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Neurobiology of Disease
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After ischemic stroke, the corresponding area contralateral to the lesion may partly compensate for the loss of function. We previously
reported the remodeling of neuronal circuits in the contralateral somatosensory cortex (SSC) during the first week after infarction for
processing bilateral information, resulting in functional compensation. However, the underlying processes in the contralateral hemi-
sphere after stroke have not yet been fully elucidated. Recent studies have shown that astrocytes may play critical roles in synaptic
reorganization and functional compensation after a stroke. Thus, we aim to clarify the contribution of astrocytes using a rodent stroke
model. In vivo calcium imaging showed a significantly large number of astrocytes in the contralateral SSC responding to ipsilateral limb
stimulation at the first week after infarction. Simultaneously, extracellular glutamine level increased, indicating the involvement of
astrocytes in the conversion of glutamate to glutamine, which may be an important process for functional recovery. This hypothesis was
supported further by the observation that application of (25,3S)-3-{3-[4-(trifluoromethyl)benzoylamino]|benzyloxy} aspartate, a glial
glutamate transporter blocker, disturbed the functional recovery. These findings indicate the involvement of astrocytes in functional
remodeling/recovery in the area contralateral to thelesion. Our study has provided new insights into the mechanisms underlying synaptic
remodeling after cerebral infarction, which contributes to the development of effective therapeutic approaches for patients after a stroke.

Introduction

Ischemic stroke is a major cause of mortality and disability in the
elderly. Recent advances in functional imaging of the human
brain have revealed that the cortical hemisphere contralateral to
the infarction plays an important role in functional recovery
(Calautti and Baron, 2003; Crosson et al., 2007; Ward, 2007). For
example, after infarction of the somatosensory cortex (SSC),
postischemic reorganization of the contralateral (intact) SSC at
least in part compensates for impaired functions (Chollet et al.,
1991; Cao etal., 1998). In animal models, experimental infarction
in the unilateral SSC or motor cortex results in functional and
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structural changes in the remaining intact brain region. Infarc-
tion in the SSC changes the receptive field in the contralateral SSC
1 week after a stroke (Reinecke et al., 2003). However, further
understanding of the mechanism underlying this compensation
in the intact hemisphere is absolutely necessary (Calautti and
Baron, 2003).

We previously reported the transient increase in both ipsilat-
eral and contralateral somatosensory stimulus-evoked neuronal
activities in the intact hemisphere within 2 d after the stroke,
followed by the increase in turnover rate of mushroom-type syn-
aptic spines, which is usually stable, 1 week after the stroke, was
observed by two-photon laser microscopy (TPLM) imaging in
vivo (Takatsuru et al., 2009). Four weeks after the stroke, when
functional recovery occurred, a new neuronal circuit that re-
sponds to ipsilateral somatosensory stimuli is established in the
intact hemisphere. Thus, by remodeling neuronal circuits, the
intact SSC can process new sensory information to compensate
for the loss of SSC function (Takatsuru et al., 2009). However,
further study may be required to clarify the mechanisms under-
lying such anatomical remodeling.

Recent studies have shown the critical roles of astrocyte in
functional remodeling in adult brain (Rossi et al., 2007; Zhao and
Rempe, 2010). Under physiological conditions, astrocytes are in-
volved in the generation and maturation of neuronal circuits,
even in the adult cortex (Theodosis et al., 2008; Pfrieger, 2010).
They express glia-specific glutamate transporters (glutamate transporter
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1 [GLT-1]; glutamate-aspartate transporter [GLAST]), which are crit-
ical for neuronal transmission (Takayasu et al., 2009). Recent
studies indicate that astrocytes also play important roles in angio-
genesis, neuronal plasticity, and functional recovery weeks after
stroke (Ellison et al., 1999; Carmichael, 2010; Zhao and Rempe,
2010). Thus, we aim to reveal the contribution of astrocytes to
functional remodeling in the region contralateral to the site of
stroke.

Here, we demonstrate an increase in amplitude of calcium
transients in astrocytes in the contralateral SSC during the first
week after a stroke, particularly by ipsilateral limb stimulation
using in vivo TPLM. In vivo microdialysis technique revealed
further a transient increase in extracellular glutamine (Gln) level
during the same period without alteration of glutamate (Glu)
levels. Furthermore, blockade of the Glu transporter using
(25,3S)-3-{3-[4-(trifluoromethyl)benzoylamino]benzyloxy} as-
partate (TFB-TBOA), a glia-specific Glu transporter antagonist
(Shimamoto et al., 2004; Tsukada et al., 2005), disturbed the
functional recovery. These findings indicate the activation of as-
trocytes to take up extracellular Glu and convert it into Gln
(Norenberg and Martinez-Hernandez, 1979; Sibson et al., 2001;
Hertz and Zielke, 2004).

Materials and Methods

This study was approved by the Animal Care and Experimentation Com-
mittee, Gunma University, and the National Institutes of Natural Sci-
ences. All efforts were made to minimize the suffering and number of
animals used in this study.

Animals

Adult male C57BL/6] mice (2.5-5 months of age; purchased from SLC
Japan) were used in this study. All mice were housed with food and water
ad libitum under controlled temperature (25 * 5°C), humidity, and
illumination (12:12 light-dark cycle; lights on at 6:00 A.M.). Cages were
changed once a week. All experiments were performed on mice in the
first week (1 week group; 5-7 d after stroke) and second week (2 week
group; 8—12 d after stroke) after the stroke, and 2—7 d after sham surgery,
except in the von Frey test, in which experiments were performed 2-3 d
before and 2, 7, 14, and 28 d after the stroke/sham surgery.

