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Abstract—Astrocytes regulate extracellular glutamate homeostasis in the central nervous system through the Na+-dependent

glutamate transporters glutamate transporter-1 (GLT-1) and glutamate aspartate transporter (GLAST). Impaired astrocyte gluta-

mate uptake could contribute to the development of epilepsy but the regulation of glutamate transporters in epilepsy is not well

understood. In this study, we investigate the expression of GLT-1 and GLAST in themouse intrahippocampal kainic acid (IHKA)

model of temporal lobe epilepsy (TLE). We used immunohistochemistry, synaptosomal fractionation andWestern blot analysis

at 1, 3, 7 and 30 days post-IHKA induced status epilepticus (SE) to examine changes in GLT-1 andGLAST immunoreactivity and

synaptosomal expression during the development of epilepsy. We found a significant upregulation in GLT-1 immunoreactivity

at 1 and 3 days post-IHKA in the ipsilateral dorsal hippocampus. However, GLT-1 immunoreactivity and synaptosomal protein

levels were significantly downregulated at 7 days post-IHKA in the ipsilateral hippocampus, a time point corresponding to the

onset of spontaneous seizures in this model. GLAST immunoreactivity was increased in specific layers at 1 and 3 days post-

IHKA in the ipsilateral hippocampus. GLAST synaptosomal protein levels were significantly elevated at 30 days compared to

7 days post-IHKA in the ipsilateral hippocampus. Our findings suggest that astrocytic glutamate transporter dysregulation

could contribute to the development of epilepsy. © 2019 The Authors. Published by Elsevier Ltd on behalf of IBRO. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Epilepsy is a group of neurological disorders characterized by
the occurrence of unprovoked seizures (Fisher et al., 2014).
Epilepsy is a major public health problem that affects more
than 70 million people worldwide, with approximately 2.4 mil-
lion people diagnosed with epilepsy each year (Ngugi et al.,
2010; Singh and Trevick, 2016). Temporal lobe epilepsy
(TLE) is the most common form of epilepsy with focal seizures,
and is frequently associated with resistance to currently avail-
able pharmacological treatments. Approximately 30% of
patients taking antiepileptic drugs (AEDs) still have seizures
(Kwan and Brodie, 2000), thus there is a need for new thera-
peutic approaches that could potentially treat patients with
drug-resistant epilepsies (Jutila et al., 2002).
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Current AEDs work primarily by targeting neurons through
modulation of ion channels, enhancement of inhibitory neu-
rotransmission, or attenuation of excitatory neurotransmis-
sion. Newer AEDs still primarily target neurons but through
novel mechanisms e.g. binding to the SV2A protein on pre-
synaptic vesicles (Sankaraneni and Lachhwani, 2015).
Suppression of neurotransmission can consequently lead
to psychiatric and behavioral side effects which are com-
mon undesired effects associated with AEDs (Chen et al.,
2017). Adverse effects to AEDs can lead to poor adherence
and AED discontinuation in up to 30% of patients (Bootsma
et al., 2009). Thus, there is a need for alternative pharmaco-
logical approaches with fewer deleterious side effects for
the treatment of epilepsy.
Astrocytes are a critical component of the tripartite

synapse, where they are involved in the active control of
neuronal activity and synaptic neurotransmission (Araque
et al., 1999). Astrocytes are also involved in ion homeosta-
sis, regulation of extracellular space volume and clearance
of neurotransmitters (Araque et al., 2014). Astrocytic gluta-
mate transporters are key components in the regulation of
neuronal transmission. Glutamate transporter-1 (GLT-1)
and glutamate aspartate transporter (GLAST) are part of a
family of Na+-dependent transporters responsible for
This is an open access article under the CC BY-NC-ND license (http://
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regulating extracellular glutamate homeostasis in the cen-
tral nervous system (CNS). GLT-1 and GLAST transporters
are primarily found on astrocytes and are the most common
glutamate transporters associated with excitatory synapses
(Kim et al., 2011). GLT-1 is responsible for the majority of
extracellular glutamate clearance from the synaptic cleft
and is essential for excitatory neurotransmitter balance
(Tanaka et al., 1997). We have previously discovered that
changes in GLT-1 expression occur during epileptogenesis
in the intrahippocampal kainic acid (IHKA) model of epilepsy
(Hubbard et al., 2016).
In this study, we aimed to further our understanding of

astrocytic glutamate transporters by quantitatively examin-
ing changes in GLT-1 and GLAST protein regulation during
epileptogenesis. The IHKA mouse model of temporal lobe
epilepsy was used (Levesque and Avoli, 2013) together
with immunohistochemical analysis, synaptosomal fractio-
nation, and Western blot analysis at 1, 3, 7 and 30 days
post-IHKA induced status epilepticus (SE) to determine
expression of GLT-1 and GLAST during epileptogenesis.
EXPERIMENTAL PROCEDURES

Animals

8–10-week-old Charles River CD1 male mice were housed
under a 12-h light and 12-h dark cycle with ad libitum access
to food and water. All experiments performed were approved
by the University of California, Riverside Institutional Animal
Care and Use Committee (IACUC) and were conducted in
accordance with the National Institutes of Health (NIH) guide-
lines. A total of 53 mice were used in this study.
Kainic-acid induced status epilepticus

