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Abstract

While there is significant information concerning the consequences of cerebral ischemia on
neuronal function, relatively little is known about functional responses of astrocytes, the
predominant glial-cell type in the central nervous system (CNS). In this study, we asked whether
focal ischemia would impact astrocytic Ca2* signaling, a characteristic form of excitability in this
cell type. In vivo Ca?* imaging of cortical astrocytes was performed using two-photon (2-P)
microscopy during the acute phase of photothrombosis-induced ischemia initiated by green light
illumination of circulating Rose Bengal. Although whisker evoked potentials were reduced by
over 90% within minutes of photothrombosis, astrocytes in the ischemic core remained
structurally intact for a few hours. In vivo Ca2* imaging showed that an increase in transient Ca*
signals in astrocytes within 20 min of ischemia. These Ca2* signals were synchronized and
propagated as waves amongst the glial network. Pharmacological manipulations demonstrated that
these Ca2* signals were dependent on activation of metabotropic glutamate receptor 5 (MGIuR5)
and metabotropic y-aminobutyric acid receptor (GABARgR) but not by P2 purinergic receptor or
Al adenosine receptor. Selective inhibition of Ca2* in astrocytes with BAPTA significantly
reduced the infarct volume, demonstrating that the enhanced astrocytic Ca2* signal contributes to
neuronal damage presumably through Ca2*-dependent release of glial glutamate. Since astrocytes
offer multiple functions in close communication with neurons and vasculature, the ischemia-
induced increase in astrocytic Ca2* signaling may represent an initial attempt for these cells to
communicate with neurons or provide feed back regulation to the vasculature.
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Introduction

Cerebral ischemia is a major neurological disorder in which blood supply in the brain is
reduced by cerebral thrombosis and embolism. Severe ischemia causes acute neuronal death
within minutes in the ischemic core, whereas secondary neuronal death occurs in the
penumbra within hours (Stapf and Mohr, 2002; Huang and McNamara, 2004). In
experimental models of focal cerebral ischemia, several mechanisms including glutamate
and Ca?* toxicity, oxidative stress, inflammation, mitochondrial dysfunction, and acidosis
are known to contribute to neuronal death (Barber and Demchuk, 2003; Xiong et al., 2004;

"Corresponding author: Dalton Cardiovascular Research Center, Dept. of Biological Engineering, University of Missouri-Columbia,
134 Research Park Drive, Columbia, MO 65211. E-mail: dings@missouri.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ding et al.

Page 2

Mattiasson et al., 2003). Astrocytes are the predominant glial-cell type in the CNS but little
is known about functional impact of ischemia on astrocytes. Astrocytes make close contacts
with neurons as well as with blood vessels by extending end-feet to ensheath the vessel
walls in the brain (Bushong et al., 2002; Panickar and Norenberg, 2005). It is technically
difficult to perform time lapse imaging studies to examine the response of astrocytes to
ischemic insult in vivo using the conventional middle cerebral artery occlusion (MCAO0)
model (Karpiak et al., 1989). Focal ischemia induced by photothrombosis provides an
alternative model for performing such in vivo time-lapse studies (Watson et al., 1985; Zhang
et al., 2005). This model has been used to study structural and functional changes in neurons
in the cortex using multi-photon microscopy (Enright and Zhang S.Murphy TH., 2007;
Zhang et al., 2005). These studies demonstrated time-dependent damage of dendrites and
neuronal death.

Astrocytes not only play supportive roles in maintaining structural integrity in brain, they
also play an active role in supporting neuronal function. Astrocytes express a variety of
receptors some of which are able to induce the release of chemical transmitters for
interaction and communication with neurons and synapse (for reviews see (Haydon, 2001;
Volterra and Meldolesi, 2005)). Functional studies of astrocytes under different neuronal
injury and disease conditions will provide new insights regarding neuron-glia interactions.