Photothrombosis

As previously reported, Rose Bengal solution was used to induce throm-
botic infarction (Takatsuru et al., 2009). To facilitate photoactivation in
the right SSC (1-3 mm lateral; —1.5 to 1 mm anterior of bregma), a 2 X
2 mm region of the skull was thinned to 50% of original thickness using
a high-speed drill (FST) under anesthesia induced with ketamine/xyla-
zine (22.5 mg/ml ketamine and 1 mg/ml xylazine in 0.9% NaCl, i.p.; 5
ml/kg). After skull thinning, an intravenous injection of 2% (w/v in 0.9%
NaCl) Rose Bengal solution (16 mg/kg) was performed. To initiate focal
photoactivation, the thinned region of the skull was illuminated with a
green mercury lamp [530-550 nm, 17 mW; focused with 4X objective
lens, numerical aperture (NA) 0.13] for 15 min. A large stroke covering
the entire SSC can be generated by this procedure (Takatsuru et al.,
2009). When the size of the stroke was smaller than expected, data were
not included in the analysis. Sham-operated mice (Sham group) were
treated similarly with the omission of either the laser illumination or the
Rose Bengal injection (only 0.9% NaCl was injected). We did not observe
any damage or structural changes in dendrites related to the sham sur-
gery. After the surgery, mice were housed individually in a cage (19 X
26 X 13 cm) and allowed to recover.

In vivo calcium imaging

Multicell bolus loading of membrane-permeable calcium indicator Ore-
gon Green 488 BAPTA-1 (OGB-1) AM (Invitrogen) and sulforhodamine
101 (SR101; Sigma-Aldrich) in layers 2/3 neuron and astrocytes (100—
200 wm below the cortical surface; 156.5 = 4.5 um, n = 37; two or three
imaging field per mouse). Size of imaging field (157 X 157 um) was
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performed as previously described (Kerr et al., 2005; Eto et al., 2011).
Mice were anesthetized with urethane (1.7 g/kg body weight, i.p.) and
atropine (0.4 mg/kg body weight, i.p.). After the application, OGB-1 with
SR101 was excited at 800 nm. A water-immersion objective (20X, NA
0.95; 40X, NA 0.8; all from Olympus) was used to acquire images. Images
(128 X 128 pixels, 0.188 s per frame) were analyzed using Olympus
Fluoview software. Four-limb vibrotactile stimuli (1 s, 140 Hz) (Takat-
suru et al., 2009) were repeatedly applied at each imaging. The baseline
intensity F, was obtained by averaging the fluorescent intensities during
the prestimulus period (15 frames; 2.82 s). Cells were considered respon-
sive when the change in fluorescence intensity was >10% of the baseline
value >3 times per 10 stimuli in each limb, which was defined as the
“threshold” in the present study. The relative amplitude of calcium tran-
sients was calculated as AF/F (AF = F — F,)). The peak amplitude of the
response showing in Figures 2 and 3 was considered as average from >3
responses. Calcium transients of the astrocytes in the present study may
be more rapid than those in previous studies (Winship et al., 2007; Win-
ship and Murphy, 2008). However, the ratio of calcium transients in
astrocytes to that in neuropils is not markedly different from those
in previous studies (Winship et al., 2007). Thus, an increase in calcium
transients of SRS101-positive astrocytes (Winship et al., 2007; Winship
and Murphy, 2008; Eto et al., 2011), induced by somatosensory stimula-
tion in hemisphere contralateral to infarction, is similar to those in the
peri-infarcted area. The average response from neuropil around astro-
cytes was negligible (see Fig. 1). Thus, contamination of such response
did not affect the result of analysis of response from neuron/astrocyte.

Real-time RT-PCR analysis of GLT-1, GLAST, and Gin
synthetase mRNAs

The expression levels of GLT-1, GLAST, and Gln synthetase (GS) mR-
NAs in the contralateral SSC were measured by real-time RT-PCR tech-
nique (Kaneko et al., 2009) using tissue samples obtained from mice in 1
week, 2 week, and Sham groups. After extraction of RNA followed by
cDNA synthesis, PCR was performed with the SYBR Premix ExTaq II
(Takara) using a LightCycler 480 (Roche). Each value was normalized
with the expression level of B,-microglobulin (3,-m) mRNA and ex-
pressed as a level relative to that in the Sham group (100%). The primers
used for amplifying each cDNA fragment (127 bp in GLT-1, 159 bp in
GLAST, 144 bp in GS, and 109 bp in 3,-m) were as follows: GLT-1-sense,
5'-GGA AGA TGG GTG AAC AGG C-3'; GLT-1-antisense, 5'-TTC
CCA CAA ATC AAG CAG G-3'; GLAST-sense, 5'-ACG GTC ACT GCT
GTC ATT G-3' (Brito et al., 2009); and GLAST antisense, 5'-TGT GAC
GAG ACT GGA GAT GA-3' (Brito et al., 2009); GS sense, 5'-TTC CGC
AAA GAC CCC AAC-3'; and GS antisense, 5'-TTC CTG CTC CAT TCC
AAA CC-3';and B,-m sense, 5'-CCC TGG TCT TTC TGG TGC TT-3';
and f3,-m antisense, 5'-ATG TTC GGC TTC CCA TTC TC-3" (Kaneko
et al., 2009).

Western blot

GLT-1 protein levels in the cerebrum were measured by Western blot-
ting. Protein extraction from the brain tissues was performed as de-
scribed previously (Shimokawa et al., 2010). Briefly, a part of the
cerebrum was homogenized in lysis buffer-containing protease inhibi-
tors and separated by SDS-PAGE. Immunoblotting was performed with
anti-GLT-1 antibody (EAAT2 antibody, 1:1000, Cell Signaling Technol-
ogy) and with anti-rabbit IgG coupled to HRP (GE Healthcare). The
antibody-antigen complexes were detected using the ECL system (GE
Healthcare). Blots were reprobed with an anti-B-actin antibody (Cell
Signaling Technology) for monitoring the quantity of protein.

Behavioral tests
Spontaneous locomotor activity in general cage. To determine the optimal
time points for in vivo microdialysis, 24 h spontaneous general-cage
locomotor activity was recorded using infrared motion sensors
(NS-ASSO01; Ohara). The number of infrared-beam crossings per hour
was continuously recorded and summarized. The recording was started
at 18:00 for the Sham group (7 d after the sham surgery), or 2,7,and 14 d
after the stroke.

von Frey hair test. Mice were individually placed on an elevated metal-
wire mesh table (Takatsuru et al., 2009). A von Frey filament was applied
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to the middle plantar surface of a hindpaw until the filament was bent.
The filament was held in this position for 1 s. Only robust and immediate
withdrawal responses to the stimulus were counted as withdrawal re-
sponses. Each trial consisted of the filament being applied eight times at
30 s intervals. The mechanical nociceptive threshold was considered as
the lowest force that evoked a paw withdrawal in at least 50% of trials.
The value of the von Frey test was expressed as a ratio of the value of
nociceptive threshold “after inducing the stroke” divided by “before in-
ducing the stroke” (see Fig. 7).

