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Astrocytes play pivotal roles in both the physiology and the pathophysiology of the brain. They commu-
nicate with each other via extracellular messengers as well as through gap junctions, which may exacer-
bate or protect against pathological processes in the brain. However, their roles during the acute phase of
ischemia and the underlying cellular mechanisms remain largely unknown. To address this issue, we
imaged changes in the intracellular calcium concentration ([Ca2+]i) in astrocytes in mouse cortical slices
under oxygen/glucose deprivation (OGD) condition using two-photon microscopy. Under OGD, astrocytes
showed [Ca2+]i oscillations followed by larger and sustained [Ca2+]i increases. While the pharmacological
blockades of astrocytic receptors for glutamate and ATP had no effect, the inhibitions of gap junctional
intercellular coupling between astrocytes significantly advanced the onset of the sustained [Ca2+]i

increase after OGD exposure. Interestingly, the simultaneous recording of the neuronal membrane poten-
tial revealed that the onset of the sustained [Ca2+]i increase in astrocytes was synchronized with the
appearance of neuronal anoxic depolarization. Furthermore, the blockade of gap junctional coupling
resulted in a concurrent faster appearance of neuronal depolarizations, which remain synchronized with
the sustained [Ca2+]i increase in astrocytes. These results indicate that astrocytes delay the appearance of
the pathological responses of astrocytes and neurons through their gap junction-mediated intercellular
network under OGD. Thus, astrocytic gap junctional networks provide protection against tissue damage
during the acute phase of ischemia.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Ischemia causes cellular damages within minutes and leads to
severe brain dysfunctions [1]. Clinically, therapeutic treatments
should be started during the early stage of ischemia to prevent
brain dysfunction. Therefore, an understanding of the pathophysi-
ology of the acute phase of ischemia is essential for developing an
effective treatment strategy for reducing post-ischemic brain dam-
age. Morphological and functional interactions of astrocytes with
both neurons and blood vessels suggest that astrocytes play key
roles in the pathophysiological processes of ischemia [2]. In re-
sponse to ischemic insults, several pathophysiological changes
have been reported in astrocytes as well as in neurons, such as in-
creases in the intracellular calcium concentration ([Ca2+]i) [3–5],
depolarization of the membrane potential [6], cell swelling [7]
and a leaky blood–brain barrier at their endfeet [8]. However,
whether astrocytes exacerbate or protect against ischemic insults
during the acute phase remains unclear [2,9].

Astrocytes communicate with other cells via two major mecha-
nisms: (1) extracellular transmissions via neurotransmitters or
gliotransmitters, and (2) intercellular connections via gap junc-
tions [10,11]. As for the extracellular transmissions, glutamate
and ATP are released from astrocytes following an increase in
[Ca2+]i, and both of these events are thought to be neurotoxic under
ischemic conditions [2,12]. Once released, however, part of the ATP
is metabolized to adenosine, reducing neuronal activity and cell
death [13], complicating the roles of neurotransmitters and glio-
transmitters in tissue pathophysiology. Furthermore, the
exchanges of ions, ROS, apoptotic factors and nutrients throughout
astrocytes via gap junctions can reduce or spread local cellular
damage [2,11]. Indeed, previous studies have reported contradic-
tory results regarding the roles of gap junctions in ischemia
[14–16], potentially because of the compensatory systematic phys-
iological changes that occur during the chronic manipulations of
connexins [17]. While the roles of astrocytes in pathophysiology
remains controversial, astrocytes are commonly found to respond
to various physiological/pathophysiological conditions with
increases in [Ca2+]i [18,19]. Therefore, in this study, we character-
ized the pathophysiological responses of astrocytes during the
acute phase of ischemia by applying two-photon [Ca2+]i imaging
to a pharmacologically accessible in vitro ischemia model, oxy-
gen/glucose deprivation (OGD), and dissected out the cellular
mechanisms as well as their roles in neuronal pathophysiology.
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2. Materials and methods

2.1. Chemicals

Fluo-4 AM, BAPTA AM, and pluronic F-127 were purchased from
Invitrogen (California, USA), while tetrodotoxin (TTX) was pur-
chased from Abcam (Cambridge, UK). All other chemicals were
purchased from Sigma Aldrich (Missouri, USA).