In this study, we used 2-P microscopy to study Ca?* signaling in astrocytes in the ischemic
core as well as in penumbra in the cortex during acute phase of cerebral ischemia induced by
photothrombosis. Our results show that astrocytes retain their structural integrity for hours
following photothrombosis and exhibit receptor-mediated Ca2* oscillations in the ischemic
region. We further provided evidence for the involvement of mGIuR5 and GABAg receptors
in mediating the increase in astrocytic CaZ* signals. In addition, selective buffering of
astrocytic Ca2* resulted in protection against ischemia-induced brain damage. Taken
together, our results demonstrate the important role of astrocytic Ca2* in contribution to
neuronal damage under ischemic condition.

Materials and Methods

Animals

Male FVB/NJ mice 5-7 weeks of age were purchased from The Jackson Laboratory (Bar
Harbor, MA). All procedures were performed in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the University of Pennsylvania
and University of Missouri Institutional Animal Care and Use Committee.

Craniotomy surgery

Mice were anesthetized with an intraperitoneal (i.p.) injection of urethane (1.5-2.0 mg/g
body weight) dissolved in artificial cerebral spinal fluid (ACSF) (in mM): 120 NaCl, 10
Hepes, 3.1 KClI, 2 CaCl,, 1.3 MgCls, and 10 glucose, pH 7.4. Once the animal reached a
surgical level of anesthesia, it was placed on a warm heating pad to maintain body
temperature at 37°C for surgery. A circular craniotomy (2.0 mm in diameter) was made
using a high speed drill over the somatosensory cortex at the coordinate of —0.8 mm from
bregma and 2.0 mm lateral to the midline. A custom-made metal frame was attached to the
skull with cyanocrylate glue, and the dura was then carefully removed with fine forceps.

In vivo fluorescent dye loading

For loading of the Ca%* indicator fluo-4 into astrocytes, fluo-4 AM was dissolved in
pluronic acid (20% pluronic acid plus 80% DMSO) to obtain a 10 pg/pl stock solution. This
stock solution (2.5 pl) was mixed with 40 pul ACSF and applied to the dura free cortical
surface within the craniotomy for 1 hr. In order to confirm that fluo-4 was taken up by
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astrocytes, sulforhodamine 101 (SR101, 100 pl) was applied onto the cortical surface for 1—
5 minutes to label astrocytes. Bright SR101 labeled astrocytes were observed after 1 hr with
a 2-P microscope. In order to image blood flow of the vasculature, we administered 100-150
pl of a 20 mg/ml solution of rhodamine- or FITC-dextran (70 kDa) in ACSF via a tail vein
injection. To reduce movement artifact during imaging, a glass coverslip was glued on the
metal frame above the craniotomy, and the gap between glass coverslip and cortex was filled
with pre-melted 2% agarose in ACSF.

Photothrombosis-induced focal cerebral ischemia

To induce photothrombosis, the photosensitive dye Rose Bengal (RB) was dissolved in
ACSF and injected through the tail vein at a dose of 0.03 mg/g body weight. In order to
activate the dye, an area in the middle of the craniotomy was focally illuminated with a
green light (535 + 25 nm) from a mercury lamp for 2 min through a 10x0.3NA objective.
For Ca2* imaging, we illuminated an area of 0.6 mm in diameter; and for histological study,
a larger area was illuminated (see Fig. 2 and Fig. 6). For simplicity, the illuminated area was
regarded as the ischemic core region, and the surrounding area the penumbra. Ca2* imaging
was performed in the ischemic core and penumbra which can be easily identified based on
the vasculature structure during experiments.

