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Purpose: Excitatory amino acid transporters (EAATs) have an indispensable function in the
reuptake of extracellular glutamate. To investigate the relationship and the expression of neuronal
and astrocytic markers after brain ischemia, the temporal profile of glial EAATSs in both peripheral
and core regions of the cortex was examined.

Methods: Transient common carotid artery occlusion was used to induce unilateral transient
forebrain ischemia of Mongolian gerbils, and post-ischemic brains (6 h to 2 w) were collected
and prepared for immunohistochemical and Western blotting analysis of glutamine synthetase
(GS), GLT-1, GLAST, S1008, and NeuN, and for Alizarin red staining of calcium deposits.
Results: The expression of GLAST and GLT-1 were significantly escalated at 6 h both in the core
and periphery regions, while reduced from 12 h to 2 w in the core region post-ischemia. GS-positive
cells increased at 6 h both in the core and periphery regions, while the density of Alizarin red-
positive cells increased and peaked at 12 h in the ischemic cortex. The density of S100B-positive
cells decreased in the ischemic core and increased in the periphery region. Immunofluorescence
staining showed that S100B and TUNEL double-positive cells increased at 12 h in the core region.
Conclusion: The results of GLT-1 and GLAST expression in the cortex indicate that their
up-regulation was time-dependent and occurred in the acute post-ischemia period, whereas
their down-regulation was region-dependent and it is involved in the pathological progress of
nerve cell and glial cell death, and has a series of cascade reactions.

Keywords: glutamate transporter, forebrain ischemia, astrocyte, neuronal death, Mongolian
gerbil

Introduction

Focal ischemic stroke is the most common form of stroke which is a leading cause of
morbidity and mortality. Currently, regenerative therapies are limited and symptoms are
managed with medication. The study on the changes of molecular events with time after
ischemia is of great significance.' Influx of calcium resulted from ATP-depletion and
depolarization induced by brain ischemia is an upstream event of the neuronal injury
pathway. In the central nervous system (CNS), the uptake activity of excitatory amino
acid transporters (EAATs) primarily controls extracellular glutamate homeostasis.
Transporters of glutamate thus play a significance role in the pathophysiology cascade
of neuronal injury.>* The inhibition or attenuation of glutamate excitotoxicity is consid-
ered a potential therapy in neuronal protection after ischemia.

EAATI1 (GLAST), EAAT2 (GLT-1), EAAT3 (EAAC1), EAAT4 and EAATS have
been identified as a sodium-dependent and distinct high-affinity EAATs. EAAT1 and
EAAT?2 are mainly localized in astrocytes,2’4'6 while EAAT3, EAAT4 and EAATS are
widely distributed in neurons.>”"> Generally, it is accepted that glutamate uptake of the
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normal brain mainly depends on the specific glutamate trans-
porters GLAST and GLT-1 in astrocytes, though both astro-
cytes and neurons contain EAATs.>'® GLT-1 makes up 1% of
the total brain protein in the CNS, is responsible for 95% of
glutamate’s transport activity and plays a predominant role in
glutamate clearance in the brain.''™'> After being transported
into astrocytes, glutamate is transformed into glutamine by
glutamine synthetase (GS),'® which is localized to astrocytes
and is a critical enzyme in the glutamate-glutamine pathway of
the brain."”

Previous studies have reported the expression GLT-1 is
the level of GLT-1 protein
decreased in the cortex on the same side of the ischemic

altered after ischemia:
area after transient focal cerebral ischemia or in the CAl
region of the brain after transient global ischemia, while
the expression of GLAST was not affected.'®'” Another
study showed both GLT-1 and GLAST protein levels were
reduced in the ischemic core and were not changed in the
ischemic boundary region.?® In contrast, thrombotic focal
ischemia increased GLAST expression in the penumbra
region after 72 h.?' These studies indicate that the varia-
tion in the animal model, ischemic region and the duration
of time after the ischemic insults can affect the expression
of EAATs differently.?* 2

Different to mice, in gerbils, there are no posterior
communicating arteries, and nearly a third of the prox-
imal part of the bilateral anterior cerebral arteries have