2.2. Brain slice preparation

All the procedures related to the care and treatment of the ani-
mals were approved by the Animal Resource Committee of the
School of Medicine, Keio University. C57BL/6J mice of either sex
(P14–18; SLC, Shizuoka, Japan) were anesthetized deeply with iso-
flurane, and cortical slices (300 lm thick) were prepared as previ-
ously described [8].The slices were loaded with 10 lM fluo-4 AM,
0.02% pluronic F-127 and 200 nM sulforhodamine 101 (SR101) in
artificial cerebrospinal fluid (ACSF) containing 126 mM NaCl,
3 mM KCl, 1.14 mM NaH2PO4, 26 mM NaHCO3, 3 mM CaCl2,
1 mM MgCl2, and 10 mM dextrose for 60 min at 34 �C, then trans-
ferred to normal ACSF and incubated for at least 30 min at room
temperature before use in the recordings.

2.3. Imaging

Slices were transferred to a recording chamber perfused with
ACSF bubbled with 95% O2/5% CO2 at a speed of 2.5 mL/min at
34 ± 0.5 �C and incubated for 30 min before imaging. Imaging
was performed using an FV1000MPE multiphoton microscopy sys-
tem (Olympus, Tokyo, Japan) equipped with a MaiTai HP femtosec-
ond laser (Newport, California, USA) tuned to 840 nm (<15 mW
under the objective lens) and a LUMPlanFL60�WIR2 objective
lens (N.A. 0.9, W.D. 2 mm; Olympus). The fluorescence signals of
fluo-4 AM and SR101 were simultaneously acquired using
2-channel external photomultiplier tube detectors after the
FV10MP-MG/R filter set (BA495-540HQ and BA570-625HQ; Olym-
pus) at 512 � 512 pixels (0.41 lm/pixel). Time-lapse imaging was
performed at 0.3 Hz (Kalman averaging of 2 times taken at 1.1 s/
time every 3 s) for 350 frames. After 3 min of recording in normal
ACSF, the solution was changed to OGD ACSF, in which the glucose
had been replaced with sucrose and the solution had been bubbled
with 95% N2/5% CO2. Images shown in Fig. 1A were smoothened for
display purpose using ImageJ.

2.4. Whole cell patch clamp recording

Slices were imaged using infrared differential interference con-
trast. Whole cell patch clamp recordings were performed using
MultiClamp 700B (Molecular Devices, California, USA). Glass pip-
ettes (5–10 MX; Warner Instruments, Connecticut, USA) were
filled with 100 lM Alexa Fluor 488 hydrazide (Invitrogen, Califor-
nia, USA) in an internal solution containing 10 mM NaCl, 10 mM
KCl, 135 mM KMeSO4, 2.5 mM MgATP, 0.3 mM NaGTP, and
10 mM HEPES (pH 7.3). All the recordings were performed at
34 ± 0.5 �C under the current clamp mode with zero current
injection.

2.5. Data analysis

Data were analyzed using custom-written software (MATLAB;
Mathworks, Massachusetts, USA) and FV10-ASW (Olympus, Tokyo,
Japan). All the data are shown as the mean ± standard deviation
(S.D.). To analyze the astrocytic calcium imaging data, regions of
interest (ROIs) were selected at the soma based on the SR101
signals. To compensate for changes in the fluorescence intensity
because of the movement of the target cells during the time-lapse
imaging, the mean fluorescence intensities of fluo-4 in the ROIs
were divided by those of SR101 in the corresponding ROIs: Ft = (Gt

� Gbackground)/(Rt � Rbackground), where Ft, Gt, and Rt are the adjusted
fluo-4 fluorescence intensity and the original signals of fluo-4 and
SR101, respectively, and Gbackground and Rbackground are the back-
ground signals of fluo-4 and SR101, respectively. These adjusted
fluo-4 signals were used to calculate the intensity changes in
fluo-4 as defined by DFt = (Ft � F0)/F0, where F0 is the mean of Ft

in the first 20 frames. Spiking events with peaks exceeding a
threshold at fivefold the S.D. value calculated from the baseline
recording period were considered ‘‘calcium spikes’’. Similarly, the
onset of increases in astrocytic calcium during the second phase
(see Section 3) was defined as the time immediately before the
point at which DFt exceeds 5 � S.D. in at least two astrocytes in
the field of view relative to the time at the start of OGD exposure.
When analyzing the patch clamp recordings of the neurons, the
sample sizes were reduced to match those of the images by taking
the average of all the data acquired during the frame scans; the on-
set of neuronal depolarization was defined as the time immedi-
ately before the point at which the neuronal membrane potential
increased above �40 mV. To examine the synchronization of neu-
ronal and astrocytic responses, linear fittings with a fixed intercept
at 0 were performed.