In vivo 2-P Ca?* imaging in astrocytes

Mice were transferred to the stage of a 2-P microscope for in vivo imaging (Prairie
Technologies Inc, WI). Images were obtained using an Ultima scan head attached to an
Olympus BX51 microscope and a 60x%/0.9 water immersion objective. A Chamelon
Ti:Sapphire laser was used for 2-P excitation (820 nm). Time-lapse imaging was performed
to track Ca2* signals for a period of 5 min with acquisition rates of 1 image per second. For
each animal, 15-25 astrocytes in 4-5 fields were imaged and 4-5 animals were used for
each experimental condition. For drug administration, the glass coverslip and agarose were
removed. A new glass coverslip was glued on the metal frame and the pre-melted 2%
agarose containing the desired concentration of drug was applied to fill the gap between the
cortex and glass coverslip. Imaging was performed within 15 min of drug administration.
Throughout the period of the experiment (up to 3—4 hr), body temperature was maintained at
37°C using a heating pad (Fine Science Tool, CA). The mice were under a state of deep
anesthesia with urethane as demonstrated by occasionally pinching the tail to check the
response. It is reported that animals anesthetized with urethane maintain relative constant
physiological parameters including heart beat and blood oxygen (Zhang et al., 2005;
Murphy et al., 2008). In addition, dehydration was prevented by adding saline to the
craniotomy.

Data analysis of Ca?* signal

Data were analyzed using the Metamorph software (Universal Imaging, CA) to generate
background-subtracted AF/Fo images, where Fo was resting fluorescence and AF was the
change in florescence from the resting value. The magnitude of Ca%* signal (AF/Fo.s) was
defined as the area obtained by integrating AF/Fo over time (300 s) using the Origin
software (OriginLab Corporation, MA). All-points histograms of AF/Fo were made with a
bin of 0.05 units to study amplitude distribution of AF/Fo. Cross correlation of Ca2*
oscillations between cell pairs was computed using the data set of AF/Fo from two
neighboring cells. Peak cross correlation coefficients within a lag time of 5 seconds were
used to compare the synchrony of Ca2* signaling between cells.
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In vivo evoked potential (EP) recording

EPs were recorded using a glass electrode filled with ACSF using a low noise extracellular
recording amplifier (Model 1800, A-M System, Inc., WA). Data were acquired with a
Digidata 1320 interface and a pClamp 9 software (Axon instruments, CA).

Transcardial perfusion and histo- and immunocyto-chemistry studies

The procedure for transcardial perfusion has been described previously (Ding et al., 2007).
Briefly, mice were anesthetized with halothane and transcardially perfused first with ice cold
phosphate buffered saline (PBS) and then 4% paraformaldehyde in PBS (pH=7.4). After
perfusion, the brain was post-fixed with 4% paraformaldehyde in PBS at 4°C for 30 min,
and then transferred to 30% sucrose overnight to prevent ice crystal formation. Coronal
sections of the brain (thickness 20 um) were cut on a cryostat (Leica CM 1900), and were
collected serially on pre-cleaned slides. NeuN staining for neurons was described
previously. Briefly, brain sections were incubated with rabbit anti-NeuN (1:1000, Millipore)
overnight, and subsequently incubated with FITC-conjugated goat anti-rabbit 1gG
(Millipore, CA\) for 2 hr. Similar procedures were used for glial fibrillary acidic protein
(GFAP) staining using rabbit polyclonal anti-GFAP (1:150, Sigma) and Rhodamine-
conjugated donkey anti-rabbit 1gG (Millipore). Nuclei were stained with DAPI (0.5 pg/ml in
PBS) and mounted using anti-fade mounting medium. Stained sections were viewed with a
Nikon epi-fluorescence microscope and analyzed using Metamorph (Universal Imaging
Corp, CA). Nissl staining was performed by applying 0.2 % Cresyl violet for 2 min.

Infarct volume estimation

The infarct volume was determined by measuring areas showing loss of Nissl-staining in
coronal brain sections (Vendrame et al., 2004). The areas of cerebral infarction were
delineated and quantified using ImageJ (NIH). The total volume of ischemic tissue was
calculated by multiplying the individual infarct area in the consecutive sections by the
thickness of sections.

Statistical analysis

N values reported in in vivo studies represent the number of animals. In vivo Ca2* imaging
experiments were generally obtained from 15-25 astrocytes per animal and 4-5 animals per
experimental condition. The data were averaged to obtain a single value per animal.
Comparison of data from two different conditions was performed using unpaired t-test.
Multiple comparisons of data were performed using one-way ANOVA test and differences
between individual groups were determined using the Newman—Keuls post hoc comparison
tests using the GraphPad Prism program version 4.0 (Graph Pad Software Inc., San Diego).
* p<0.05. ** p<0.01.