Region of ROI

Region of infarct

no connecting vessels, and the blood supply of the two
sides of the
A forebrain focal ischemia model for stroke can be

brain is relatively independent.?
established with ease by clipping one common carotid
artery. Mongolian gerbil’s ischemia model has high suc-
cess rate, high survival rate, small damage to animals,
reduced additional brain damage and experimental inter-
ference caused by animal stress. It is widely used in
various kinds of research on neurological dysfunction
and injury mechanism of brain ischemia injury.®>®
Unilateral forebrain ischemia mode of Mongolian ger-
bils, as a highly reproducible late death model, there is
a slow maturation process in the infarct after 4 d to 1 w,
it is often used to study the progression of nerve injury

2931 Qince little is known about the

after ischemia.
EAAT expression profile in this model of cerebral
ischemic, the aims of the current study are to: 1) exam
expression of GLAST, GLT-1 and GS in a forebrain
focal ischemia model; and 2) to investigate the temporal
relationship between astrocyte death and neuron

damage.

Materials and Methods

The current work was approved by Guilin Medical University
Animal Committee. Male Mongolian gerbils (60-72 g, 16-20
w old, from Sankyo Laboratory Animal Center, Tokyo, Japan)

Region of SND

Figure | Define regions of interest (ROIs). Schematic drawing of infarction and SND area, pink sliver indicate ROIs, the ROlIs — cortical columns 0.5 mm in width — were
placed perpendicular to the cortical surface which correspond to 5.7 mm left of the midline, where normal tissue developed infarction (right, above), and 2.5 mm left of the
midline, where selective neuronal death (right, below) was consistently observed 2 w after ischemia. Bar scale=40 pm.
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were used and the animal experiments were carried out accord-
ing to NIH guidelines for the care and use of animals.*

Surgical Procedures

To induce ischemia, 10% chloral hydrate was used to anesthe-
tize the animals, and microvascular clamps were used to
occlude the left common carotid artery for 10 min.* A stroke
index (SI) was used to evaluate stroke symptoms from the
initial carotid artery occlusion. Brain infarction is developed in
animals if the SI value is more than 10 points.*® In this study,
animals with SI values between 14 and 17 points were chosen
as “post-ischemic animals” to minimize the differences in the
degree of ischemic injury. Due to the low mortality rate of this
procedure,® a second 10-min ischemia was implemented in
the post-ischemic animals 5 h after the first ischemic proce-
dure. Similar operations were conducted in sham animals (n
=4), however without the occlusion in the left carotid artery. At
6h,12h,1d,4d,7d,and 14 d following ischemia, (n = 4 at
each time point) brain tissues were collected from mice for
three preparations (n = 28, included sham animals at 1 d): 1)
paraffin tissue, 2) frozen tissue and 3) Western blot samples.

sham 6h

12 h 4d

Histological Preparation

For paraffin embedding of the brain, animals were anesthetized
with diethyl ether, and transcardiac perfused with 4% parafor-
maldehyde in PBS (PFA). Then, the fixed brain slices used for
paraffin embedding were prepared by coronally cutting at
superior colliculus level (3 mm posterior to the bregma),
chiasmal level (0.5 mm anterior to the bregma), and infundib-
ular level (1.5 mm posterior to the bregma). The paraffin-
embedded brain slices were section at 4 pm and mounted on
glass slides. For frozen OCT embedding, animals were per-
fused with 4% PFA, the brains were processed into slices as
mentioned above followed by dehydration using different con-
centrations of sucrose (low to high). Next, brain slices were
embedded in OCT compound and 16 pm sections were
mounted on to glass slides.