In vivo microdialysis

A guide cannula was inserted into the SSC through the cranial window (¢
0.5mm) located 1.5-2 mm lateral to the sagittal suture and — 1.5 to I mm
anterior to the bregma under ketamine/xylazine anesthesia. Mice were
allowed to recover from the surgery for at least 2-3 d before the experi-
ments. Each experiment was conducted in the dark phase (18:00—6:00)
in their home cages. A microdialysis probe (0.37 mm in diameter and 1.5
mm in membrane length) was inserted into the guide cannula at 4—6 h
before the dialysis. The probe was perfused at the rate of 1 ul/min with
HEPES buffer (in mm: NaCl, 140.0; KCl, 2.5; CaCl,, 2.0; MgCl,, 1.0;
HEPES, 5.0; glucose, 10.0; pH 7.4). After a 4—6 h stabilization period,
three samples were collected (90 min per sample; from 18:00-22:30,
three samples per mouse). Then, Glu, Gln, and p-serine were immedi-
ately measured by high-performance liquid chromatography (EICOM)
(Parent et al., 2001). The concentrations of Glu and Gln were normalized
using a calibration curve from 100 um to 10 nM, and three values per
mouse were averaged before statistical analysis. After termination of the
dialysis, the mice were killed under ketamine/xylazine anesthesia, and
stroke size was examined. The size of stroke in each mouse was suffi-
ciently large to cover the entire area of the right SSC (data not shown),
and the size was similar to those in a previous report (Takatsuru et al.,
2009).

Application of TFB-TBOA

TFB-TBOA, a selective antagonist of glial Glu transporters (GLT-1 and
GLAST) (Shimamoto et al., 2004; Tsukada et al., 2005), was applied
through a microdialysis probe. A stock solution of TFB-TBOA in DMSO
(10 mm) was diluted with HEPES buffer to 200 or 20 nm and applied by in
vivo microdialysis (1 ul/min) in the dark phase 3 and 4 d after the sham
surgery and stroke induction. To confirm the distance of diffused drug
from the probe, methylene blue (1.0%) was applied through the probe.
By using this method, methylene blue was diffused 0.51 = 0.04 mm in
diameter around the probe (n = 9; see Fig. 7A). For control, 0.002%
DMSO/HEPES buffer was also applied. The perfusion rate was 1 ul/min
in the microdialysis study.

Statistical analysis

All the data were compared by one- or two-way ANOVA. Post hoc com-
parison was performed by the Bonferroni test using Excel statistics
(Esumi). The difference was considered significant at p < 0.05. All values
are presented as mean = SEM.

Results

Changes in neuronal responses to vibrotactile stimulation
after contralateral SSC infarction

To examine whether the responses to limb stimulation are altered
after the stroke, in vivo calcium imaging was performed. Figure
1 B (left panels) shows representative TPLM images in layer 2/3 of
the SSC. Neurons and astrocytes were stained by the green fluo-
rescent dye (OGB-1). Astrocytes were identified by the staining of
their marker, SR101, by the red fluorescent dye. Merging of green
and red fluorescences shows astrocytes with the yellow color,
allowing their differentiation from neurons (green). The changes
in intracellular calcium level in each numbered cell are also
shown (Fig. 1B, right panels). Some cells responded only to
single-limb stimulus, whereas other cells responded to multiple-
limb stimulation. The decay time for calcium signal (7) was
0.42 = 0.02 s in neurons, 0.45 = 0.02 s in astrocytes, and 0.23 =
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0.02 s in neuropils. Response from neuropils was rather small,
and the average response was negligible (Fig. 1B). Thus, contam-
ination of response from neuropils did not affect the analysis of
response from neurons/astrocytes. As shown in Figure 2A, ~20%
of neurons responded either to right forelimb (cFL) or right
hindlimb (cHL) stimulation in the Sham group (Table 1; n = 5
mice), whereas ~30% of neurons responded after the stroke (Ta-
ble 1; n = 5 mice both in 1 week and 2 weeks). Statistically, the
stroke did not significantly alter the number of neurons respond-
ing to contralateral limb stimulation (one-way ANOVA: cFL;
Foua = 333 p = 0.071; cHL; Fy \py) = 2.215 p = 0.152). In
contrast, although the number of neurons responding to either
left forelimb (iFL) or left hindlimb (iHL) stimulation was small in
the Sham group, the number of such neurons significantly in-
creased after the stroke (one-way ANOVA: iFL, F, ,,, = 18.62,
p = 0.0002; iHL, F, 5 = 20.66, p = 0.0001). The numbers of
neurons responding to either iFL or iHL stimulation in the 1 week
group and the 2 week group were significantly larger than those in
the Sham group (Bonferroni test: iFL, 4, = 3.68, p = 0.003 vs 1
week; t5, = 6.06, p = 0.00006 vs 2 week. iHL; t4) = 4.18, p =
0.001 vs 1 week, tgy = 6.32, p = 0.00004 vs 2 week). As shown in
Figure 2B, most of the neurons in the Sham group responded
only to single-limb stimulation (82.3 * 2.3%, mainly contralat-
eral limb) and a small number of neurons responded to multiple-
limb stimulation (neurons responding to two-limb stimulation,
15.9 * 2.5%; three- or four-limb stimulation, 1.8 = 1.1%). On
the other hand, in the stroke-induced mice (Stroke group), the
responses to the stimulation were significantly altered (two-way
ANOVA: group X number of responses, F(; 39y = 7.60; p =
0.00004). A smaller number of neurons responded only to single-
limb stimulation both in the 1 week group (50.0 = 9.6%) and the
2 week group (39.8 £ 5.7%) compared with those in the Sham
group (Bonferroni test: 1 week, to) = 3.46, p = 0.005; 2 week,
t9y = 4.55, p = 0.00007). In contrast, a larger number of neurons
responded to two-limb stimulation in both the 1 week group
(33.6 = 5.5%) and the 2 week group (39.8 = 5.7%) compared
with those in the Sham group (Bonferroni test: 1 week, to) =
3.34, p = 0.006; 2 week, tg) = 3.92, p = 0.002). The number of
neurons responding to three- or four-limb stimulation was
17.3 = 5.4% in the 1 week group, which was not statistically
different from that in the Sham group (Bonferroni test: ¢y =
2.54, p = 0.026), whereas it significantly increased in the 2 week
group (39.8 * 5.7%, t4) = 3.61, p = 0.004). Among the neurons
that responded to two-limb stimulation in the Sham group, most
of them responded to cFL and cHL and a small number of neu-
rons (6.7 = 6.7%) responded to stimulation of both sides (i.e.,
cFL and iFL) (Fig. 2B, inset). In the stroke group, however, the
number of neurons that responded to stimulation of both sides
significantly increased (one-way ANOVA: F(, ,) = 6.82, p =
0.01). In the 1 week group, 44.9 * 12.3% of neurons responded to
two-limb stimulation of both sides (Fig. 2B, inset). In the 2 week
group, a significantly larger number of neurons than that in the
Sham group responded to two-limb stimulation of both sides
(56.7 £ 10.2%, t5, = 3.54, p = 0.004). These findings are con-
sistent with our previous electrophysiological study showing the
reorganization of neural circuits to process bilateral somatosen-
sory information in the hemisphere contrarateral to the infarc-
tion (Takatsuru et al., 2009).