Results

Photothrombosis-induced ischemia model

The cortical surface in the cranial window was exposed to green light to cause RB-induced
cross-linking of platelets following RB injection. Blood flow rate was measured using
linescan imaging on capillaries (Kleinfeld et al., 1998). Ten minutes after the induction of
photothrombosis (RB+/lllumination+), blood flow rate in the capillary dropped from
398+30.9 pm/second to virtually 0 (9 capillaries from 5 animals) in the illuminated region
(Fig. 1A). In addition, we recorded evoked potentials (EPs) in the ischemic core region
stimulated by 100 ms whisker deflection by air puff before and after photothrombosis (Fig.
1B). The EP in the ischemic core region declined to 10% within 20 min of photothrombosis
(N=3) indicating the loss of activity of neurons in the ischemic core region. Using SR101 to
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label astrocytes (Nimmerjahn et al., 2004), we found that they remained structurally intact
for up to 3 hr following photothrombosis (Fig. 1C).

Histological examination was performed to confirm the irreversible tissue damage following
photothrombosis. Twenty four hours after photothrombosis, mice were sacrificed and brain
sections were subjected to Nissl staining and immunostaining for NeuN and GFAP, specific
markers for neurons and astrocytes, respectively. Ipsilateral to the photothrombosis, Nissl
staining (Fig. 2A and B) clearly showed a sharp transition zone between the normal and
ischemic core region (dashed line in Fig. 2B). NeuN immunoreactivity demonstrated a loss
of neurons in the ischemic core 24 hr after photothrombosis (Fig. 2C). We also observed the
increased expression of GFAP in the penumbra (Fig. 2D), indicating activation of astrocytes
after photothrombosis. These phenomena were observed in all mice subjected for
histological examination (N=5).

Ischemia-induced increase in Ca?* signaling in astrocytes

Incubation of fluo-4 AM on the cortical surface led to labeling of fluo-4 into cortical
astrocytes that was confirmed with SR101 labeling (Fig 3A). When fluo-4 loaded ischemic
core region was imaged, large repetitive and transient CaZ* signals were observed in
astrocytes within 20 min after photothrombosis (RB+/Illumination+, Fig. 3C-D). Ca%*
signals exhibited a high degree of synchrony among astrocytes in the same imaging field
(Fig. 3D) as indicated by a large cross correlation coefficient between the adjacent
astrocytes at zero lag time (Fig. 3E). Further quantification of data demonstrated enhanced
Ca?* signaling following photothrombosis (Fig. 3F). An all-points histogram of AF/Fo
amplitude further demonstrated that photothrombosis not only increased the amplitude but
also the frequency of Ca2* signals (Fig. 3G). Ca2* signals were sustained for the duration of
the imaging period up to 3 hr (Fig. 3H).

The increased frequency of transient CaZ* signals after photothrombosis was not caused by
2-P excitation, green light illumination or RB per se (Fig. 3F). First, we performed Ca2*
imaging without RB injection and illumination (RB-/Illumination-) of the cortex. Secondly,
Ca?* imaging was performed after RB injection but without green light illumination of the
cortex (RB+/Illumination-). Finally, Ca2* imaging was performed after illumination in the
absence of RB injection (Illumination+/RB-). Stimulation of Ca2* signals required the
combination of RB and green light illumination (Fig. 3 F and H). These results are
consistent with other reports indicating that astrocytic Ca2* signaling events are rare in
normal anesthetized mice (Wang et al., 2006;Takano et al., 2006;Ding et al., 2007).

