ATP and the activation of purinergic receptors. (A) Pretreatment with purinergic
receptor antagonists reduce the protection elicited by KCl. Suramin, a general purinergic receptor antagonist, blocks the protection induced by KCI. The
P2X antagonist, PPADS, slightly but significantly blocks protection whereas the P2Y receptor inhibitor, RB2, almost completely blocks protection. (B)
Application of apyrase, an enzyme that hydrolyzes ATP to AMP, 30 min before treatment with KCIl reduced protection in a dose-dependent manner.

N=4.



S.C. Schock et al. | Biochemical and Biophysical Research Communications 368 (2008) 138144

30 min and returned to normal media for 8 h. Cells were
then exposed to OGD for either 4, 6, or 8 h. A significant
increase in cell survival was also observed in this model
of ischemia for all OGD conditions with the greatest signif-
icance occurring at the 8 h OGD exposure (Fig. 1C). Since
the results for the OGD insult were comparable to that of
the KCN insult, in subsequent experiments KCN was used
to induce ischemic cell death for reasons of convenience.

The PLC and PKA signal transduction pathways play a role
in the induction of ischemic tolerance by depolarization

To identify signal transduction pathways that may be
involved in the induction of tolerance by KCI induced
depolarization, primary cortical neurons were treated with
various kinase inhibitors for 1 h prior to and during expo-
sure to 100 mM KCI for 30 min. The cultures were then
returned to normal medium for 8 h before exposure to
I mM KCN for 4h. Cell survival was determined 24 h
later. Inhibition of MEK 1/2, PKC and PI3K signal trans-
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duction pathways did not significantly affect cell survival
(Fig. 1D). Inhibition of the PKA pathway with Rp-cAMP
reduced cell survival from about 76% to about 35%. As
well, inhibition of the PLC pathway with U73122 also
caused a decrease in cell survival of 39% (Fig. 1D). These
results implicate a role for both the PLC and PKA path-
ways in the induction of tolerance by KCI induced depolar-
ization. In previous experiments the PLC and PKA signal
transduction pathways were also shown to be involved in
the onset of protection against KCN induced cell death
by application of extracellular ATP [26].

ATP is involved in the induction of ischemic tolerance by KCI
depolarization though activation of P2Y purinergic receptors

To test the hypothesis that purinergic receptor activa-
tion is mediating the induction of tolerance by KCl depo-
larization, primary cortical cultures were treated with
either suramin, a general P2 receptor antagonist, PPADS,
a P2X receptor antagonist, or reactive blue 2 (RB2), a
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Fig. 3. Exposure to KCI causes the release of ATP though connexin hemichannels. (A) Primary cortical cultures were exposed to either CBX (50 uM), an
inhibitor of pannexin channels, or FFA (50 M), an inhibitor of connexin channels for 30 min prior to exposure to 100 mM KCI for 30 min. Cells were
returned to normal media for 8 h before exposure to 1 mM KCN for 4 h. Results show that both FFA and CBX significantly block the protection elicited
by KCl pretreatment, although FFA is much more effective. (B) Direct measurement of extracellular ATP released by cortical neuron cultures in response
to KCl induced depolarization. Results show that there is a 7-fold increase in relative light units (RLU) in KCl treated cultures compared to controls. This
increase is blocked by FFA and quin and to a slight degree Cbx. (C) Cells were pretreated with quinine (quin) (50 pM), an inhibitor of connexin 36
channels, and then treated as above. Results show that quin significantly blocks the protection elicited by KCI. (D) DIDS, a chloride channel inhibitor,
also slightly but significantly reduced the RLU compared to KCl treated cultures alone. N = 4.
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P2Y receptor antagonist, for 1 h prior to and during expo-
sure to KCI. Cells were returned to normal medium for 8 h
and then exposed to 1 mM KCN for 4 h and the extent of
cell survival was assessed 24 h later. Suramin (10 uM)
reduced cell survival from 80% to 39% (Fig. 2A). When cul-
tures were exposed to PPADS, there was a significant
reduction in survival of about 20%, indicating that P2X
receptor activation is involved in KCI induced protection.
RB2 caused the protective effect of KCl to be reduced
36% also indicating activation of these receptors during
the induction of tolerance (Fig. 2A).