Intrahippocampal kainic acid (IHKA) injections were used to
induce epileptogenesis as previously described (Lee et al.,
2012; Hubbard et al., 2016). Mice were anesthetized with
a solution of ketamine (80 mg/kg)/xylazine (10 mg/kg) and
positioned in a stereotaxic frame. The skull was exposed,
bregma was located, and a craniotomy was performed
1.8 mm posterior and 1.6 mm lateral to bregma. Mice were
injected with either 64 nL of 0.9% saline or 20 mM kainic
acid (Tocris) using a microinjector (Nanoject II, Drummond
Scientific) into the CA1 region of the dorsal hippocampus
(lowered to 1.9 mm dorsoventral). Following injections,
mice experienced status epilepticus, defined by Racine
scale stage 3–5 seizures (Racine, 1972) for at least 3 h.
The presence of epileptiform activity and the development
of spontaneous seizures has previously been confirmed
by chronic video-EEG recordings to occur in 100% of ani-
mals after IHKA injections (Lee et al., 2012). We monitored
mice for 5 h following IHKA injection using video recording
to verify the presence of Racine stage 3–5 seizures. All ani-
mals included in this study experienced continuous status
epilepticus (SE), characterized by forelimb and hindlimb clo-
nus, rearing, jumping, and falling (Racine, 1972). Animals
that died due to SE were excluded from the study. Mice
were euthanized at 1, 3, 7, and 30 days (n = 9 for each time
point) after IHKA-induced status epilepticus and 1 and
7 days (n = 17 total animals) after intrahippocampal saline
injections.

Immunohistochemistry

Mice were euthanized with Fatal Plus (Western Medical
Supply) then perfused with ice-cold phosphate buffered sal-
ine (PBS) followed by 4% paraformaldehyde (PFA). Brains
were harvested and fixed in 4% PFA for two hours at
4 °C. Harvested brains were then transferred and stored in
30% sucrose at 4 °C until use. Prior to sectioning, har-
vested brains were flash frozen with isopentane. Frozen
brains were sealed in optimum cutting temperature (O.C.
T.) formulation at 20 °C and sliced into 50 μm sections
using a cryostat (Leica CM 1950). Sections were stored in
0.01% sodium azide PBS at 4 °C. Slices were collected
from each animal (IHKA n = 3 animals per time point, saline
n = 5). For each animal, 8 sections were processed for
immunohistochemistry, 4 ventral and 4 dorsal to the injec-
tion site. Sections were washed with PBS prior to immuno-
histochemistry. Endogenous peroxidase activity was
quenched with 3% H2O2 at room temperature for 1 h and
then washed once with PBS. Next, sections were blocked
for 1 h at room temperature with 5% normal goat serum.
Sections were then incubated overnight at 4 °C with primary
antibodies to GLT-1 (1:3000, Abcam AB41621), GLAST
(1:200, Abcam AB416) and glial fibrillary acidic protein
(GFAP; 1:200, Millipore MAB360) in 0.3% Triton-X-100.
The next day, sections were washed with PBS and incu-
bated with HRP-conjugated secondary antibodies (HRP
Goat Anti-Rabbit; 1:100, Molecular Probes/Invitrogen
T20922) 30 min RT. Then, sections were washed with
PBS and incubated with species-specific secondary antibo-
dies conjugated with Alexa 488-tyramide or Alexa 594
(Molecular Probes/Invitrogen) for visualization. Sections
were again washed before being mounted in Vectashield
with DAPI (Vector Laboratories). To obtain overall hippo-
campal images for quantitation, imaging was done at 5 ×
using a fluorescence microscope (Leica DFC345FX) under
identical settings for each channel.
Quantification was performed using ImageJ software. A

large box representing the region of interest (ROI) was
drawn to denote all layers of the hippocampus and indivi-
dual boxes identifying individual layers were drawn on the
DAPI channel at the center of each layer of the hippocam-
pus: stratum (S.) oriens, S. pyramidale of CA1, S. radiatum,
S. lacunosum moleculare (SLM), molecular layer, upper
blade of the dentate gyrus, hilus, lower blade of the dentate
gyrus, S. lucidum, and S. pyramidale of CA3.

Synaptosomal fractionation

Mice were euthanized with Fatal Plus (Western Medical Sup-
ply) and perfused with ice-cold PBS containing protease inhibi-
tors (Roche). Dorsal hippocampus was microdissected ice-
cold at 1, 3, 7 and 30 days post-IHKA or 1 and 7 days post-
saline injection (n = 6 animals per IHKA time point; n = 12 ani-
mals for saline controls). An efficient protocol for crude synap-
tosomal fractionation (Fig. 1A) was carefully modified from