To determine whether astrocytic Ca2* signals are generated by the activation of G-protein-
coupled receptors (GPCRs) we performed pharmacological evaluation of the role of
mGIuR5, GABAgR and P2Y receptors in mediating astrocytic Ca2* signals. Initially,
specific agonists for these receptors were applied to the cortical surface to evaluate their
ability to stimulate Ca2* signals. As shown in Fig. 4A, Ca2* signals could be induced by
addition of 0.5 mM ATP and these signals were attenuated by the P2Y receptor antagonist
suramin (0.2 mM). The mGIuR5 selective agonist, 2-chloro-5-hydroxyphenylglycine
(CHPG, 1 mM), induced astrocytic Ca2* signals and was attenuated by the mGIuR5
antagonist 2-Methyl-6-(phenylethynyl)-pyridine (MPEP, 30 uM) (Fig. 4C). The GABAgR
agonist, Baclofen (0.1 mM), also induced Ca2* signals that were attenuated by its
antagonist, CGP54626 (10 uM, Fig. 4B-C).

Using these receptor antagonists we determined the involvement of mGIuR5, GABAgR and
P2Y receptors in mediating photothrombosis-induced Ca?* signals. We first evaluated the
involvement of mGIuR5 and GABAGR in stimulating Ca2* signals because these
transmitters are likely to be released by neurons and increase in the extracellular space
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following photothrombosis. After induction of Ca2* signals following photothrombosis (30—
40 min), agarose in the craniotomy was removed and mGIuR5 antagonist MPEP (30 uM)
was applied. MPEP significantly reduced Ca?* signals by 62% (Fig. 5A and D; N = 4).
Similarly cortical administration of the GABAgR CGP54626 (10 uM) also significantly
reduced Ca2* signals by 57 % (Fig. 5B and D; N = 4). When MPEP and CGP54626 were
administered together, the photothrombosis induced astrocytic Ca2* signals was reduced by
74%. In these studies, sufficiently high but not toxic concentrations of antagonists were used
to ensure full inhibition of these receptors.

Although ATP-stimulated Ca2* signals were effectively blocked by suramin, a non-specific
inhibitor for P2Y receptors, suramin did not inhibit the photothrombosis-induced Ca?*
signal (Fig. 5C and D). Similarly, pyridoxal phosphate-6-azophenyl-2',4'-disulfonic acid
(PPADS), a general P2 receptor antagonist, did not inhibit the Ca2* signal (Fig. 5D). A
possibility explanation for this result is that ATP released during ischemia is rapidly
hydrolyzed by ectonucleotidases (Dunwiddie and Masino, 2001). However, the possibility
that activation of adenosine receptor may contribute to ischemia-induced Ca2* signals in
astrocytes was eliminated by testing with 8-cyclopentyltheophylline (CPT), the Al
antagonist, which did not attenuate astrocytic Ca2* signals after photothrombosis (Fig. 5D).

Clinical interventions aimed at restoring brain function have been targeted to inhibiting the
evolvement of the penumbra. Here we asked whether astrocytes in the penumbra exhibit
increased Ca2* oscillations. Using vascular landmarks, we performed Ca2* imaging in the
penumbra (from the edge of ischemic core) in the time frame of 40 to 80 min after ischemia
when Ca2* signaling in the core region was fully developed. In comparison to control
condition, the average Ca2* signals in astrocytes around 200 um from the core were
significantly increased, but were much smaller than that in the ischemic core region (Fig.
31-J). Our data are consistent with the idea that astrocytic Ca* waves are initiated in the
core and subsequently propagate into the penumbra.

Brain protection by selective attenuation of astrocytic Ca2* signal

Previously we have shown surface labeling with BAPTA AM can selectively inhibit the
ATP-induced Ca?* signals in astrocytes (Ding et al., 2007). Using this method, we
determined whether the astrocytic Ca2* signal contributes to neuronal death following
ischemia. Photothrombosis was induced bilaterally in barrel cortices in the mouse brain and
premelted agarose containing 200 uM BAPTA AM was subsequently applied onto one of
the cranial windows to ensure continued delivery after photothrombosis. Premelted agarose
without BAPTA AM was applied to the other cranial window to serve as a within-animal
control. One day after ischemia, animals were perfused, sectioned and labeled with Cresyl
violet. Infarct volumes were measured to assess the effect of BAPTA on brain damage. As
shown in Fig. 6A and B, infarction is well demarcated either in the presence or in the
absence of BAPTA. However, selective loading of the Ca?* chelator BAPTA into astrocytes
significantly reduced the infarct volume by 47% (Fig. 6C, N=6 mice).

