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ARTICLE INFO ABSTRACT

Keywords: Astrocytic glutamate transporters are crucial for glutamate homeostasis in the brain, and dysregulation of these
Epilepsy transporters can contribute to the development of epilepsy. Glutamate transporter-1 (GLT-1) is responsible for
Glutamate transporter-1 the majority of glutamate uptake in the dorsal forebrain and has been shown to be reduced at epileptic foci in
2;1\;1 patients and preclinical models of temporal lobe epilepsy (TLE). Current antiepileptic drugs (AEDs) work pri-
Kainic acid marily by targeting neurons directly through suppression of excitatory neurotransmission or enhancement of
Seizure inhibitory neurotransmission, which can lead to both behavioral and psychiatric side effects. This study in-
Astrocyte vestigates the therapeutic capacity of astrocyte-specific AAV-mediated GLT-1 expression in the intrahippocampal

kainic acid (IHKA) model of TLE. In this study, we used Western blot analysis, immunohistochemistry, and long-
term-video EEG monitoring to demonstrate that cell-type-specific upregulation of GLT-1 in astrocytes is neu-
roprotective at early time points during epileptogenesis, reduces seizure frequency and total time spent in sei-
zures, and eliminates large behavioral seizures in the IHKA model of epilepsy. Our findings suggest that targeting

glutamate uptake is a promising therapeutic strategy for the treatment of epilepsy.

1. Introduction

Epilepsy is a disorder of the brain characterized by unprovoked
seizures (Fisher et al., 2014). There are more than 3 million cases of
active epilepsy in the United States, making it one of the most common
disorders of the nervous system (Zack and Kobau, 2017). Temporal lobe
epilepsy (TLE) is the most common form of epilepsy with focal seizures.
TLE is also frequently associated with refractory epilepsy. It is estimated
that 143,000-191,000 US patients still suffer from refractory TLE that
cannot be controlled with current AEDs (Asadi-Pooya et al., 2017).

Current AEDs work primarily by targeting neurons through direct
modulation of neurotransmission by inhibition of glutamatergic excit-
atory neurotransmission or enhancement of GABAergic inhibitory
neurotransmission. Modulation of neurotransmission can consequently
lead to “neurotoxic” adverse effects (e.g drowsiness, incoordination,

fatigue, cognitive impairment), which are common undesired effects
associated with AED usage (Park and Kwon, 2008). Studies have shown
that short-term use of AEDs can damage neurons, and combined use of
multiple AEDs can exacerbate this damage (Liu et al., 2015). Adverse
effects of AEDs can also lead to poor adherence and AED discontinuation
in up to 30% of patients (Bootsma et al., 2009).

Therefore, non-neuronal targets are an attractive alternative
approach to treat epilepsy with potentially fewer deleterious effects
(Binder, 2018). Increasing evidence suggests that changes in astrocytes
can contribute to the development of epilepsy (Eid et al., 2004; Fedele
et al., 2005; Heuser et al., 2018; Hinterkeuser et al., 2000; Ivens et al.,
2007). Astrocytes play an essential role in ionic homeostasis, neuro-
transmitter clearance, and potassium buffering in the central nervous
system (CNS). Due to their close association with synapses, astrocytes
can alter synaptic function and are the key players in extracellular
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cephalogram; GFAP, Glial fibrillary acidic protein; GLT-1, Glutamate transporter-1; GCL, Granule cell layer; IHKA, Intrahippocampal kainic acid; SE, Status epi-

lepticus; TLE, Temporal lobe epilepsy.
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Fig. 1. Overview of experimental design. Mice were unilaterally infused with control virus AAV-GFP or AAV-GLT-1 into the dorsal hippocampus. One week following
AAV infusion mice were injected with kainic acid into the ipsilateral hippocampus to induce status epilepticus. A subset of mice were implanted with a bipolar twist
electrode for continuous video EEG monitoring. Tissue was collected at 7 and 14 days post-IHKA for immunohistochemistry.

glutamate homeostasis in the CNS. Extracellular glutamate levels must
be tightly regulated to maintain proper neuronal activity and function.
Glutamate transporters are responsible for removing glutamate from the
extracellular space following neurotransmitter release into the synaptic
cleft. Glutamate transporter-1 (GLT-1) is responsible for approximately
90% of the total glutamate clearance from the synaptic cleft and is
essential for maintaining low levels of extracellular glutamate (Danbolt,
2001). Glutamate transporters have been shown to be reduced in
resected human epilepsy tissue and in preclinical models of TLE (Hub-
bard et al., 2016; Mathern et al., 1999; Peterson and Binder, 2019b;
Peterson and Binder, 2020; Tessler et al., 1999). Recently, de novo mu-
tations in glutamate transporters, particularly GLT-1, have been iden-
tified in patients and families with early-onset multiple seizure types
(Consortium, 2016). Perisynaptic GLT-1 protein levels are down-
regulated at a critical time point in epileptogenesis, suggesting that GLT-
1 dysregulation could contribute to the development of epilepsy
(Clarkson et al., 2020; Peterson and Binder, 2019b). GLT-1 global KO
mice die from spontaneous seizures (Tanaka et al., 1997); in contrast,
transgenic mice that overexpress GLT-1 have a higher seizure threshold
than wild-type mice, suggesting that GLT-1 plays an essential role in
seizure generation and protection against glutamate toxicity (Kong
et al., 2012). Deletion of GLT-1 specifically in astrocytes leads to un-
controlled seizures and excess mortality at an early age, suggesting that
astrocytic GLT-1-mediated glutamate uptake is essential to protect
against fatal epilepsy (Petr et al., 2015).