Fig. 1. Synaptosomal fractionation. A. Schematic of crude synaptosomal fractionation method used. B. Western blot of synaptosomal fractionation protein
markers. Whole tissue homogenate (H), crude synaptosomal fractions (cSyn), and supernatant 2 (S2) were probed for postsynaptic density protein 95
(PSD95; ~95 KDa), and synaptosomal-associated protein 25 (SNAP25; ~25 KDa).
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(Evans, 2015). Harvested tissue was stored in brain homoge-
nization buffer (BHB; 320 mM sucrose, 1 mM EDTA, 5 mM
Tris base, protease inhibitors (Roche), pH 7.4) and flash fro-
zen at −80 °C until use. Tissue was suspended in 200 μL of
BHB and homogenized using the Bullet Blender (Next
Advance) at setting 8 for 4 min and setting 12 for 1 min at
4 °C. Next, samples were centrifuged at 1500×g (3,992 rpm)
for 10 min at 4 °C using the Eppendorf 5424R centrifuge.
The supernatant was transferred to 10 mL thick-walled poly-
propylene tubes (Beckman Coulter). Pellets were resus-
pended in 200 μL of BHB, centrifuged again at 1500×g for
10 min, and supernatants were pooled (S1). Supernatants
were centrifuged at 25,000×g for 60 min using the Allegra X-
30R centrifuge (Beckman Coulter) with the F1010 rotor. Super-
natant (S2) was saved and used to represent the non-
synaptosomal cellular components. Pellet (P1) was washed
and resuspended in 400 μL of BHB and centrifuged again at
25,000×g for 60 min. The supernatant was discarded. The
pellet containing the crude synaptosomal pellet was resus-
pended in 25 μL of BHB and prepared for Western blot analy-
sis. Crude synaptosomal fractions were collected to ensure the
inclusion of astrocytes found at the tripartite synapse. Total
protein was quantified with a Bradford assay and crude synap-
tosomal fractionation was confirmed with synaptic markers for
synaptosomal-associated protein 25 (SNAP25) and postsy-
naptic density protein 95 (PSD95) (Fig. 1B). The following anti-
bodies were used: mouse anti-SNAP25 (1:1000; Abcam
ab66066) and mouse anti-PSD95 (1:1000; Abcam ab2723).
Western blotting

Total protein concentrations of homogenized and fractio-
nated tissue samples were obtained using a Bradford
assay. Protein was resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using
10% polyacrylamide gels and then transferred to a nitrocel-
lulose membrane. Following transfer, nitrocellulose mem-
branes were incubated in total protein stain (TPS) solution
(REVERT™ Total Protein Stain) for normalization. Bands
were visualized and quantified using the LI-COR Odyssey
Fc Western Imaging System. Following total protein stain,
membranes were briefly rinsed with water and blocked for
1 h in 5% milk in Tris-buffered saline 0.1% Tween 20
(Sigma) at room temperature (RT). Membranes containing
IHKA and saline control samples were then probed for
either GLT-1 (1:5000, Abcam ab41621) or GLAST (1:500,
Abcam ab416). Bands were visualized and quantified using
species specific antibodies (IRDye; LI-COR) and the LI-
COR Odyssey Fc Western Imaging System. Protein levels
were normalized to TPS as described by LI-COR in
REVERT™ Total Protein Stain Packet Insert.

Lane Normalization Factor

¼ TPS for Each Lane
TPS signal from the Lane with the Highest TPS signal

Normalized Signal ¼ Target Band Signal
Lane Normalization Factor

Statistical analysis

Statistical analysis was performed using Prism 8 software
(GraphPad Software, La Jolla, CA). All datasets were first
tested for assumptions of normality and equality of variance.
The Shapiro–Wilk (W) test was used to test for normal distri-
bution and the Brown-Forsythe test was used to test for
equal variance in our sample distribution. A one-way
ANOVA with post hoc Bonferroni multiple comparisons tests

Image of Fig. 1
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was used for samples that had normal distribution and equal
variance. If either normal distribution and/or equal variance
assumptions were not satisfied, a Kruskal-Wallis (H) non-
parametric test was used with Dunn's multiple comparisons
tests. All data points were depicted in figures for data ana-
lyzed using non-parametric tests. All error bars are pre-
sented as the mean ± standard error of the mean (SEM).
Difference from saline control was considered statistically
significant by a P-value <0.05, <0.01, <0.001 or <0.0001
and was denoted with one, two, three or four asterisks (*),
respectively. Difference between treatments was quantified
for Western blot analysis and was considered statistically
significant by a P-value of <0.05 or <0.01 and was denoted
with one or two asterisks (*), respectively. Saline controls
were grouped after initial statistical analysis performed
using an unpaired t-test showed no significant differences
between 1- and 7-day saline-injected controls (P > .05).
RESULTS

We found a significant increase in GLT-1 immunoreactivity at 1
and 3 days post-IHKA in both hippocampi and a significant
downregulation at 7 days post-IHKA in the ipsilateral hippo-
campus. GLT-1 synaptosomal protein levels were significantly
decreased 7 days post-IHKA in the ipsilateral hippocampus.
GLAST immunoreactivity was significantly increased at 1 day
and 3 days post-IHKA in the ipsilateral hippocampus. GLAST
synaptosomal protein levels were not significantly different
from saline controls but there was a significant difference in
ipsilateral GLAST synaptosomal levels between 7 days and
30 days post-IHKA in the ipsilateral hippocampus. These
results indicate a significant change in glutamate transporter
expression and localization during epileptogenesis.