As shown in Figure 2C, the peak amplitude of response in the
Sham group was ~13% AF/F,,. In the stroke animals, these values
were not markedly different from those in the Sham group, al-
though a weak but significant difference was observed in cHL
stimulation (one-way ANOVA: cHL, F; ,35) = 5.07, p = 0.007).
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Effect of unilateral SSC stroke on limb-stimulation-induced intracellular calcium concentration changes in neurons and astrocytes in contralateral SSC. A, Schematic drawing of

experimental design. All strokes were made in right SSC, and images or samples were taken from left SSC. B, Representative TPLM images (left panels) and traces of changes in intracellular calcium
level in numbered cells (right panels) in the mice of sham-operated (Sham), first week (5—7 d after stroke), and second week (8 —12 d after stroke) after the stroke (1 week and 2 week groups,
respectively). Each trace indicates the AF/F,% of calcium transients induced by limb stimulation. In the case of neuropils, responses from different neuropils (arrowheads) were shown in thin lines.
Their average was shown in the thick line. The average of response from neuropils was not above the threshold for signal analysis.

In the 1 week group, the peak amplitude of response to cHL
stimulation was 13.5 = 0.3% AF/F,, which was not significantly
different from that in the Sham group, whereas in the 2 week
group, the peak amplitude was 14.6 * 0.4% AF/F,, which was
significantly different from that in the Sham group (¢,,¢, = 3.03,
p = 0.007).

These findings indicate that the number of neurons receiving
multiple inputs, particularly from ipsilateral limbs, was increased
by the stroke, but the peak amplitude was not markedly altered.

Changes in astrocyte response to vibrotactile stimulation
after contralateral SSC infarction

In previous studies, the number of reactive astrocytes was not
increased in the contralateral area of infarction (Zhang et al.,
1999; Olson and McKeon, 2004). In this study, the average num-
ber of astrocytes in an imaging field was 10.5 = 1.0 in Sham,
12.3 = 1.8 in 1 week, and 9.2 = 1.0 in 2 week. These values were
not statistically different (one-way ANOVA: F, 5,) = 0.46; p =
0.638). However, the number of astrocytes responding to limb
stimulation was altered by the stroke. As shown in Figure 3A, the
number of astrocytes showing a significant response to limb stim-
ulation was small in the Sham group (Table 2). In the Stroke
group, however, the number of astrocytes responding to limb
stimulation significantly increased (two-way ANOVA: group X
number of responses, F; 35y = 3.93; p = 0.004). In the 1 week

group, the numbers of astrocytes responding to each limb stim-
ulation was ~30- 40%. Although the amplitude of response tend
to increase, values of response to contralateral limb stimulation
(cFL and cHL) were not statistically different between the 1 week
group and the Sham group (Bonferroni test: cFL, ¢5,, = 2.37,p =
0.035; cHL, t(43) = 2.19, p = 0.049), whereas those for the ipsilat-
eral limb stimulation (iFL and iHL) were significantly different
between the 1 week group and the Sham group (#59) = 3.11,p =
0.009; cHL, 59y = 3.02, p = 0.011). In the 2 week group, the
number of astrocytes responding to each limb stimulation was
~40-75%, which are all significantly different from those in the
Sham group (cFL, t) = 3.92, p = 0.002; iFL, to) = 7.57,p =
0.00001; cHL, t4, = 5.12, p = 0.0003; iHL, t,, = 5.06, p =
0.0003).

As shown in Figure 3B, a significantly larger number of astro-
cytes (83.1 = 7.6%) responded only to the single-limb stimula-
tion in the Sham group. A small number of astrocytes responded
to multiple-limb stimulation (cells responding to two-limb stim-
ulation, 14.9 * 6.2%; three- or four-limb stimulation, 2.0 *
2.0%). Unlike neurons, however, no astrocytes showed prefer-
ence in response to contralateral and ipsilateral limb stimulation.
In the Stroke group, on the other hand, the distribution of the
response was significantly changed. Few cells responded only to
single-limb stimulation (one-way ANOVA: F, ,,, = 15.88, p =
0.0004), whereas a larger number of cells responded to two-limb
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Figure 2.  The number of neurons that responded to ipsilateral limb stimulation increased
after unilateral SSC stroke in contralateral SSC. A, Percentage of neurons responding to each
limb stimulation. The percentage significantly increased after the stroke, particularly in the iFL-
and iHL-stimulated groups. B, Percentage of neurons responding to single-limb or multiple-
limb stimulation (2, 3, or 4). The percentage in each group was calculated by dividing the
number of neurons responding to one, two, three, or four limb stimulation by the number of all
neurons showing a positive response to any limb stimulation. Inset, The percentage of neurons
responding to both ipsilateral and contralateral limb stimulations (cFL + iFL or cHL + iHL).
(, Peak amplitude (%AF/F) of the change in intracellular calcium transients after limb stimu-
lation. No significant changes were observed, except when cHL was stimulated in the 2 week
group, which showed a weak increase. In all the graphs, data are mean = SEM. *p << 0.05,
compared with Sham (Bonferronitest). **p << 0.01, compared with Sham (Bonferroni test). n.s.
indicates not significant.