All the statistical analyses were performed using Origin Pro
(OriginLab, Massachusetts, USA) except for the v2-tests, which
were performed using the custom-written software. The
Mann–Whitney test was used for comparisons between the two
groups, and a Bonferroni test after one-way ANOVA was used for
comparisons among three groups. The asterisks in the figures indi-
cate statistically significant differences among the groups
(P < 0.05).
3. Results

3.1. Two-photon imaging of astrocytic [Ca2+]i dynamics under OGD

To characterize the pathophysiological responses of astrocytes
under ischemia, we performed two-photon calcium imaging of
astrocytes in acute slices of visual cortices prepared from mice be-
fore and after exposure to OGD. To observe the changes in [Ca2+]i in
astrocytes, brain slices were incubated with a calcium indicator,
fluo-4 AM (10 lM). As previously reported, preferential loading
of the astrocytes with fluo-4 AM was achieved under this condition
[20]. In all the experiments, the astrocytes were identified by the
astrocyte-specific marker sulforhodamine 101 (SR101, 200 nM)
[21], and imaging was performed 50–70 lm below the surface.
After 3 min of baseline imaging, the perfusion solution was
changed to the OGD solution. Time-lapse imaging revealed two-
different types of [Ca2+]i responses by the astrocytes under OGD:
oscillating transients (first phase), followed by a single large in-
crease that was often accompanied by a focus shift (second phase)
(Fig. 1A and B). The focus shift, presumably caused by the swelling
of the tissues, was too large to continue the [Ca2+]i recording from
the same set of astrocytes, and resulted in the apparent decay of
the fluorescence intensity after a steep elevation during the second
phase (Fig. 1A and B). These characteristic [Ca2+]i responses of the
astrocytes were never observed in the absence of OGD stimulation,
suggesting that these [Ca2+]i changes represent the pathophysio-
logic responses of astrocytes in the acute phase of ischemia. In
the first phase, each astrocyte showed heterogeneous calcium
dynamics, whereas [Ca2+]i was elevated in all the astrocytes in
the second phase. This simultaneous astrocytic [Ca2+]i increase
during the second phase is consistent with the ‘‘very early ischemic



Fig. 1. Characterization of astrocytic [Ca2+]i responses to OGD. (A) Images showing [Ca2+]i responses in astrocytes under OGD. OGD exposure induced oscillatory [Ca2+]i

transients in some astrocytes (A2,3; red arrows), followed by sustained [Ca2+]i increases in all the astrocytes (A4; white arrows). Scale bar, 50 lm. (B) Representative traces of
astrocytic [Ca2+]i changes under OGD. The upper left panel shows an SR101 image with the same focus as that shown in Fig. 1A (scale bar, 50 lm). While the astrocytic [Ca2+]i

dynamics were heterogeneous during the first phase (Cells 1–3 are active, Cells 4 and 5 are inactive), all the astrocytes show [Ca2+]i increases nearly simultaneously during
the second phase. (C) Histograms of the number of [Ca2+]i spikes in each astrocyte during the first phase. (D) Histograms of the time until the onset of the second phase in
each slice.
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response’’ reported previously [3]. For quantification purposes, we
assessed the astrocytic responses to OGD according to the number
of spikes in each astrocyte during the first phase (Fig. 1C: active
astrocytes vs. inactive astrocytes: 55.04 vs. 44.96%, n = 129 cells,
17 slices), and the time until the onset of the second phase in each
brain slice (Fig. 1D: mean onset of the second phase: 533.4 ± 72.6 s,
n = 29 slices).