Glutamate transporter-1 (GLT-1) expression in the
dorsal hippocampus

Hippocampal GLT-1 and GFAP immunoreactivity were
assessed at 1, 3, 7 and 30 days post-intrahippocampal kai-
nic acid (IHKA) induced status epilepticus (SE) and for
saline-injected animals (controls) for hippocampi both ipsi-
lateral (Fig. 2, Fig. 3) and contralateral (Fig. 4, Fig. 5) to
injection. We have previously demonstrated that GLT-1
immunoreactivity is altered and GFAP immunoreactivity is
increased in the hippocampi following a higher dose kainic
acid injection of 74 nL (Hubbard et al., 2016). For this study,
we selected a lower dose kainic acid injection volume of
64 nL to decrease mortality. Characteristics of hippocampal
sclerosis including dentate granule cell dispersion, neuronal
loss in CA1, and gliosis were observed, and are all hallmark
features of temporal lobe epilepsy (TLE) (Thom, 2014).
A one-way ANOVA on GLT-1 immunoreactivity in the ipsi-

lateral total hippocampus post-IHKA revealed a main effect
of time point (F(4,12) = 38.96, P < .0001) (Fig. 3). Post hoc
Bonferroni tests revealed a significant increase in GLT-1
immunoreactivity at 1 (P < .0001) and 3 days post-IHKA
(P < .0001), followed by a downregulation at 7 days post-
IHKA (P = .0223), and this returned to near baseline levels
by 30 days post-IHKA in the ipsilateral hippocampus
(P > .05) compared to saline controls (Fig. 3). To determine
localized differences within the hippocampus, one-way
ANOVAs for each region on GLT-1 immunoreactivity
revealed a main effect of time point in S. oriens (F(4,12) =
8.032), P = .0022), S. pyramidale (F(4, 12) = 10.81), P =
.0006), SLM (F(4,12) = 27.92, P < .0001), molecular layer
(F(4,12) = 29.86, P < .0001), the upper blade of the dentate
gyrus (F(4,12) = 44.84), P < .0001), hilus (F(4,12) = 6.585,
P = .0048), lower blade of the dentate gyrus (F(4,12) =
5.775, P = .0079), and S. lucidum (F(4,12) = 11.70, P =
.0004) in the ipsilateral hippocampus post-IHKA. At 1 day
post-IHKA, post hoc Bonferroni tests revealed that GLT-1
immunoreactivity was significantly increased in S. pyrami-
dale of CA1 (P = .0045), SLM (P < .0001), the upper blade
of the dentate gyrus (P < .0001) and S. lucidum (P =
.0020). At 3 days post-IHKA, GLT-1 immunoreactivity was
significantly increased in S. oriens (P = .0049), S. pyrami-
dale of CA1 (P = .0027), SLM (P < .0001), and the molecu-
lar layer (P < .0001). Post hoc Bonferroni tests revealed at
7 days post-IHKA, overall GLT-1 immunoreactivity is signif-
icantly decreased in the ipsilateral hippocampus (P =
.0196). Specifically, at 7 days post-IHKA, GLT-1 immunor-
eactivity was decreased in the upper (P = .0158) and lower
blade of the dentate gyrus (P = .0196). At 30 days post-
IHKA, there were no significant differences in GLT-1 immu-
noreactivity between saline and IHKA injected mice
(P > .05). Overall, there was an upregulation in GLT-1
immunoreactivity at early time points following status epilep-
ticus and a downregulation of GLT-1 immunoreactivity at
7 days post-IHKA that returned to baseline levels by
30 days post-IHKA in the ipsilateral hippocampus.
GLT-1 immunoreactivity was also assessed in the contralat-

eral hippocampus following intrahippocampal kainic acid
(IHKA) induced status epilepticus (SE) and for saline injected
animals (controls) (Fig. 4, Fig. 5). A one-way ANOVA on
GLT-1 immunoreactivity in the contralateral total hippocampus
post-IHKA revealed no main effect on time point (F(4,12) =
1.810, P > .05) (Fig. 5). Interestingly, a one-way ANOVA
revealed a main effect of time on GLT-1 immunoreactivity in
S. oriens (F(4,12) = 9.138, P = .0013), SLM (F(4,12) =
5.666, P = .0085), molecular layer (F(4,12) = 3.262), P =
.0499), and the hilus (F(4,12) = 3.264, P = .0498) in the con-
tralateral hippocampus post-IHKA. Post hoc Bonferroni tests
revealed at 1 day post-IHKA, GLT-1 immunoreactivity was
increased in SLM (P = .0033), molecular layer (P = .0229)
and hilus (P = .0213). At 3 days post-IHKA, GLT-1 immunor-
eactivity was increased in S. oriens (P = .001). There were
no observed changes in GLT-1 immunoreactivity at 7 and
30 days post-IHKA in the contralateral hippocampus when
compared to saline-injected animals (P > .05). Overall,
changes in GLT-1 immunoreactivity during epileptogenesis in
both the ipsilateral and contralateral hippocampus were
observed mainly in the dentate gyrus and primary astrocytic
layers: SLM, S. radiatum, and molecular layer.
Synaptosomal expression of glutamate
transporter-1 (GLT-1)

We isolated synaptosomes to ensure collection of all three
elements of the tripartite synapse: pre-synaptic terminals,