Table 1. Results of in vivo Caimaging (neuron)

Sham 1 week 2 week
(n = 5 mice) (n = 5 mice) (n = 5 mice)
Response (%) (number of cells)
cFL 132+37 33.9+83 30.6 = 5.4
(30/204) (81/238) (96/303)
iFL 22*09 29.0 = 7.6% 46.2 = 4.5%
(6/204) (74/238) (137/303)
cHL 226 *+3.0 33065 369 + 48
(46/204) (90/238) (101/303)
iHL 1.9+09 312+ 5.7% 46.1 = 6.4%
(5/204) (83/238) (131/303)
Amplitude (% AF/F,)
cFL 145 + 0.6 140 = 0.4 142+ 04
iFL 107 = 1.1 13.6 =04 142 +03
cHL 126 £ 0.5 13.5%03 14.6 = 0.4*
iHL 138+1.2 137 +£05 13603

*p < 0.01, compared with Sham (Bonferroni test).

(F212) = 3.01, p = 0.087), or three- or four-limb stimulation
(F212) = 9.77,p = 0.003). In the 1 week group, 38.1 * 10.1% of
astrocytes responded only to single-limb stimulation, which was
significantly lower than that in the Sham group (Bonferroni test:
t9) = 3.82, p = 0.002). In contrast, the number of cells respond-
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Figure 3.  The amplitude of calcium transients of astrocytes that responded to ipsilateral
limb stimulation increased after the unilateral SSCstroke in the contralateral SSC. 4, Percentage
of astrocytes responding to each limb stimulation. The percentage particularly increased in the
iFL- and iHL-stimulated groups after the stroke. B, Percentage of astrocytes responding to
single-, ormultiple-limb stimulation (2, 3, or 4). The percentage in each group was calculated by
dividing the number of astrocytes responding to one-, two-, three-, or four-limb stimulation by
the number of all astrocytes showing a positive response to any limb stimulation. Inset, The
percentage of astrocytes responding to both ipsilateral and contralateral limb stimulations (cFL
+ iFL or cHL + iHL). The number of astrocytes receiving information on only single-limb
stimulation markedly decreased after the stroke. €, Peak amplitude (%AF/Fy) of the change in
intracellular calcium transients after limb stimulation. No significant changes were observed,
except when cHL was stimulated in the 2 week group, which showed a weak increase. Interest-
ingly, the amplitude significantly increased particularly in the iFL- and iHL-stimulated in the 1
week group. *p < 0.05, compared with Sham (Bonferroni test). **p < 0.01, compared with
Sham (Bonferroni test). n.s. indicates not significant.

Table 2. Results of in vivo Ca imaging (astrocytes)

Sham 1 week 2 week
(n = 5 mice) (n = 5 mice) (n = 5 mice)
Response (%) (number of cells)
cFL 121+29 304 £ 45 423 = 7.8%*
(15/124) (37/136) (54/128)
iFL 82+ 46 311 £ 7.0% 63.7 & 3.4%*
(5/124) (35/136) (72/128)
cHL 15.5 £ 5.5% 41.0 =113 75.1 = 6.8**
(18/124) (46/136) (92/128)
iHL 6.4 +39 440 + 11.4* 69.4 = 9.3%*
(4/124) (47/136) (76/128)
Amplitude (% AF/Fy)
cFL 123 0.7 14.0 = 0.5 141+ 04
iFL 126 = 0.6 16.3 £ 0.6* 132+03
cHL 13.0 = 0.6 15.8 = 0.5% 15.5 £ 0.4*
iHL 126 =03 16.8 = 0.4* 14104

*p < 0.05, compared with Sham (Bonferroni test). **p << 0.01, compared with Sham (Bonferroni test).
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Figure 4.  Locomotor activity in the general cage significantly increased after the stroke in
the contralateral SSC. Circadian changes in spontaneous locomotor activity in general cage.
Locomotor activity was measured using infrared motion sensors. The number of infrared-heam
crossings per hour was continuously recorded and summarized. The activity significantly in-
creased from 20:00 to 22:00 in the 2 week group. *p << 0.05, compared with Sham (Bonferroni
test); **p < 0.01, compared with Sham (Bonferroni test).

ing to multiple-limb stimulation tended to increase. In the 1 week
group, 31.1 = 4.9% and 30.8 = 8.7% of astrocytes responded to
two-limb and three- or four-limb stimulation in the 1 week
group, respectively, which were not statistically different from
that in the Sham group. In the 2 week group, the number of
astrocytes responding only to single-limb stimulus (18.3 = 7.0%)
was significantly smaller than that in the Sham group (Bonferroni
test: t) = 5.50, p = 0.0001). The number of astrocytes respond-
ing to two-limb stimulation was 29.5 * 4.1%, which was not
statistically different from that in the Sham group. On the other
hand, the number of neurons responding to three- or four-limb
stimulation (52.1 = 10.7%) significantly increased (Bonferroni
test: Fy 15 = 9.77, p = 0.003; fo) = 4.40, p = 0.0009).

As shown in Figure 3C, the peak amplitudes of response (AF/
F,) in Sham were ~13%. In the Stroke group, the peak amplitude
significantly changed, except for ¢FL (one-way ANOVA: cFL,
Fiios) = 2.07; p = 0.131; iFL, F(y 09 = 14.55, p < 0.000001;
cHL, Fy,55 = 3.82, p = 0.024; iHL, Fp, 54 = 1151, p =
0.00003). In the 1 week group, the peak amplitudes of response
were ~14-17%. The values for iFL, cHL, and iHL were signifi-
cantly greater than those in Sham (Bonferroni test: iFL, ;4 =
2.67, p = 0.008; cHL, tg5) = 2.72, p = 0.008; iHL, {50, = 2.46,
p = 0.015). In the 2 week group, the peak amplitudes of response
were ~13-15%. Interestingly, only the amplitude for cHL was
significantly greater than those in the Sham group (cHL; #(,49y =
2.72,p = 0.008). The values for iFL and iHL were the same values
as those in the Sham group (iFL, ¢, = 0.47, p = 0.637; iHL,
tz79) = 0.84, p = 0.400). These findings indicate the increased
activity of astrocytes in the area contralateral to the site of infarc-
tion, particularly at the 1 week group and the 2 week group. It
should be noted that the amplitude of response to ipsilateral
stimulation showed a greater increase.