Discussion

Studies of ischemia traditionally focus on blood flow, vasculature and neuronal function.
However, recent advances in imaging and analysis of gene expression have revealed
complex changes also occur in glial cells in response to the cerebral ischemic insult (Dirnag
and Prillar, 2004). Since astrocytes are structurally and functionally interconnected with
neurons and vasculature, an understanding of their physiological and metabolic changes at
different stages of the ischemic insult is warranted. Photothrombosis ischemia model
combined with 2-P microscopy provides a useful tool that can monitor cellular structure and
physiological changes of astrocytes in vivo before and after induction of ischemia. In the
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present study, we first validated the photothrombosis-induced focal ischemic model by
measuring blood flow rate, evoked potential and extent of tissue damage. Initiation of
photothrombosis was associated with a loss of local blood flow and a decrease in evoked
potentials. However, astrocytes were able to retain their structural integrity for hours.
Histological study confirmed neuronal death and development of infarct 24 hr following
photothrombosis. The results showed a distinct transition zone between the ischemic core
and penumbra as revealed by Nissl and NeuN staining. Reactive astrocytes were observed
around the penumbra as manifested by increased expression of GFAP. When 2-P
microscopy was applied the core region to study Ca2* signals in astrocytes, we found that
photothrombosis led to an increase in frequency and amplitude of transient Ca2* signals.
These stimulated Ca2* signals can not represent a response to sustained illumination because
neither 2-P excitation nor green light illumination in the absence of Rose Bengal could
stimulate astrocytic Ca2* signals. Ca2* signals were only stimulated upon cessation of local
blood flow due to introduction of Rose Bengal and green light illumination. These Ca2*
signals were synchronized in the astrocytic network, a feature usually not observed in
normal brain in anesthetized mice. The transient Ca2* signals do not represent the response
of dying astrocytes since these signals return to baseline and were repetitive. The ability for
astrocytes to survive for a prolonged time following photothrombosis may be due to their
glycogen store which can be used as energy source through glycolysis (Kasischke et al.,
2004; Brown, 2004).

Since the basal level of Ca2* in astrocytes was not changed within the recording time, these
results suggest that astrocytes exhibit characteristic transient Ca2* signals during the acute
phase of photothrombosis. Using a similar photothrombosis model, Zhang et al (2005)
showed the degeneration of neuronal dendrites within 30 min after ischemia. This time is
concomitant with the increase in Ca2* signaling in astrocytes. While the photothrombosis
model has the advantage of studying physiological change of cells before and after ischemia,
there are also limitations. For example, it is not possible to control reperfusion, thus tissue
damage observed 24 hr later might be contributed by both ischemic and reperfusion injury.

There are two candidate mechanisms that could explain the increase in Ca2* signals in
astrocytes following photothrombosis: (1) loss of Ca* from mitochondria under anaerobic
conditions, or (2) activation of GPCRs leading to the release of Ca2* from intracellular
stores. Although we did not formally test the role of mitochondria in this study, this
mechanism is less likely given the repetitive nature of the Ca2* signals. Instead, the ability
for mGIuR5 and GABARgR antagonists to significantly attenuate astrocytic Ca2* signals
implies a role for receptor-mediated elevation of intracellular Ca2* stores. On the other hand,
PPADS and suramin, antagonists for P2X or P2Y receptors, as well as CPT, an Al receptor
antagonist, did not elicit an effect on the ischemia-induced Ca2* signals in astrocytes. These
results are in agreement with the notion that although ischemia induces rapid release of
ATP, it is probably a rapid event that cannot be detected within the time frame of the
experiment (Rossi et al., 2007).