Fig. 2. Glutamate transporter-1 (GLT-1) and glial fibrillary acidic protein (GFAP) immunoreactivity in the ipsilateral
dorsal hippocampus after kainic acid-induced status epilepticus. 5 × images of GLT-1 (green), GFAP (red), and
DAPI (blue) immunoreactivity in the ipsilateral dorsal hippocampus after saline injections (control) and 1, 3, 7
and 30 days post-SE. SO = stratum oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stratum
lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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post-synaptic elements, and perisynaptic astrocyte pro-
cesses. Success of synaptosomal fractionation was con-
firmed by probing for synaptosomal markers (Fig. 1B). We
specifically probed for
SNAP25 and PSD95.
SNAP25 is a presynaptic
protein and a component of
the SNARE-complex that is
involved in vesicle mem-
brane docking and fusion
(Rizo and Sudhof, 2002).
PSD95 is a postsynaptic pro-
tein that is involved in
anchoring synaptic proteins
(Sheng and Sala, 2001).
SNAP25andPSD95were pre-
sent in whole tissue homoge-
nates and markedly elevated
in the enriched synaptosomal
fractions (Fig. 1B). Superna-
tant 2 (S2) containing the
non-synaptosomal compo-
nents did not contain traces of
SNAP25 or PSD95, further
confirming a successful fractio-
nation (Fig. 1B).
We have previously dis-

covered differences in total
GLT-1 expression in the dor-
sal hippocampus during epi-
leptogenesis (Hubbard et
al., 2016). To improve our
understanding of GLT-1 reg-
ulation in the IHKA model of
epilepsy, we examined
synaptosomal regulation of
this transporter during epilep-
togenesis for the first time. A
one-way ANOVA on GLT-1
synaptosomal protein levels
in the ipsilateral hippocam-
pus post-IHKA revealed a
main effect of time point (F
(4, 31) = 5.706, P = .0015)
(Fig. 6). Specifically, pairwise
post hoc Bonferroni tests
revealed a significant down-
regulation in synaptosomal
GLT-1 expression at 7 days
post-IHKA (P = .0064) that
returned to near baseline
levels by 30 days post-IHKA
in the ipsilateral hippocam-
pus (P > .05) (Fig. 6C). Inter-
estingly, we did not observe
a change in synaptosomal
GLT-1 expression at 1 or
3 days post-IHKA (all
P > .05) (Fig. 6C). There
was also a significant difference in synaptosomal GLT-1
expression between 7 days post-IHKA and 30 days post-
IHKA in the ipsilateral hippocampus (P = .0023) (Fig. 6C).

Image of Fig. 2
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Image of Fig. 3


Fig. 3. Quantification of glutamate transporter-1 (GLT-1) immunoreactivity in the ipsilateral dorsal hippocampus. Me
indicated time points after kainic acid-induced status epilepticus. For each time point post-IHKA, n = 3 animals were us
n = 5 animals were used. * indicates P < .05, ** indicates P < .01, *** indicates P < .001 and **** indicates P < .0001
animals (control).

Fig. 4. Glutamate transporter-1 (GLT-1) and glial fibrillary acidic protein (GFAP) immunoreactivity in the contralat-
eral dorsal hippocampus after kainic acid-induced status epilepticus. 5 × images of GLT-1 (green), GFAP (red),
and DAPI (blue) immunoreactivity in the contralateral dorsal hippocampus after saline injections (control) and 1,
3, 7 and 30 days post-SE. SO = stratum oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stratum
lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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While no changes in synap-
tosomal GLT-1 protein
levels were observed at 1
or 3 days post-IHKA we did
observe changes in GLT-1
immunoreactivity at these
early time points, suggesting
that overall but not synaptic
GLT-1 protein levels may
be upregulated early after
KA-induced SE. There were
no changes observed in
synaptosomal GLT-1
expression in the contralat-
eral dorsal hippocampus
during epileptogenesis
(P > .05) (Fig. 6F).
Glutamate aspartate
transporter (GLAST)
expression in the
dorsal hippocampus

Hippocampal GLAST immu-
noreactivity was assessed
after 1, 3, 7 and 30 days
post-intrahippocampal kai-
nic acid (IHKA) induced sta-
tus epilepticus (SE) and for
saline-injected animals
(controls) for hippocampi
both ipsilateral (Fig. 7, Fig.
8) and contralateral (Fig. 9,
Fig. 10) to injection.
A one-way ANOVA on

GLAST immunoreactivity in
the ipsilateral total hippo-
campus post-IHKA revealed
no main effect of time (F
(4,12) = 2.235, P > .05)
(Fig. 8). Interestingly, a
one-way ANOVA revealed
a main effect of time on
GLAST immunoreactivity in
S. oriens (F(4,12) = 3.474,
P = .0418), S. pyramidale
of CA1 (F(4,12) = 7.512),
P = .0029), S. radiatum (F
(4,12) = 24.11, P < .0001),
SLM (F(4,12) = 13.85), P =
.0002), molecular layer (F
(4, 12) = 19.90, P < .0001),
upper blade (F(4,12) =
8.551, P = .0017), hilus (F
an gray scale values shown at the
ed. For saline injections (controls),
when compared to saline-injected