Increase in GIn concentration during the first week after

the stroke

Because a large number of neurons and astrocytes responded to
limb stimulation in the Stroke group, we examined further the
changes in Glu and Gln concentration in the contralateral SSC
under free-moving conditions by in vivo microdialysis. Before the
in vivo microdialysis study, we measured spontaneous general-
cage locomotor activity to determine the optimal time of the day
for sampling. As shown in Figure 4, both the Sham and Stroke
groups showed the increase in the activity during the dark phase
with a typical M-shape pattern. Interestingly, locomotor activity
significantly increased 2 weeks after stroke (two-way ANOVA:
Figo.2808) = 1.33, p = 0.038) at 20:00-21:00 (Bonferroni test:

Ligo) = 3.57, p = 0.0005), 21:00-22:00 (t 4, = 3.25, p = 0.0015),
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Figure 5.  The concentrations of extracellular Glu and GIn significantly changed after the
stroke in the contralateral SSC. A, Concentration of Glu in the contralateral SSC after the stroke.
The concentration significantly increased in the 2 week group. B, Concentration of GIn in the
contralateral SSC after the stroke. The concentration was significantly increased in the 1 week
group. *p << 0.05, compared with Sham (Bonferroni test).

and 9:00-10:00 (F51,,) = 4.38, p = 0.006; t(5p) = 2.96, p =
0.004). On the basis of these findings, we decided to perform in
vivo microdialysis sampling from 18:00—22:30 because the loco-
motor activity was greater during this time than at other times of
the day, during which somatosensory inputs may increase.

To our surprise, although one-way ANOVA showed the sig-
nificant effect in the change of Glu concentration after the stroke
(F227) = 5.51, p = 0.0098), only a slight increase in Glu concen-
tration was observed in the 1 week group (Fig. 5A4) (0.21 % 0.08 X
10 nmol, n = 13 mice) compared with the Sham group (0.10 *
0.03 X 10° nmol, # = 8 mice; Bonferroni test: ta0) = 0.08, p =
0.940) despite the fact that the number of neurons responding to
limb stimulation significantly increased in the 1 week group. On
the other hand, the concentration markedly increased in the 2
week group (4.37 = 1.94 X 10° nmol, n = 9 mice), compared
with the Sham group (¢(,,, = 2.76, p = 0.01). As shown in Figure
5B, the concentration of Gln significantly increased (determined
by one-way ANOVA: F, ;) = 6.36; p = 0.0054), particularly in
the 1 week group (1.66 = 0.40 X 10° nmol), compared with the
Sham group (0.38 *+ 0.17 X 10° nmol; Bonferroni test: #,5, =
2.67, p = 0.013). Interestingly, the concentration in the 2 week
group (0.63 * 0.24 X 10° nmol) was not significantly different
from that in the Sham group (#,,) = 0.48, p = 0.632); however, a
larger numbers of neurons and astrocytes in the 2 week group
responded to somatosensory stimulation than in the 1 week
group. These findings indicate that the metabolism of Glu by
astrocytes may be enhanced specifically in 1 week, producing Gln.

We also measured the concentration of D-serine in the Sham
and the 1 week groups. No significant difference in its level be-
tween them was observed (data not shown).

Uptake of Glu by glial Glu transporter may be important for
functional recovery after stroke

The results of in vivo microdialysis together with TPLM imaging
indicate that astrocytes may be activated in the 1 week group,
enhancing Glu uptake and conversion to Gln. To test this hy-
pothesis, we examined further the contribution of astrocyte-
expressed Glu transporters (GLT-1 and GLAST), which play an
important role in the uptake of extracellular Glu (Danbolt, 2001).
As shown in Figure 6, the mRNA expression level of GLT-1, a
major glial Glu transporter in the cortex (Rothstein, 1996; Dan-
bolt, 2001), significantly increased (one-way ANOVA: F, ¢, =
5.30; p = 0.017) both in the 1 week group (147.5 * 6.8%, n = 7.
t3) = 2.82,p = 0.012) and the 2 week group (150.4 + 8.3%, n =
5.ty = 2.73,p = 0.014) compared with the Sham group (100 *
17.2%, n = 7). On the other hand, the expression level of GLAST
mRNA did not significantly change (the Sham group, 100 =
12.0%; the 1 week group, 115.8 = 3.2%; the 2 week group,
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Figure 6.  The expression level of GLT-1 mRNA increased after the stroke in the contralateral
SSC. A, Expression levels of GLT-1, GLAST, and GS mRNAs. Each value was normalized with the
expression level of 3,-m mRNA and expressed as relative levels to that in the Sham group
(100%). The expression of GLT-1 mRNA was significantly increased both at 1 week and 2 weeks.
*p < 0.05, compared with Sham (Bonferroni test). B, The protein levels of GLT-1 were analyzed
by Western blotting. Representative immunoblots (left) and quantification (right) of the
amount of GLT-1in the intact SSC are shown. The position of standard molecular masses (kDa)
is indicated at the left in immunoblots. There was no statistically different expression level of
GLT-1 protein between Sham and Stroke mice.

112.2 * 6.2%; one-way ANOVA: F(, ;) = 1.00, p = 0.389). The
expression level of GS, which is expressed in the astrocyte and con-
verts Glu to Gln (Norenberg and Martinez-Hernandez, 1979; Hertz
and Zielke, 2004), was also not increased in the stroke mice (Sham
group, 100 * 16.5%; 1 week group, 118.8 * 2.7%; 2 week group,
122.0 * 4.1%; one-way ANOVA: F, 1) = 1.21, p = 0.324).