Therefore, strategies to upregulate GLT-1 would be expected to be
neuroprotective in various neurological models. Focal overexpression of
GLT-1 using an adeno-associated virus (AAV)-GLT-1 viral vector reduces
ischemia-induced glutamate overflow, decreases cell death, and im-
proves behavioral outcome in a preclinical model of stroke (Harvey
et al.,, 2011). Intraspinal AAV-GLT-1 delivery has also been shown to
attenuate heat hypersensitivity following cervical contusion spinal cord
injury (SCI) (Falnikar et al., 2016). Here we develop and employ an
AAV8-Gfa2-GLT-1-cHA viral vector to promote cell-type-specific GLT-1
transcription under the glial fibrillary acid protein (GFAP) promoter in
the intrahippocampal kainic acid (IHKA) model of epilepsy. We
demonstrate that treatment with AAV8-Gfa2-GLT-1-cHA delays
neuronal cell loss, decreases dentate cell dispersion and suppresses
seizure activity.

2. Materials and methods
2.1. 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 Cali-
fornia, Riverside Institutional Animal Care and Use Committee (IACUC)
and were conducted in accordance with the National Institutes of Health
(NIH) guidelines. A total of 58 animals were used for this study.
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Fig. 2. Representative western blot of HA-tagged GLT-1 expression in the
hippocampus 14 days post-AAV injection. From left to right, Lane 1 shows
absence of HA-tagged GLT-1 in the ipsilateral hippocampus of AAV-GFP
injected mice, Lane 2 shows expression of HA-tagged GLT-1 in the ipsilateral
hippocampus of AAV-GLT-1-cHA injected mice, Lane 3 shows absence of HA-
tagged GLT-1 in the contralateral hippocampus of AAV-GFP injected mice,
Lane 4 shows absence of HA-tagged GLT-1 in the contralateral hippocampus of
AAV-GLT-1-cHA injected mice.
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2.2. Study design

Animals were injected with the control virus AAV8-Gfa2-GFP or
AAV8-Gfa2-GLT-1-cHA into the dorsal hippocampus one week prior to
intrahippocampal kainic acid-induced status epilepticus. One week
following AAV8 administration, kainic acid was microinjected into the
same hippocampal location to induce SE. To evaluate immunohisto-
logical changes between the animals injected with the control virus
AAV-Gfa2-GFP and the animals that received AAV-Gfa2-GLT-1-cHA a
subset of animals were collected at 7 and 30 days post-IHKA induced SE.
A cohort of animals was implanted with an electrode in the ipsilateral
hippocampus immediately following kainic acid injection and under-
went VEEG recordings for two weeks to compare epileptiform activity
between animals injected with the control virus AAV-Gfa2-GFP and
animals injected with AAV8-Gfa2-GLT-1-cHA (Fig. 1).

2.3. AAVS intrahippocampal injection

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. 1.5 pl AAV8-Gfa2-GLT-1-cHA
vector (titer of 10'% genomic particles/ml) was injected using a Hamil-
ton syringe at 0.2 pl/min over 8 min. When the injection was finished,
the pipette was left in place for 3 min to prevent efflux of the virus
during pipette removal. Age-matched controls were injected with AAVS8-
Gfa2-GFP vector (titer of 10'3 genomic particles/ml) (control).
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2.4. IHKA-induced status epilepticus and electrode implantation