Image of Fig. 4
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Image of Fig. 5


were used. * i

Fig. 6. Synaptosomal glutamate transporter-1 (GLT-1) expression in the IHKA model of epilepsy. A. Representative Western blot of GLT-1 in saline con-
trols and 1, 3, 7 and 30 days post-SE in the ipsilateral dorsal hippocampus. B. Total protein stain indicating equivalent protein loading (1 μg) for ipsilateral
dorsal hippocampus. C. Quantification of GLT-1 band intensities at each time point normalized to total protein stain in the ipsilateral dorsal hippocampus.
D. Representative Western blot of GLT-1 in saline controls and 1, 3, 7, and 30 days post-SE in the contralateral dorsal hippocampus. E. Total protein stain
indicating equivalent protein loading (1 μg) for contralateral dorsal hippocampus. F. Quantification of GLT-1 band intensities at each time point normalized
to total protein stain in the contralateral dorsal hippocampus. For each time point post-IHKA, n = 6 animals were used. For saline-injected (control), n = 12
animals were used. ** indicates P < .01.
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(4,12) = 18.43, P < .0001) and lower blade (F(4,12) =
29.56, P < .0001) of the dentate gyrus, S. lucidum (F
(4,12) = 7.025, P = .0037), and S. pyramidale of CA3 (F
(4,12) = 8.697, P = .0016). Post hoc Bonferroni tests
revealed at 1 day post-IHKA, GLAST immunoreactivity
Fig. 5. Quantification of glutamate transporter-1 (GLT-1) immunoreactivity in the
indicated time points after kainic acid-induced status epilepticus. For each time p
ndicates P < .05 and ** indicates P < .01 when compared to saline-injected anim
was significantly increased in S. pyramidale of CA1 (P =
.0040), S. radiatum (P < .0001), SLM (P = .0001), molecu-
lar layer (P < .0001), the upper blade (P = .0019) and lower
blade (P < .0001) of the dentate gyrus, S. lucidum (P =
.0203), and S. pyramidale of CA3 (P = .0034). At 3 days
contralateral dorsal hippocampus. Mean gray scale values shown at the
oint post-IHKA, n = 3 animals were used. For saline injections (controls),
als (control).

Image of Fig. 6


Fig. 7. Glutamate aspartate transporter (GLAST) and glial fibrillary acidic protein (GFAP) immunoreactivity in the
ipsilateral dorsal hippocampus after kainic acid-induced status epilepticus. 5× images of GLAST (green), GFAP
(red), and DAPI (blue) immunoreactivity in the ipsilateral dorsal hippocampus after saline injections (control) and
1, 3, 7 and 30 days post-SE. SO = stratum oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stra-
tum lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

194 Allison R. Peterson, D.K. Binder / Neuroscience 411 (2019) 185–201
post-IHKA, GLAST immunoreactivity was significantly
increased in S. pyramidale of CA1 (P = .0357), S. radiatum
(P = .0003), and SLM (P = .0218). At 30 days post-IHKA,
there was a significant increase in GLAST immunoreactivity
from baseline in the primary
astrocytic layer S. radiatum
(P = .0054).
A one-way ANOVA

revealed no main effect of
time point on GLAST immu-
noreactivity in the contralat-
eral total hippocampus post-
IHKA (F(4,12) = 0.5788,
P > .05) (Fig. 10).

Synaptosomal
expression of glutamate
aspartate transporter
(GLAST)

We also aimed to determine
GLAST synaptosomal
expression during epilepto-
genesis. A Kruskal-Wallis
non-parametric test revealed
a main effect of time point
on GLAST synaptosomal
protein levels in the ipsilat-
eral hippocampus post-IHKA
(H(5, 36) = 15.35, P = .004).
There were no significant
changes in synaptosomal
GLAST expression at 1, 3, 7
or 30 days post-IHKA com-
pared to saline injected ani-
mals (controls) in the
ipsilateral or contralateral dor-
sal hippocampus (Fig. 11).
Interestingly, post hoc tests
showed a significant upregula-
tion in synaptosomal GLAST
expression at 30 days post-
IHKA compared with 7 days
post-IHKA in the ipsilateral dor-
sal hippocampus (P = .033)
(Fig. 11C) but not contralater-
ally (P > .05) (Fig. 11F).
DISCUSSION

In this study, we used immu-
nohistochemistry, synapto-
somal fractionation and
Western blot analysis to
examine changes in the Na-
+-dependent glutamate
transporters GLT-1 and
GLAST at various time points
post-IHKA induced status
epilepticus in a mouse model of temporal lobe epilepsy.
This is the first paper to directly assess levels of glutamate
transporters at the synapse quantitatively during epilepto-
genesis. First, we found a significant upregulation in GLT-

Image of Fig. 7
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1 immunoreactivity at 1 and 3 days post-IHKA in the dorsal
hippocampus. Second, we found that GLT-1 immunoreac-
tivity is significantly downregulated at 7 days post-IHKA in
the ipsilateral hippocampus. Third, we found that synapto-
somal GLT-1 protein levels were significantly downregu-
lated 7 days post-IHKA in the ipsilateral hippocampus.
Fourth, GLAST immunoreactivity was significantly
increased at 1 day and 3 days post-IHKA in a layer-
specific manner in the ipsilateral hippocampus. While the
current study does not establish causation or mechanism,
these results further support the hypothesis that astrocytic
glutamate transporter dysregulation may contribute to the
development of epilepsy.
Changes in glutamate transporter-1 (GLT-1) regional
and cellular expression following SE