3.2. Extracellular transmissions via mGluR5 or P2R do not contribute
to the ischemic responses of astrocytes

To investigate the underlying mechanisms, we next examined
the relationship between extracellular transmissions and the
astrocytic calcium responses under ischemia. First, we tested the
involvement of neuronal activities. However, TTX (1 lM) did not
affect either the first phase (Fig. 2A: control: n = 20 cells, 5 slices;
TTX: n = 15 cells, 7 slices; P = 0.16, v2-test) or the second phase
(Fig. 2B: control: 546.0 ± 77.6 s, n = 5 slices; TTX: 598.5 ± 60.7 s,
n = 7 slices; P = 0.19, Mann–Whitney Test), indicating that the
astrocytic [Ca2+]i responses are independent of neuronal firing un-
der this condition. Next, we examined the roles of receptors that
are known to affect astrocyte physiology. Previous reports showed
that glutamate causes an increase in the [Ca2+]i of astrocytes via
metabolic glutamate receptor 5 (mGluR5) [10,19] and that the
accumulation of extracellular glutamate is �100 fold higher under
OGD [1,2]. However, an mGluR5 antagonist, 6-methyl-2-(phenyl-
ethynyl) pyridine hydrochloride (MPEP, 50 lM), did not change
the results for the first phase (Fig. 2C: control: n = 70 cells, 8
slices; MPEP: n = 55 cells, 6 slices; P = 0.21, v2-test) or the second
phase (Fig. 2D: control: 561.7 ± 72.5 s, n = 8 slices; MPEP:
556.3 ± 124.7 s, n = 8 slices; P = 0.75, Mann–Whitney Test). Be-
sides glutamate, accumulating evidence suggests that ATP signal-
ing via P2 receptors (P2R) also plays key roles in the regulation of
astrocytes [2,22]. However, the non-selective P2R antagonist sur-
amin (50 lM) did not affect the first phase (Fig. 2E: control: n = 34
cells, 4 slices; suramin: n = 31cells, 5 slices; P = 0.46, v2-test) nor
the second phase (Fig. 2F: control: 522.2 ± 77.9 s, n = 4 slices; sur-
amin: 565.2 ± 65.1 s, n = 5 slices; P = 0.56, Mann–Whitney Test).
Finally, the potential contributions of calcium-dependent releases
of gliotransmitters were examined. Although the calcium chelator
BAPTA AM (100 lM) almost completely blocked [Ca2+]i transients
during the first phase (Fig. 2G: control: n = 19 cells, 4 slices;
BAPTA: n = 32 cells, 6 slices; P < 0.05, v2-test), it had no effect
on the onset of the second phase (Fig. 2H: control:



Fig. 3. [Ca2+]i dynamics in astrocytes in the presence of gap junction blockers. (A
and B) CBX (50 lM) did not affect the [Ca2+]i dynamics of astrocytes during the first
phase (A) but significantly advanced the onset of the sustained [Ca2+]i increase
during the second phase (B). Similarly, the second phase appeared more quickly in
the presence of another gap junction blocker, b-GA (50 lM) (B). ⁄P < 0.05. (C)
Neither La3+ (100 lM) nor CBX at the lower concentration (5 lM) affected the onset
of the second phase.

Fig. 2. Pharmacological inhibitions of extracellular transmissions do not change the
astrocytic [Ca2+]i responses to OGD. (A and B) [Ca2+]i dynamics in astrocytes in the
absence of neuronal firings. TTX (1 lM) did not have a significant effect on the
number of [Ca2+]i spikes during the first phase (A) or on the onset of the sustained
[Ca2+]i increase during the second phase (B). (C and D) [Ca2+]i dynamics in
astrocytes in the presence of an mGluR5 antagonist. MPEP (50 lM) did not have a
significant effect on the first phase (C) or on the second phase (D). (E and F) [Ca2+]i

dynamics in astrocytes in the presence of a P2 receptor antagonist. Suramin
(50 lM) did not have a significant effect on the first phase (E) or on the second
phase (F). (G and H) [Ca2+]i dynamics in astrocytes in the presence of a calcium
chelator. BAPTA AM (100 lM) totally blocked the [Ca2+]i dynamics during the first
phase (G) but did not have a significant effect on the onset of the sustained [Ca2+]i