Regions of Interest and Morphometric
Analysis

In accordance with the previous study,?*>'

the regions of
interest (ROIs) anterior to bregma for 0.5 mm in the
coronal plane were defined for evaluating the expression

2w

GLAST in core

GLAST in periphery

GLT-1in core

GLT-1 in periphery

40pm

Figure 2 Representative images of immunohistochemical staining of GLAST and GLT-1 glutamate transporters in the ischemic core and periphery regions of the cortex.
Both GLAST and GLT-1 were activated at 6 h post-ischemia following a distinct decrease from 12 h in the ischemic core region while GLT-1 levels remained increased at |12

h in the ischemic periphery region. Bar scale= 40 pm.
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of GLAST, GLT-1, GS and neuronal and astrocytic
markers.®! The cortical columns with the width of
0.5 mm (ie, the ROIs, Figure 1) were perpendicularly
placed toward the cortical surface that corresponded to
5.7 mm at the left side of the brain midline, and 2.5 mm
to the left side of the brain midline, where the selective
death at 14 d after

examined.?>3!

neuronal ischemia will be

A microscope at a magnification of x200 with
a drawing tube (Nikon, Tokyo, Japan) was used to count
the numbers of immuno-positive and Alizarin red-positive
cells in all cortical layers of each ROI (0.85 mm?).

Histological Assessment

Hematoxylin & Eosinophil (HE) staining was used for
histological analysis. The samples were collected at 6 h,
12 h, 4 d and 2 w, and the sham group was analyzed,
respectively. The paraffin embedding tissues were
dewaxed 3 times in xylene for 10 min followed by routine
washes of gradient alcohol and distilled water to rehydrate

the sections. Routine HE staining was performed and
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morphological changes were examined and captured
under a light microscope. The cells with intact nuclear
structure and no red staining in the cytoplasm are living
cells. The changes of ischemic cells showed homogeneous
red staining of cytoplasm and pyknosis of dead neurons.
In order to detect the formation of calcium deposits in
the ischemic brain, 1% Alizarin red (AMR, Solon, Ohio,
USA) was used to stain the sections for 10 min as

described in our previous work.'

Immunohistochemistry

The main antibodies in this study are listed: guinea pig
anti-glutamate transporter GLAST (Chemicon, Temecula,
CA, USA; 1:500 dilution); guinea pig anti-glutamate trans-
porter GLT-1 (Chemicon, Temecula, CA, USA; 1:500);
anti-glutamine  synthetase of mouse (Chemicon,
Temecula, CA, USA; 1:1000) for examining glutamine
conversion; mouse anti-NeuN (Chemicon, Temecula, CA,
USA; 1:2000), a neuronal marker; and mouse anti-S1003
(B-subunit) (Sigma, Temecula, CA, USA; 1:500), an astro-

cyte marker.

B Ischemic periphery

sham 6h 12h 4d 2w
GLAST | N S S S e |

B-tublin | S S -
GLT-1 | . e e
(R e —

12
) @ GLAST [ GLT-1
£
S 90 |
Y %
< *
-
5 60 |
9
A
<
—
O 30
0
sham 6h 12 h 4d 2w

Figure 3 Western blot analysis of GLAST and GLT-1 in the ischemic core (A) and periphery (B) regions of the cortex. Upper rows show representative protein bands for
GLAST and GLT-1, and lower rows show the re-probed B-tubulin protein bands. Quantitative analysis of the intensity level of GLAST and GLT-1 protein normalized to f-
tubulin peaking at 6 h and decreasing from 12 h to 4 d in the ischemic core (C) and periphery (D) regions of the brain. *P < 0.01, *P < 0.05, compared to sham; *P < 0.05,

compared to 6 h.
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After dewaxing the paraffin embedding sections as
described above in the histology assessment, antigen
retrieval was performed. The sections were placed in
sodium citrate buffer (0.01 M, pH 6.0) and heated to 95°
C in a water bath, for 10—15 mins. To reduce endogenous
peroxidase activity, brain sections were incubated in 3%
H,0, for 30 mins, and rinsed with PBS, before blocking in
10% normal goat serum for 30 min at room temperature.
Brain sections (frozen) were incubated in various diluted
primary antibodies in goat serum at 4°C overnight listed
above. After rinsing in PBS, the sections were further
incubated in biotinylated goat anti-guinea mouse (or pig)
IgG secondary antibody for 60 min. The immuno-stained
sections were incubated in the avidin-biotinylated perox-
idase complex (ABC) for 60 min, before adding the dia-
minobenzidine (DAB) substrate to detect the specific
antibodies bound. Finally, IHC pictures were obtained by
a bright light microscope (BX53, Olympus Corporation,