Numerous studies have established that there is an
increase in extracellular glutamate levels during seizures
(During and Spencer, 1993; Hubbard et al., 2013; Medina-
Ceja et al., 2015; Soukupova et al., 2015). Increased levels
of extracellular glutamate are likely due to excess glutamate
release or reduced glutamate reuptake. GLT-1 is responsi-
ble for over 90% of the total glutamate clearance in the
CNS (Danbolt, 2001). Therefore, changes in GLT-1 expres-
sion can greatly impact synaptic activity and function. Mice
that globally lack GLT-1 develop lethal spontaneous epilep-
tic seizures resulting in death early postnatally (Tanaka
et al., 1997). Interestingly, mice that regionally lack GLT-1
only in the dorsal forebrain survive to adulthood but display
transient focal seizures distinct from the generalized sei-
zures observed in global GLT-1 knockout mice (Sugimoto
et al., 2018). This study showed that regional loss of GLT-
1 is sufficient to induce spontaneous seizures. Our current
study is the first to examine changes in synaptosomal
GLT-1 expression at both early and chronic time points dur-
ing epileptogenesis. Our data are the first to address the
subcellular pool of GLT-1 available for use at astrocytic peri-
synaptic processes, the functional site of glutamate uptake
at glutamatergic synapses. Future studies will need to
address the exact timing of onset of spontaneous seizures
compared to timing of GLT-1 downregulation, and to deter-
mine whether manipulation of GLT-1 levels will inhibit
epileptogenesis.
Excess extracellular glutamate has been shown to pro-

duce excitotoxicity in other neurological diseases including
Alzheimer's disease (AD) and amyotrophic lateral sclerosis
(ALS) (Foran and Trotti, 2009; Danysz and Parsons,
2012). GLT-1 expression and subcellular localization has
also been shown to be altered in neurological diseases
(Lin et al., 1998; Jacob et al., 2007; Foran et al., 2014;
Munoz-Ballester et al., 2016; Zhang et al., 2017). Under nor-
mal physiological conditions, GLT-1 tends to cluster at
astrocytic processes and endfeet and is localized at the
plasma membrane (Schreiner et al., 2014). Recent studies
have shown that GLT-1 dysfunction and changes in locali-
zation could be regulated at the post-translational level in
many of these diseases (Huang et al., 2010; Foran et al.,
2014; Zhang et al., 2017).
We found that GLT-1 protein levels change not only at the
level of total protein expression in the dorsal hippocampus,
using immunohistochemistry, but also change quantitatively
at the subcellular level, using synaptosomal fractionation
and Western blot analysis. We had previously determined
with a higher-dose intrahippocampal kainic acid administra-
tion using immunohistochemistry that GLT-1 expression is
upregulated at 1 day post-IHKA and downregulated by
4 days post-IHKA in the ipsilateral hippocampus (Hubbard
et al., 2016). In the current study, we determined that
GLT-1 expression is still upregulated at 3 days post-IHKA;
therefore, there could be a major shift in GLT-1 levels
between 3 and 4 days post-IHKA. We hypothesize that
GLT-1 protein expression is upregulated as a compensatory
response to the large amount of glutamate released during
status epilepticus. For reasons that remain unclear, GLT-1
levels only remain upregulated for several days and subse-
quently decline significantly below baseline levels coincid-
ing with the onset of spontaneous seizures in this model
(Raedt et al., 2009). Synaptosomal GLT-1 protein is signifi-
cantly downregulated 7 days post-IHKA in the ipsilateral
hippocampus, indicating a reduction in perisynaptic GLT-1
levels available for glutamate uptake at the synapse. Inter-
estingly, this observed downregulation in GLT-1 synaptoso-
mal expression at 7 days post-IHKA corresponds well with
the onset timing of spontaneous seizures in this model
(about 7 days post-IHKA) which supports the possibility that
downregulation of GLT-1 in perisynaptic astrocyte pro-
cesses may precede and contribute to the onset of sponta-
neous seizures. Identification of changes in synaptosomal
proteins provides us with valuable information on how
synaptic function can change during disease progression
(Valencia et al., 2013; Postupna et al., 2014; Lepeta et al.,
2016). If there is less GLT-1 functioning at the tripartite
synapse, and GLT-1 is responsible for the majority of gluta-
mate clearance, we can infer there will likely be impaired
glutamate uptake from the extracellular space. Elevated
extracellular glutamate levels can induce seizures and vice
versa which together contribute to the excitotoxic damage
resulting in hippocampal sclerosis associated with TLE
(Thom, 2014; Barker-Haliski and White, 2015).
Further studies will need to determine the molecular

mechanisms responsible for GLT-1 protein downregulation
in epileptogenesis. Understanding the mechanisms of
downregulation of GLT-1 at day 7 could lead to an even
more targeted, mechanistic way to prevent the onset of
spontaneous seizures in this model. We previously deter-
mined that there are no significant changes in GLT-1 mRNA
in the IHKA model of epilepsy, suggesting that regulation of
GLT-1 occurs at the post-translational level (Hubbard et al.,
2016). Future studies could examine potential post-
translational modifications and mechanisms which have
been determined to affect GLT-1 expression and function
in other models of neurological disease such as sumoyla-
tion, Nedd4–2 trafficking, and palmitoylation (Huang et al.,
2010; Foran et al., 2014; Zhang et al., 2017). EAAT2, the
human analogue of GLT-1, is significantly decreased in
patients with TLE (Proper et al., 2002); therefore, preventing
this downregulation could be a potential antiepileptogenic
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Image of Fig. 8