As shown in Figure 6B, the expression level of GLT-1 protein
tend to be increased by 20% (120.7 = 7.4% in 1 week, 120.5 = 9.0%
in 2 week; n = 10 mice in each time point). However, the
change was not statistically significant (one-way ANOVA:
F;,7) = 1.36, p = 0.275) despite the increase in its mRNA ex-
pression. These results indicate that the increase in uptake of Glu
was potentially achieved by housekeeping Glu transporters after
the stroke.

To examine further the involvement of Glu transporters, we
applied TFB-TBOA, a selective antagonist of glial Glu transport-
ers (Shimamoto et al., 2004; Tsukada et al., 2005) to inhibit their
action. As shown in Figure 74, injection of 200 nm TFB-TBOA dur-
ing the dark phase 3 and 4 d after the stroke significantly changed the
concentration of Glu (one-way ANOVA: F; ,,) = 6.26; p = 0.002).
As shown in Figure 7B, TFB-TBOA treatment did not significantly
increase the concentration of Glu in the Sham group (0.32 + 0.11 X
10 nmol, n = 8 mice vs DMSO treatment; 0.14 + 0.23 X 10° nmol,
n = 6 mice; Bonferroni test: ;) = 0.051, p = 0.960). On the other
hand, this treatment significantly increased the concentration of Glu
in the Stroke group (12.08 = 4.28 X 10 3 nmol, # = 8 mice vs DMSO
treatment; 0.22 =+ 0.08 X 10 nmol, # = 6 mice; Bonferroni test: ta3)
= 8.86, p = 0.003). These findings indicate that the concentration of
Glu was extremely high 7 d after the stroke, but astrocytes greatly
reduced the concentration of Glu by function of Glu transporters.

Finally, we examined the change in functional recovery by
TFB-TBOA treatment after the stroke using the von Frey hair
test. In DMSO-treated animals, the somatosensory response to
ipsilateral hindlimb stimulation was significantly disturbed 2 d
after the stroke but was recovered on 14 d after stroke (Fig. 7D).
In addition, no functional changes were observed in response to
contralateral hindlimb stimulation (Fig. 7C). In TFB-TBOA-
treated animals, however, the functional recovery of response
to iHL stimulation was markedly delayed until 28 d after the
stroke (Fig. 7E). This change was also detected by application
of low-dose (20 nm) of TFB-TBOA (data not shown; Post/
Pre = 1.68 * 0.44 at 2 weeks, n = 6). Furthermore, the re-
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sponse to cHL stimulation, which was not disturbed after the
stroke in DMSO-treated animals, was also disturbed by TFB-
TBOA treatment after the stroke, probably because of the in-
crease in Glu from newly formed synapse from ipsilateral limbs to
unaffected somatosensory cortex.

Together, these findings are consistent with the hypothesis
thatactivated astrocytes increased the uptake of Glu by Glu trans-
porters during 1 week, which play an important role in somato-
sensory compensation.

Discussion

In the present study, we analyzed the changes in neuronal and
astrocyte function in the contralateral SSC after unilateral SSC
infarction. After the stroke, neurons started to respond to
multiple-limb stimulation, particularly to the stimulation of the
ipsilateral limb, without showing changes in the peak amplitude
of calcium transients (Fig. 2). On the other hand, the peak am-
plitude in astrocytes was increased during the first week (Fig. 3).
Interestingly, such increases in astrocyte activity were particularly
significant in response to ipsilateral limb stimulation. During this
period, there was an increase in Gln concentration without alter-
ation in Glu concentration (Fig. 5), which could be the result of
the enhancement of the uptake of Glu and conversion to Gln in
astrocytes. Such events in astrocytes may be important for func-
tional recovery, as shown by the increase in Glu concentration
and disruption of the recovery of response to somatosensory
stimulation (Fig. 7) after TFB-TBOA treatment.

Possible involvement of astrocytes in functional remodeling
One of the important roles of astrocytes is the uptake of Glu
released from presynaptic terminals to maintain the Glu concen-
tration in the extracellular space to prevent excitotoxicity
(Danbolt, 2001). GS in the astrocytes converts Glu to Gln
(Norenberg and Martinez-Hernandez, 1979; Hertz and Zielke,
2004), which is then released into the extracellular space (Lieth et
al., 2001; Sibson et al., 2001). In the present study, the concentra-
tion of Gln increased at 1 week, without a significant increase in
Glu concentration (Fig. 5). However, application of TFB-TBOA
markedly increased Glu concentration (Fig. 7B), indicating that
the level of Glu uptake through glial transporters increases after
the stroke. Such an increase may have resulted in the enhance-
ment of synthesis and release of Gln.

The mechanisms underlying the increased Glu uptake have
not yet been fully clarified. As shown in Figure 6B, expression
level of GLT-1 protein was not changed in the stroke mice despite
the increase in mRNA expression level. On the other hand, TFB-
TBOA treatment markedly increased interstitial Glu levels. These
results indicate that Glu uptake was activated not through an
increase in GLT-1 protein but through activation of GLT-1. Up-
take of Glu by Glu transporters is partly regulated by concentra-
tion of Glu in the astrocyte (Gorovits et al., 1997; Ottersen et al.,
1996; Rossi et al., 2007). Thus, increase of Glu release from pre-
synaptic terminals may passively increase the Glu uptake by as-
trocytes. Then increased intracellular Glu activates GS, reducing
intracellular Glu concentration to maintain the concentration
gradient. Furthermore, TFB-TBOA treatment disturbed the
functional recovery of somatosensory function (Fig. 7C), indicat-
ing that the clearance of Glu by astrocytes during the period when
synaptic turnover is activated to generate multiple inputs to each
neuron plays an important role in functional reorganization after
the stroke. Activation of synaptic turnover with the increase in
synaptic inputs may induce an increase in Glu concentration in
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the extracellular space, which may induce
excitotoxicity. This hypothesis is also con-
sistent with the finding in present study
(Fig. 7E). Such toxicity may be relieved by
Glu uptake facilitated by activated
astrocytes.