increase during the second phase (H).
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569.6 ± 13.4 s, n = 4 slices; BAPTA: 587.4 ± 59.2 s, n = 6 slices;
P = 1, Mann–Whitney Test). Persistence of the [Ca2+]i rise in the
second phase under this condition suggests that the high-magni-
tude and long-lasting calcium influx into the cytosol (Fig. 1B) ex-
ceed the buffering capacity of the intracellularly-loaded BAPTA.
Therefore, to elucidate the source of calcium ions in the second
phase, the same experiments were performed under more robust,
tissue-wide manipulations of calcium ions. We found that pertur-
bations of calcium influxes from either the extracellular space or
the endoplasmic reticulum partially inhibited the emergence of
the second phase, suggesting that calcium ions enter the cyto-
plasm from both sources (Supplementary materials), consistent
with the previous report [3]. Taken together, these results suggest
that the activations of mGluR5 and P2R, both of which have been
suggested to evoke astrocytic [Ca2+]i dynamics, do not contribute
to the pathophysiology of astrocytes under OGD.

3.3. Inhibition of gap junctional coupling advances the appearance of
ischemic responses of astrocytes

In addition to the extracellular transmissions, astrocytes com-
municate with each other through gap junctions. Therefore, we
next examined whether gap junctional coupling contributed to
the ischemic responses of astrocytes. In the presence of a gap junc-
tion blocker, carbenoxolone (CBX, 50 lM), while no change was
seen during the first phase (Fig. 3A: control: n = 41 cells, 7 slices;
CBX: n = 62 cells, 8 slices; P = 0.49, v2-test), the onset of the second
phase was significantly advanced (Fig. 3B). The specificity of the
pharmacological blockade of the gap junctions was further con-
firmed by another gap junction blocker, 18 b-glycyrrhetinic acid
(b-GA, 50 lM) (Fig. 3B: control: 562.2 ± 88.1 s, n = 13 slices; CBX:
447.9 ± 58.3 s, n = 9 slices; b-GA: 451.5 ± 69.6 s, n = 6 slices,
P < 0.05, Bonferroni test after one-way ANOVA). Besides gap junc-
tions, these pharmacological manipulations are likely to block
hemichannels formed by connexins and pannexins [23]. To evalu-
ate the potential involvement of hemichannels in the formation of
astrocytic responses to OGD, we applied lantunum (La3+, 100 lM),
which blocks both connexin and pannexin hemichannels, and a
lower concentration of CBX (5 lM), which preferentially affects
high affinity pannexins while having minimal effects on low affin-
ity connexins [23]. However, neither La3+ nor a lower concentra-
tion of CBX affects the onset of second phase (Fig. 3C: control:
542.6 ± 61.7 s, n = 11 slices; La3+: 544.8 ± 64.6 s, n = 6 slices; 5 lM
CBX: 571.4 ± 106.8 s, n = 7 slices; P > 0.05, Bonferroni test after
one-way ANOVA), indicating that gap junctions but not hemichan-
nels delay the onset of the second phase.