Immunofluorescence Staining

After incubation with a mouse monoclonal antibody
against S100B (dilution in 1:500 for overnight at 4°C)
and anti-mouse Ig-rhodamine (dilution in 1:200 at 37°C
for 1 h), the sections were rinsed with PBS. Then, the
sections were incubated with TUNEL (terminal deoxynu-
cleotidyl transferase-mediated deoxyuridinetri-phosphate
nick-end labeling) reaction mixture (in situ cell death
detection kit, POD Roche, GER) at 37°C for 1 h, which
included TUNEL label, fluorescein and TUNEL enzyme.
The negative control sections for TUNEL staining were
treated with the labelling solution rather than the TUNEL
reaction mixture. Double-positive cells were observed by
a Zeiss M510 laser scanning confocal imaging system.

Western Blotting Analysis
For isolation of total protein, animals were anesthetized
with diethyl ether, perfused with PBS, and the cortex

Japan). tissues in regions of interest (Figure 1) were dissected
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Figure 4 The expression of glutamine synthetase (GS) in the ischemic core and periphery regions of the cortex. (A) Representative immunostaining showed that GS-
positive cells (arrows) were significantly increased at 6 h in both the core and periphery. (B) The density of glutamine synthetase peaked at 6 h in the ischemic core and

periphery regions. Bar scale = 40 pm. n=20, **P < 0.01, compared to sham.
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and homogenized. In order to accurately examine the
protein expression of GLT-1 and GLAST, each dissected
tissue sample was homogenized in 25 mM Tris-HCL (pH
6.8) buffer plus protease inhibitors (benzenesulfonyl
fluoride, bestatin, leupeptin and aprotinin) and 2 mM
EDTA on ice. The homogenate was centrifuged at
11,000 g at 4°C for 300 s, and the non-soluble protein
pellet was resuspended in fresh buffer (sodium dodecyl
sulfate 2%, glycerol 25%, Tris 60 mM and h-mercap-
toethanol 14.4 mM), then was further centrifuged at
20,000 g for 30 min.** The concentration of protein in
the supernatant was examined by protein assay using
Coomassie blue. We electrophoresed the proteins on
polyacrylamide gels, transferred proteins on to nitrocel-
lulose membranes and probed with polyclonal affinity-
purified antibodies, such as anti-GLAST and anti-GLT-1,
then the HRP-conjugated goat anti-guinea pig IgG.

Subsequently, immunoreactive proteins were visualized

A

using the ECL Western blotting kit

Pharmacia Biotech, Piscataway, NJ). Immunoblot inten-

(Amersham

sities were standardized by reprobing the same blot with
B-tubulin antibody. The density of protein bands detected
was quantified using the NIH Image program.

Statistical Analysis

The data were analyzed using the repeated-measures ana-
lysis of variance (ANOVA) and day of experiment was
regarded as the argument in the analysis. The Bonferroni
post hoc test was applied for multiple tests among the
different groups. All values were presented as mean =+
SEM. The level of statistical significance was set at
P <0.05.

Results
Immunostaining showed that both GLAST and GLT-1
were activated at 6 h post-ischemia both in the core of
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Figure 5 The analysis of Alizarin red-positive cells in the ischemic core and periphery regions of the cortex. (A) Representative images of Alizarin red staining (B) showing
the density of calcium-deposited in cells peaked at 12 h in the ischemic core and periphery regions of the brain. Bar scale= 40 pm. **P < 0.01, compared to sham.
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ischemia and periphery followed by a distinct decrease in
the ischemic core region (Figure 2). Western blot analysis
(Figure 3A-D) showed that the protein bands of GLAST
and GLT-1 were 58.1 + 0.2% and 48.2 + 0.1%, respec-
tively, in the sham animals and peaked at 6 h (88.5 = 8.4%
and 74.8 + 15%), and then decreased from 12 h to 4 d in
the ischemic core (Figure 3A and C). The level of GLAST
and GLT-1 also showed overexpression at 6 h in the
ischemic periphery (Figure 3B and D).

A similar pattern was observed in the expression of
GS. Compared to the sham animals where the density of
GS-positive glial cells, the density of GS-positive cells
significantly increased at 6 hand decreased from 12 h to
2 w (Figure 4).