The activity of astrocytes increased
particularly in response to ipsilateral limb
stimulation after the stroke (Fig. 3A). Pre-
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sponse to ipsilateral limb stimulation, was 0
observed in astrocytes during the first
week after the stroke (Fig. 3C). It is the
period when the number of inputs from
the ipsilateral limb to neurons increased
(Fig. 2), and synaptic turnover rate mark-
edly increased (Takatsuru et al., 2009).
Gln is a precursor of both Glu and
GABA (Fonnum et al., 1997). Glu is taken
up by astrocytes through Glu transporters
and converted to Gln by GS. Because con-
version of Glu to Gln by GS is an ATP-
dependent process, Glu that is taken up by
astrocytes may not be converted effi-
ciently under ischemic conditions
(Gorovits et al., 1997), and thus Glu will
accumulate in the astrocytic cytoplasm
(Ottersen et al., 1996) in a peri-infarcted area. Such accumu-
lated Glu is then released by depolarization of astrocytes
(Rossi et al., 2007), inducing excitotoxicity. In this study, be-
cause all studies were done using intact hemisphere, oxygen
and ATP supply should be enough to activate the astrocytic
GS. As shown in Figure 7B, inhibition of GLT-1 by TFB-TBOA
demonstrates that the releases of Glu from presynaptic termi-
nals are increased in intact hemisphere of stroke-induced
mice. Such increase of Glu induced the increase in uptake of
Glu and synthesis of Gln in astrocytes. We also attempted to
use a GS inhibitor (methionine sulfoximine) (Tsuboi et al.,
2011) the same as the experiments of TFB-TBOA application to
examine the effect of inhibition of increasing Gln. However, a
lethal seizure was induced even at a small dose (200 nM; data not
shown). As described above, inhibition of GS induces the ac-
cumulation of Glu in astrocytes. Accumulated Glu may have
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group (Bonferroni test).
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The function of glial Glu transporter was critical for functional recovery during the first week after the stroke. A,
Schematic drawing of TFB-TBOA injection experiment. TFB-TBOA (200 nm) was injected using the microdialysis technique 3 and 4d
after the stroke in the dark phase. In vivo microdialysis was performed 3 d after the stroke. The von Frey test was performed 2-3 d
before the stroke and 2, 7, 14, and 18 d after the stroke. Inset, Several animals received methylene blue through the probe to
confirm the distance of diffused drug. B, Concentration of Glu after TFB-TBOA or DMSO application. /n vivo microdialysis was
performed 3 d after the stroke or sham operation. Note that the concentration of Glu was significantly increased in stroke mice
when TFB-TBOA was injected. *p << 0.05, compared with Sham (Bonferroni test). (—F, Changes in nociceptive threshold after the
stroke and effect of TFB-TBOA treatment. The graphs show normalized data of von Frey test. A value >1 indicates that the
threshold of sensation increases compared with that in Pre. The stroke induced a transient increase in the index induced by iHL
stimulation only 2 d after the stroke (D), whereas TFB-TBOA application significantly extended the duration until recovery (F).
Interestingly, the index value obtained by cHL stimulation was not altered by the stroke but increased after the stroke after
TFB-TBOA application (E). *p << 0.05, compared with Pre in each group (Bonferroni test). *p << 0.01, compared with Pre in each

been released after the depolarization of astrocytes, inducing
excitotoxicity.

By using TFB-TBOA, the concentration of Glu was extremely
increased, even in 1 week mice (Fig. 7). When we increased the
concentration of TFB-TBOA >1 uM, a severe seizure was induced
by critical increase of Glu concentration (data not shown). In con-
trast, application of low-dose (20 nm) TFB-TBOA also induced the
delay of functional recovery (see Results). Thus, Glu transporter (i.e.,
GLT-1) should be involved in the decrease in concentration of inter-
stitial Glu for protecting the excitotoxicity and support the remod-
eling of neuronal circuits. Overall, together with our previous study
(Takatsuru et al., 2009), the present findings are consistent with our
hypothesis that focal infarction activates astrocytes in the contralat-
eral brain region, which is involved in functional compensation by
controlling the synaptic organization through the prevention of ex-
citotoxicity of extracellular Glu.
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Astrocytes in intact hemisphere could be a potential
therapeutic target in stroke patients

The present study showed the involvement of contralateral astro-
cytes in functional recovery after a stroke, possible by removing
excess amounts of Glu from the extracellular space. In the cere-
bral cortex, 90% of Glu is taken by GLT-1 (Rothstein, 1996;
Danbolt, 2001). Thus, if we can potentiate the function of GLT-1,
it must be useful for accelerating recovery after a stroke. At pres-
ent, however, there is no effective agonist that can activate GLT-1,
except Glu. Rothstein et al. (2005) screened 1040 FDA-approved
drugs and found that only B-lactam antibiotics (ceftriaxone) in-
crease the activity of GLT-1 by increasing GLT-1 protein expres-
sion level. Other groups have also shown that harmine, a natural
B-carboline alkaloid, induces the expression of GLT-1 through
the activation of PPARy-mediated transcription (Vermeiren et
al., 2005; Romera et al., 2007; Li et al., 2011). However, these
substances are not very potent agonists. For ceftriaxone, it takes
at least several days to induce GLT-1 protein expression (Chu et
al., 2007), and harmine is not the direct agonist of GLT-1. Re-
cently, another group has shown that overexpression of the
GLT-1 protein using a virus vector reduces ischemic brain injury
(Harvey et al., 2011).

Although we have shown the possible involvement of GLT-1
on functional recovery, 50% increase in GLT-1 mRNA expres-
sion resulted in only 20% increase in its protein level, which was
not statistically significant (Fig. 6). Thus, the increase in GLT-1 in
astrocyte may not contribute greatly to the decrease in interstitial
Glu. Nevertheless, we showed that excitotoxicity of excess Glu
secreted during synaptic organization may be relieved by acti-
vated astrocytes in the contralateral SSC, which may contribute
greatly to functional recovery. In addition to the importance of
GLT-1 in the ischemic region, we showed an important role of
astrocytes in the intact hemisphere for functional recovery. Thus,
these findings may be useful for constructing a novel therapeutic
strategy for stroke patients.

In conclusion, we have shown the activation of cerebral astro-
cytes in the region contralateral to the site of cerebral infarction,
which may contribute greatly to functional recovery possibly
through the clearance of excess glutamate from the extracellular
space. Our study has provided a novel clue that may provide an
effective therapeutic approach for better rehabilitation of stroke
patients.
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