In order to determine the involvement of ATP in depo-
larization induced tolerance, primary cortical neurons were
pretreated with apyrase at various concentrations prior to
and during application of 100 mM KCIl for 30 min. A
dose-dependent decrease in protection induced by exposure
to KCI was observed with the most significant loss in pro-
tection corresponding to the highest concentration of apy-
rase applied (Fig. 2B). Direct measurement of ATP release
during KCl induced depolarization revealed levels of extra-
cellular ATP approximately 7-fold higher than in control
cultures. According to the standard curve performed,

extracellular ATP levels in control cultures were in the
range of 1-10 nM whereas KCI treated cultures had an
extracellular ATP concentration in the range of 100 nM—
1 uM (Fig. 3C), leading to an approximate release of
225 fmol per cell in a 24 well plate containing 200 pL of
medium.

Connexin channels release ATP during KCI induced
depolarization

To determine how ATP is being released during KCI
induced depolarization, primary cortical neurons were
treated with the pannexin channel blocker, carbenoxolone
(CBX), or the connexin channel blocker, flufluemic acid
(FFA), 1h prior to and during treatment with 100 mM
KCI for 30 min. Cultures were returned to normal med-
ium for 8 h before the addition of KCN for 4 h. Cell sur-
vival was assessed 24 h later. Exposure to CBX prior to
and during depolarization results in a slight but signifi-
cant reduction in cell survival. However, exposure to
FFA almost completely eliminates the protection elicited
by KCl, from about 79% survival to 30% (Fig. 3A). As
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Fig. 4. ATP is released through connexin 36 hemichannels in response to depolarization. (A) RT-PCR showing the reduction in Cx36 mRNA in siRNA
transfected CGN cultures. GAPDH was used as a loading control. (B) Cell survival assay showing the reduction in protection in Cx36 siRNA transfected
cells compared to control siRNA transfected cells. (C) Luciferase measurement of extracellular ATP also showed that transfection of CGN cultures with

Cx36 siRNA reduced ATP release in response to depolarization.
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well, CBX exposure causes a slight but significant reduc-
tion in the release of ATP from KCI treated neurons,
while FFA causes a reduction to control levels in the trea-
ted cultures (Fig. 3B). To determine the involvement of
connexin hemichannels in ATP release cultured neurons
were exposed to the connexin channel blocker quinine
(Quin), which has been shown to specifically block Cx36
channels [31]. Exposure to Quin caused a 25% reduction
in protection elicited by depolarization (Fig. 3C), as well
as completely reducing the release of ATP to that of con-
trol levels (Fig. 3B). A standard curve was performed in
the presence of Quin and compared to the normal stan-
dard curve. Since Quin is also know to inhibit chloride
channels, the chloride channel blocker 4,4'-diisothiocy-
anato-stilbene-2,2’-disulfonic acid (DIDS) was used to
assess the role of these channels in the release of ATP
by KCI induced depolarization. DIDS caused a slight
but significant reduction in ATP release in KCI treated
cultures (Fig. 3D). These results indicate that during
depolarization ATP is being released into the extracellular
space mainly via connexin hemichannels. They also indi-
cate that some ATP may pass through pannexin hemi-
channels and chloride channels.

Connexin 36 is the main channel releasing ATP during
depolarization

To further determine a role for Cx36 in the release of
ATP during depolarization we made use of Cx36 specific
siRNA in CGN cultures. Expression of Cx36 mRNA
was almost completely abolished following siRNA trans-
fection, whereas no effect was observed in siRNA control
treated cultures (Fig. 4A). In addition, a 25% reduction
in survival was observed in the absence of Cx36
(Fig. 4B), suggesting a role for Cx36 in KCl-mediated
neuroprotection in cultured cells. As well, in Cx36
reduced cells, there was a significant reduction in the
release of ATP in response to KCl compared to control
siRNA treated cultures (Fig. 4C). However, there is not
a complete reduction in protection or in ATP release
from the Cx36 siRNA transfected cells. This may be
due to the fact that Cx36 expression was not completely
eliminated by the siRNA method. Also, ATP may be
able to pass through some other type of channel such
as those formed by other connexins or pannexin I or a
chloride channel.

Taken together our study suggests that depolarization of
neurons induces a degree of tolerance against KCN insult
or OGD in vitro. This tolerance state is due mainly to the
release of ATP through Cx36 hemichannels and activation
of purinergic receptors in an autocrine or paracrine man-
ner. P2Y purinergic receptors are known to activate the
PLC signal transduction pathway that produces IP; and
causes the release of calcium from intracellular stores
[32], and it was shown in this study that PLC as well as
PKA pathway activation is required for the onset of pro-
tection induced by depolarization.
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