We also observed increased astrocytic Ca2* signal in the penumbra although it is smaller
than that in the core region. These results suggest that synchronized Ca2* signals amongst
the astrocytic network might propagate beyond the ischemic core and trigger neuronal
responses in the penumbra. Since enhanced astrocytic Ca2* signals have been shown to
induce the release of glutamate and D-serine which interact with NR2B subunit of NMDA
receptors (Parpura and Haydon, 2000; Fellin et al., 2004; Haydon, 2001; Araque et al., 1998;
Aguado et al., 2002; Angulo et al., 2004), it is possible that propagation of these glial Ca2*
waves could modulate neuronal function in the broader neuronal network. We have
previously shown that in status epilepticus, enhanced astrocytic Ca2* signals could activate
neuronal NR2B subunit of N-methyl D-aspartate (NMDA) receptors, resulting in delayed
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neuronal death (Ding et al., 2007). Consequently, it is feasible that propagation of astrocytic
Ca?* signals in response to ischemia could contribute to delayed neuronal death known to
occur in the penumbra. We tested this possibility by measuring the infarct volume following
selective inhibition of astrocytic Ca2* with BAPTA. Significant reduction of infarct volume
was observed suggesting that the increased Ca?* signals in astrocytes contribute to ischemic
damage. Aside from glutamate release, Ca2* elevation in astrocytes might alter other
signaling pathways. For example, the activation of group I mGIuR by DHPG increases the
water permeability of aquaporin-4 channel through the phosphorylation by protein kinase G
that might causes edema after ischemia (Gunnarson et al., 2008). In addition, given that
Ca?* signals in these cells can stimulate changes in vascular tone (Takano et al., 2006),
elevation of astrocyte Ca2* signals could also provide a mechanism for regulating local
changes in blood flow.

In conclusion, our study using 2-P in vivo imaging demonstrated enhanced Ca2* signals in
astrocytes during the acute phase of ischemia induced by photothrombosis. These astrocytic
Ca?* signals were driven by the combined activation of mGIuR5 and GABAg receptors.
Selective buffering of astrocytic Ca2* signals significantly reduce the infarct volume caused
by photothrombosis raising the possibility that astrocytes contribute to neuronal death
following ischemic injury.
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Fig. 1. Photo-activation of circulating Rose Bengal blocks local blood flow and reduces local
evoked potential

A) (Top) An image of vasculature labeled with rhodamine-dextran before (left) and 10 min
after (right) photothrombosis. Linescan X-t images (lower panels) were performed at the
regions identified by the dashed lines in the top panels. Right lower panel shows cessation of
movement of blood cells (dark bands, lower left panel) following photothrombosis. B) Time
course of evoked potential (EP) changes in the ischemic core stimulated by whisker
deflection before and after photothrombosis. Data were recorded from 3 mice with different
symbols representing each mouse. The insets in the figure show examples of averaged EPs
before (left) and 40 min (right) after ischemia recorded in the core. C) Astrocytes were
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labeled using SR101 and maximum intensity projection images obtained from 20 Z-scan
images (1 pm z-step interval) show the morphology of these glial cells before and following
photothrombosis. Images in the bottom panel are enlargements of the boxed regions in the
upper panels.
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Fig. 2. Photothrombosis causes neuronal death and astrocyte activation in the cortex

A) Nissl staining of brain sections showing cell damage in the ischemic region (right) 24 hr
after photothrombosis. An area of 2 mm in diameter was illuminated in this experiment. B)
High resolution micrographs of ischemic region (right) and corresponding region of
contralateral side (left) from A. C) NeuN staining of a brain section showing neuronal death
in the ischemic region (right) and healthy neurons in corresponding contralateral side (left).
D) Enhanced GFAP expression in the transition zone between ischemic core and penumbra
(right) after photothrombosis. The left panel shows low GFAP expression in the cortex in
the contralateral side. Arrow heads indicate individual astrocytes. Dash line outlines the
boundary between ischemic core and penumbral region.
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Fig. 3. Astrocytes exhibit enhanced ca?* signals after photothrombosis