To detect calcium deposits in neuronal cells as a result
of ischemia brain injury, Alizarin red staining indicated
that the colour density significantly increased from 12
h (50 + 9% and 236.3 + 35.5%) in the ischemic periphery
region and core region, respectively, compared to the
minimal levels determined in the non-ischemic periphery
region and the core region of the sham animals (Figure 5).
In contrast to the raise in Alizarin red-positive cells at 12
h, the immunostaining density of NeuN-positive cells was
markedly reduced in the ischemic core region from 12
h (357.6 = 77%) compared to sham, while the reduction
in the periphery region occurred from 4 d (Figure 6).

The density of the S100B-positive cells was 81.33 +
11% in the sham animals, and decreased significantly from
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Figure 6 The analysis of NeuN-positive cells in the ischemic core and periphery regions of the cortex. (A) Representative images of NeuN immunohistochemical staining.
(B) The density of the NeuN-positive cells significantly decreased first in the ischemic core region from 12 h then decreased from 4 d t in the ischemic periphery region. Bar

scale= 40 pym. **P < 0.01, *P < 0.05, compared with sham.
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12 h (41 £ 15%) to 2 w in the ischemic core region; the
density (112.3 + 22.5%) was significantly increased at 2
w in the ischemic periphery region (Figure 7).

Based on the immunofluorescence staining, S100(3-
TUNEL double-positive cells (Figure 8) were not
observed in sham animals. However, they were signifi-
cantly increased at 12 h (16 + 3.6%) in the ischemic core
of the cortex, and few were observed at 4 d in the ischemic
periphery of the cortex (Figure 8).

Discussion
The role of EAATs in regulating the Glu concentration of
the synaptic gap during cerebral ischemia is still

controversial.” The expression of GLAST and GLT-1 in
glial cells is reduced in the early stage of cerebral

ischemia,>>-°

while increased in these two proteins during
chronic cerebral ischemia.’”*® Therefore, the expression of
GLAST and GLT-1 is significantly related to the progress of
cerebral ischemia injury, but there is little detailed study on
the dependence of GLAST and GLT-1, and the correlation
between astrocyte death, neuron injury and their expression
change. Here, using our previously established mild ische-
mia model,>! which includes selective neuronal death and
cortical infarcts, we examined the expression of GLT-1 and
GLAST protein after ischemia. The results obtained indi-
cate that the protein levels of GLT-1 and GLAST were
transiently increased in the acute period in the cortex after
focal ischemia, and followed by a rapid decrease in the
ischemic core that was related to the loss of neurons and
astrocytes. The up-regulation situation of GLT-1 and
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Figure 7 The expression of SI00B in the ischemic core and periphery regions of the cortex. (A) Representative images of SI00p immunohistochemical staining. (B) The
density of S100B-positive cells significantly decreased from 12 h in the ischemic core region while in the ischemic periphery regions S100p staining density significantly
increased by 2 w. Arrows show that S100B-positive cells. Bar scale=40 ym. **P < 0.01, *P < 0.05, compared to sham.
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GLAST was time-dependent and occurred in the acute post-
ischemia period, whereas the down-regulation was region-
dependent occurred in the core, which might be related to
the loss of neurons and astrocytes due to the decrease of
NeuN and S100b staining.

Glutamate exposure rapidly up-regulates GLAST
expression in cultured astrocytes.>® The acute increase in
GLAST-positive cells and GLAST protein expression fol-
lowing hypoxia-ischemia suggests that this increase may
be a self-compensatory mechanism to protect neurons
from further injury.”” Based on the results in this study,
it can be speculated that the down-regulation of GLT-1 and
GLAST might be involved in the acute neuronal damage

in the ischemic cortex.