Fig. 8. Quantification of glutamate aspartate transporter (GLAST) immunoreactivity in the ipsilateral dorsal hippocamp
at the indicated time points after kainic acid-induced status epilepticus. For each time point post-IHKA, n = 3 anima
(controls), n = 5 animals were used. * indicates P < .05, ** indicates P < .01, *** indicates P < .001 and **** indicate

Fig. 9. Glutamate aspartate transporter (GLAST) and glial fibrillary protein (GFAP) immunoreactivity in the contral-
ateral dorsal hippocampus after kainic acid-induced status epilepticus. 5× images of GLAST (green), GFAP (red),
and DAPI (blue) immunoreactivity in the contralateral dorsal hippocampus after saline injections (control) and 1, 3,
7 and 30 days post-SE. SO = stratum oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stratum
lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article.)
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and/or anticonvulsant strat-
egy for patients with pharma-
coresistant TLE. The
generality of GLT-1 dysregu-
lation in other forms of epi-
lepsy also warrants further
study.
Changes in glutamate
aspartate transporter
(GLAST) regional and
cellular expression
following SE

Changes in the human ana-
logue of GLAST, EAAT1,
have been observed in post-
mortem tissue of patients
with temporal lobe epilepsy
(Tessler et al., 1999). We
found that there was an
increase in hippocampal
GLAST immunoreactivity at
1 and 3 days post-IHKA in
the ipsilateral hippocampus.
The increase in GLAST
immunoreactivity paralleled
the increase in GLT-1 immu-
noreactivity we observed at
early time points following
status epilepticus. However,
synaptosomal GLAST pro-
tein levels were not signifi-
cantly different from saline-
injected control mice at early
time points post-IHKA there-
fore their contribution to epi-
leptogenesis in this model
may not be as significant as
GLT-1 dysregulation. Inter-
estingly, we did observe a
significant increase in synap-
tosomal GLAST levels at
30 days post-IHKA com-
pared to 7 days post-IHKA
in the ipsilateral hippocam-
pus, a time when the hippo-
campus is sclerotic. This
could potentially serve a
compensatory function to
increase astrocytic gluta-
mate uptake in chronic hip-
pocampal sclerosis.
us. Mean gray scale values shown
ls were used. For saline injections
s P < .0001 when compared to

Image of Fig. 9
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Image of Fig. 10


Fig. 11. Synaptosomal glutamate aspartate transporter (GLAST) expression in the IHKA model of epilepsy. A. Representative Western blot of GLAST in
saline controls and 1, 3, 7 and 30 days post-SE in the ipsilateral dorsal hippocampus. B. Total protein stain indicating equivalent protein loading (5 μg) for
ipsilateral dorsal hippocampus. C. Quantification of GLAST band intensities at each time point normalized to total protein stain in the ipsilateral dorsal
hippocampus. D. Representative Western blot of GLAST in saline controls and 1, 3, 7, and 30 days post-SE in the contralateral dorsal hippocampus.
E. Total protein stain indicating equivalent protein loading (5 μg) for contralateral dorsal hippocampus. F. Quantification of GLAST band intensities at each
time point normalized to total protein stain in the contralateral dorsal hippocampus. For each time point post-IHKA, n = 6 animals were used. For saline-
injected (control) n = 12 animals were used. ** indicates P < .01.
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In summary, we demonstrate marked changes in astrocy-
tic glutamate transporters, GLT-1 and GLAST, during epi-
leptogenesis in the IHKA model of epilepsy. We showed
that GLT-1 and GLAST immunoreactivity is increased in
the hippocampus early after status epilepticus (1 and
3 days post-IHKA), but there is downregulation of
Fig. 10. Quantification of glutamate aspartate transporter (GLAST) immunoreac
shown at the indicated time points after kainic acid-induced status epilepticus. Fo
tions (controls), n = 5 animals were used.
synaptosomal GLT-1 protein in the early epileptogenic
phase (7 days post-IHKA) corresponding to the onset of
spontaneous seizures in this model. Future studies should
examine the mechanisms responsible for GLT-1 downregu-
lation and subcellular targeting, and the functional effects on
glutamate uptake and excitability. Restoration of synaptic
tivity in the contralateral dorsal hippocampus. Mean gray scale values
r each time point post-IHKA, n = 3 animals were used. For saline injec-

Image of Fig. 11
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glutamate homeostasis through modulation of astrocyte glu-
tamate transport would be a novel therapeutic strategy for
the treatment of epilepsy.
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