A). Cortical astrocytes double-labeled with fluo-4 and SR101 after photothrombosis. B-C)
Representative images of astrocytes loaded with fluo-4 before (B) and after (C) induction of
photothrombosis. D) Time course of somatic Ca2* oscillations of astrocytes expressed as
AF/Fo before (upper) and after (bottom) induction of photothrombosis. The vertical lines at
the left indicate cell pairs that were recorded in the same image frame (also in (1)). The box
regions correspond to the images in B and C as indicated. E) Cross correlation coefficients
within a lag time of 5 s. The data were obtained from 5 pairs of astrocytes before
photothrombosis and 9 pairs after photothrombosis from 4 mice. Inset: A representative
cross correlation analysis of Ca2* oscillations before (black) and after induction of focal
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ischemia (red). Statistical analysis was performed using t-test. *p <0.05. F) Summary of
astrocytic Ca2* signals expressed as an integral of AF/Fo traces over 300 s under different
control conditions and following photothrombosis (RB+ and Illumination+). The data were
collected 20-80 min after ischemia from N=4-9 mice. Statistical analyses between
photothrombosis (RB+/illumination+) and each control condition (i.e. RB-/lllumination-,
RB-/lllumination+ and RB+/lllumination-) were assessed using t-test. *p<0.05, **p<0.01.
G) The frequency distributions of the amplitude of AF/Fo before and after photothrombosis
(N=4). Data were binned in 0.05 unit of AF/Fo. H) Time course of somatic Ca2* signal in
astrocytes developed after photothrombosis. The data from each time interval of 20 min
were averaged from 14-28 cells obtained from N=4-5 animals. The Ca2* signal of the last
bin was the average value from astrocytes imaged 80-150 min after photothrombosis. 1)
Time course of astrocytic Ca2* signals in the ischemic core (upper) and penumbra (200 pm
from the edge of core, lower). The data were recorded from the same mice. J) Summary of
astrocytic Ca2* signal in control condition (N=5), in ischemic core (N=9) and penumbra
(N=4). Ca?* signal of control condition (RB-/lllumination-) was the same as in F. *p<0.05,
t-test.
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Fig. 4. Pharmacological manipulation of astrocytic ca?* signals in vivo

A) Astrocytic Ca2* signals following administration of ATP (500 uM; left) and ATP
together with Suramin (200 pM; right). B) Baclofen (left; 100 pM) alone and Baclofen
together with CGP54626 (right; 10 uM). C) Summary of astrocytic Ca2* signals induced by
agonists in the presence and absence of their respective antagonists. Data are average values
from N=4-6 mice in each condition. Statistical analyses (t-test) indicate significant
attenuation of the Ca2* signal by the respective antagonist compared to the signal in the
presence of agonist alone. *p <0.05.
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Fig. 5. GABApg and mGIuR5 receptors contribute to photothrombosis-induced astrocytic ca?*

signaling

A-C) Astrocytic Ca?* signals following photothrombosis before (left) and after (right)
administration of different antagonists. D) Summary of the effects of antagonists on
photothrombosis-induced astrocytic Ca2* signals. Ca2* signals in the absence of

pharmaceutical reagents were collected 30-60 minutes following photothrombosis. Ca?*

signals in the presence of pharmaceutical reagents were collected 20-60 minutes after

administration of these drugs. In each group of experiment, we recorded Ca?* signal up to
40 min following photothrombosis to establish the base line Ca2* signal before adding drug.
The data were averaged from N=4-6 mice in each condition. Statistical analysis by ANOVA
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with post-hoc tests indicated significant difference comparing effects with and without
appropriate antagonists. *p<0.05.
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Fig. 6. Effect of BAPTA on photothrombosis-induced infarct volume

A) Nissl staining of brain section. Photothrombosis was induced on both sides of barrel
cortex region at the same time. An area of 1 mm diameter was illuminated in this
experiment. B) High resolution micrographs from the boxed areas in A showing distinct
regions of ischemic cores and transition zones. C) Normalized infarct volume indicated
neuronal protective role of BAPTA-AM. Data were obtained from N=6 mice. * p<0.05, t-
test.
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