The clearance of Glu in the physiological state mainly
depends on the reuptake of glutamate transporter to terminate
its synaptic transmission effect. Under ischemic conditions,
glutamate transporters EAATs might be functionally reversed
and may release rather than reuptake glutamate in the
brain.*"** GLT-1 absorbs extracellular glutamate to preserve
neurons in the early stages of ischemia, and followed its
release.” Here, the increased protein levels of GLT-1 and
GLAST were accompanied with increased activated GS-
positive cells at 6 h post-ischemia. Since GS localized in
astrocytes is a critical enzyme in the glutamate-glutamine
pathway in the brain, it is possible that glutamate transported
into astrocytes by these EAATs could be converted to gluta-
mine by GS at 6 h post-ischemia. Similarly, the up-regulation
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Figure 8 Double immunofluorescence staining of SI00B and TUNEL. (A) Representative images indicate SI00B and TUNEL double-positive cells, and (B) the density of
double-positive cells significantly increased by 4 d post-ischemia in the core region of the cortex. Arrows show that double-positive cells. Bar scale=40 ym. **P < 0.01,

compared to sham.
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of GS expression has been reported in studies of the up-
regulation of hippocampal glutamine synthetase in global
brain ischemia in rats.'®*

The present study did not examine the levels of extracel-
lular glutamate; however, our results showed that calcium-
positive cells were significantly increased from 12 hto 4 d in
the ischemic core and the periphery regions of the cortex,
which corresponded to the reduced expression of GLT-1 and
GLAST. This leads to the accumulation of glutamate in the
intercellular space, over activation of glutamate receptors such
as NMDAR, calcium overload, mitochondrial dysfunction,
activation of calcium-dependent degrading enzyme, promo-
tion of active oxygen generation, destruction of cytoskeleton,
and eventually neuronal death. Furthermore, the density of
NeuN-positive cells obviously declined in the ischemic core
at the same time points which suggests neuronal loss in this
stroke model. Several laboratories have noted that the declined
expression of glutamate transporters was related to neuronal
death following hypoxic-ischemia, forebrain ischemia and
traumatic brain injury.’**** Our results are consistent with
the finding that the down-regulation in GLT-1 and GLAST
expression is related to excitotoxicity and neuronal injury in
the ischemic core region. Moreover, there was no obvious
decrease in the expression of GLT-1 and GLAST in the
ischemic periphery region, when the delayed selective neuro-
nal death occurred from 4 d to 2 w.

Our study found that the decrease in S100B-positive
cells and the increase in S100B-TUNEL double-positive
cells coincided with the reduction in expression of GLAST
and GLT-1.
a previous study reported that S100B immunoreactivity

Consistent with our research results,
was markedly and immediately decreased in the core of
the injured area after reperfusion and did not increase
again. In the periphery, however, S100B expression
increased after transient MCAO.* Thus, it is possible to
consider increasing astrocyte glutamate transporters in
order to block the ischemic astrocytic injury pathway.

In the ischemia core region, our results showed a drastic
reduction of S100p single-positive cells from 12 h to 4 d, while
S100B-TUNEL double-positive cells peaked at 12 h. This
suggests that apoptosis of astrocytes may be the reason for
the reduction in their numbers. However, TUNEL single-
positive cells increased and peaked at 4 d post-ischemia, and
these positive cells were mainly eosinophilic neurons as shown
in our previous study.*' In the ischemia periphery region, our
results showed a few S100B/TUNEL double-positive cells at 4
d post-ischemia, and the numbers of S100B-positive astrocytes

increased at 2 w, which corresponds to conventional gliosis.

Therefore, the time and regional dependence of GLAST and
GLT-1 expression in ischemic tissues, as well as S100 B -
TUNEL staining results suggest that their changes or involve-
ment in the pathological process of the nerve cell and glial cell
death lead to a series of cascade reactions, which is similar to
the previous research conclusions.*”** However, it was
observed that a transient increase in GLT-1 and GLAST in
Mongolian gerbils during the acute phase through a transient
cerebral ischemia model. In addition, although the glutamate
transporter and glutamine enzyme were quantified, the gluta-
mate concentration in the brain was not directly detected. The
direct detection of glutamate content can help us to understand
the relationship between the expression of glutamate transpor-
ter in the acute stage of cerebral ischemia and the damage to
neurons and astrocytes.

Conclusion

Using a gerbil focal ischemic stroke model, we showed the
up-regulation in GLT-1 and GLAST expressions in the
cortex were time-dependent and occurred in the acute
post-ischemia period, while the down-regulation was
region-dependent and correlated with the loss of neurons
and astrocytes in the core region.
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