3.4. Manipulations of astrocytic gap junctions affect the
pathophysiological responses of neurons

Finally, to investigate the potential roles of astrocytes in neuro-
nal pathophysiology under ischemia, we recorded the membrane
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potential of neurons using whole cell patch clamp recordings, to-
gether with the astrocytic [Ca2+]i dynamics. As reported previously,
we observed a sudden and large irreversible depolarization under
OGD, known as anoxic depolarization that is the hallmark of ische-
mic neuronal responses causing glutamate release, cell swelling,
and neuronal cell death (Fig. 4A) [24,25]. A comparison between
the astrocytic [Ca2+]i and neuronal membrane potential responses
revealed that the onsets of the second phase of the astrocytic
[Ca2+]i dynamics were tightly synchronized with the appearance
of the anoxic depolarization of the neurons (y = 1.005
x, R2 = 0.998, n = 6 slices), suggesting that the second phase of the
astrocytic [Ca2+]i represents the onset of tissue damage in response
to ischemic insults (Fig. 4A and C). Furthermore, this result also
suggests the existence of functional interactions between neurons
and astrocytes upon exposure to OGD and raises the possibility
that astrocytes take a leading role in determining the progression
of the pathophysiology of the brain tissue, including neurons. To
test this hypothesis, we examined the effect of a gap junction
blocker on the neuronal responses under OGD. Indeed, the phar-
macological blockade of the gap junction advanced the initiation
of neuronal depolarization under OGD (control: 534.9 ± 64.7 s,
Fig. 4. Effect of gap junctional blockade on the neuronal responses to OGD. (A and
B) Representative traces of astrocytic [Ca2+]i changes (blue line) and neuronal
membrane potential changes (red line) in the control (A) or in the presence of CBX
(B). (C) The onset of the second phase of [Ca2+]i changes in astrocytes and the
appearance of neuronal anoxic depolarization are synchronized. Each point
indicates the onset of the second phase of [Ca2+]i changes in astrocytes and the
appearance of neuronal anoxic depolarization in a slice (control: black circle, CBX:
red circle). Filled squares and whiskers represent means and SDs, respectively. The
linear fit of the data indicates the synchronization of these responses. The dotted
line indicates y = x, and ⁄P < 0.05.
n = 6 slices; CBX: 450.7 ± 33.9 s, n = 6 slices; P < 0.05, Mann–Whit-
ney Test) as well as the onset of an astrocytic [Ca2+]i elevation dur-
ing the second phase (control: 537.4 ± 67.3 s, n = 6 slices; CBX:
451.2 ± 30.5 s, n = 6 slices; P < 0.05, Mann–Whitney Test), main-
taining the synchronization of anoxic depolarization and the astro-
cytic responses (y = 1.001 x, R2 = 0.975, n = 6 slices) (Fig. 4B and C).
Taken together, these results suggest that astrocytic gap junctional
coupling delays the appearance of pathophysiological responses in
neurons as well as in astrocytes themselves.
4. Discussion

In this study, we characterized the astrocytic [Ca2+]i responses
in cortical slices under OGD and revealed that astrocytes protect
neurons against ischemic insults through gap junctional couplings.

Our analysis using high-resolution two-photon time-lapse
imaging revealed that about half of the astrocytes show oscillatory
[Ca2+]i spikes during the first phase under OGD, in addition to the
universal sustained [Ca2+]i increases (Fig. 1), as reported previously
[3]. In the first phase, the astrocytic [Ca2+]i responses varied among
the cells (Fig. 1A–C), suggesting that astrocytes sense local
ischemic changes individually, consistent with the concept of
non-overlapping local domains covered by individual astrocytes
[26]. Nevertheless, while the intracellularly loaded calcium chela-
tor BAPTA almost completely blocked the calcium spikes of astro-
cytes during the first phase, it did not affect the onset of the second
phase, suggesting that the second phase may be independent of the
astrocytic calcium activities during the first phase (Fig. 2G and H).
Together, our results suggest that astrocytes sense ischemic insults
even before neurons, but their [Ca2+]i changes may not play active
roles against severe ischemic damages, calling for further investi-
gations of the still-debated nature of calcium responses in astro-
cytes in brain physiology/pathophysiology [18,19].

As for the second phase, pharmacological inhibitions showed
that the blockade of gap junction coupling but not hemichannels
hastened the onset of this phase (Fig. 3). While the involvement
of neuronal gap junctions cannot be completely ruled out in our
system, their contributions to the observed effects appear to be
unlikely because (1) the expression levels of gap junction proteins
in neurons are very low, compared with in astrocytes [27], and
(2) our results indicated that the neuronal activities play a mini-
mal role, if any, in the progression of the acute phase of ischemia
(Fig. 2A and B). Interestingly, in sharp contrast to the first phase,
the onset of the second phase is synchronized among all
astrocytes (Fig. 1), consistent with the involvement of the gap
junctional network during this phase (Fig. 3). Furthermore, this
astrocytic response is accompanied by anoxic neuronal depolar-
ization (Fig. 4), the hallmark of neuronal cell damage under
ischemic conditions [24]. Taken together, these results indicate
that the gap junction-mediated astrocytic syncytium plays a
protective role against tissue-wide damages during the acute
phase of ischemia, with their capacity to buffer local damages
through a global network.
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