One week following AAV injections, IHKA injections were used to
induce epileptogenesis, as previously described (Hubbard et al., 2016;
Lee et al., 2012; Peterson and Binder, 2019b). 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 64 nl of 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 dorso-
ventral). In a subset of mice, immediately following KA injection the
syringe was withdrawn and a 3 channel two twisted stainless-steel
electrode (Plastics One) was implanted into the dorsal hippocampus.
The twisted bipolar wires, 2 mm length, were implanted into the dorsal
hippocampus (lowered to 1.9 mm dorsoventral) and the untwisted wire
was cut to ground the surface of the cortex. Dental cement was used to
secure the electrode in place (Panavia SA cement). 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
animals after IHKA injections (Lee et al., 2012). We monitored mice for
5 h following IHKA injection using video recording to verify the pres-
ence of Racine stage 3-5 seizures. All animals included in this study
experienced continuous SE, characterized by forelimb and hindlimb
clonus, rearing, jumping, and falling (Racine, 1972). We observed SE in
both AAV-GFP and AAV-GLT-1 treatment groups, with no difference in
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Fig. 3. AAV transduction in the mouse hippocampus 12 days post-injection. A. Coronal section of the ipsilateral hippocampus showing expression of GFAP (red) and
GFP (green) following AAV-GFP injection. B. Coronal section of the ipsilateral hippocampus showing expression of NeuN (red) and GFP (green) following AAV-GFP
injection. C. Coronal section of the contralateral hippocampus showing expression of GFAP (red) and GFP (green) following AAV-GFP injection. D. Coronal section of
the contralateral hippocampus showing expression of NeuN (red) and GFP (green) following AAV-GFP injection. E. Coronal section of the ipsilateral hippocampus
showing expression of GFAP (red) and HA-tag (green) following AAV-GLT-1-cHA injection. F. Coronal section of the ipsilateral hippocampus showing expression of
NeuN (red) and HA-tag (green) following AAV-GLT1-cHA injection. G. Coronal section of the contralateral hippocampus showing expression of GFAP (red) and HA-
tag (green) following AAV-GLT-1-cHA injection. D. Coronal section of the contralateral hippocampus showing expression of NeuN (red) and GFP (green) following
AAV-GLT1-cHA injection. N = 8 section per group (4 animals per group) (5x). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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duration, but mortality was slightly reduced in mice pretreated with
AAV-GLT1. For the AAV-GFP pretreated group, mortality during the
initial SE was 18%, while mortality in the AAV-GLT-1 pretreated group
was 13%. Animals that died due to SE were excluded from the study.
Electrode placement and viral expression was confirmed in all mice.
Mice were excluded from the study when hippocampal viral expression
could not be confirmed (GFP expression was used for mice injected with
AAV-Gfa2-GFP and HA-tag expression was used for mice injected with
AAV-Gfa2-GLT-1-cHA) or when electrode placement was not in the
hippocampus.
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2.5. Continuous video-EEG acquisition

Video-EEG acquisition began immediately following surgery and
continued for 14 days. Mice were recorded using a tethered system
(BIOPAC MP150) and a commutator which allowed freedom of motion.
EEG output was amplified with a gain of 5000 and digitized at a sam-
pling rate of 1250 Hz.

2.6. Electrographic seizure analysis

Acquired EEG files were post-processed with bandpass filter from 0.1
to 60 Hz. Electrographic seizures were quantified using an automated
algorithm set to customized parameters for each subject. Customized

Merged

Merged

Fig. 4. Cell-type specific AAV transduction in the dentate gyrus 12 days post-injection. A. Coronal section of the ipsilateral hippocampus showing expression of GFAP
(red), GFP (green) and HA-tag (green) following AAV injection. B. Coronal section of the ipsilateral hippocampus showing expression of NeuN (red), GFP (green) and
HA-tag (green) following AAV injection. N = 8 sections per group (4 animals per group) (20x). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. GLT-1 expression is increased in AAV pretreated mice in the ipsilateral hippocampus 7 days post-kainate induced status epilepticus. A. Coronal section of the
ipsilateral hippocampus 7 days post-kainate induced status epilepticus showing expression of GLT-1 (red), GFP/HA-tag (green) following AAV injection. B. Mean gray
scale quantitation of total hippocampus GLT-1 expression in the ipsilateral hippocampus 7 days post-kainate induces status epilepticus. C. Coronal section of the
contralateral hippocampus 7 days post-kainate induced status epilepticus showing expression of GLT-1 (red), GFP/HA-tag (green) following AAV injection. D. Mean
gray scale quantitation of total hippocampus GLT-1 expression in the contralateral hippocampus 7 days post-kainate induces status epilepticus. AAV-GFP group; N =
11 sections (6 animals). AAV-GLT-1 group; N = 8 sections (5 animals) (5x) . (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

parameters were based on the mean amplitude of the hippocampal re-
cordings, ictal spike width, and time between spikes. Automated elec-
trographic seizure analysis software used was modified and extended
with an expanded graphical user interface (GUI) from a previously
published and validated MATLAB algorithm (Zeidler et al., 2018). For
all animals, a seizure was defined as at least 3 spikes of greater than
twice the baseline amplitude within each 1 s bin (3 Hz). Interictal pe-
riods were set at a minimum of 5 s. All electrographic seizure-like events
detected were visually inspected for false positives. Events that con-
tained noise were further confirmed with video verification. All events
detected that were > 20 s were further examined with video to deter-
mine presence of large behavioral seizures (LBSs). Large behavioral
seizures were defined at >3 on the Racine scale (Racine, 1972). All
electrographic seizure analysis was performed blinded to experimental
group.

2.7. Code accessibility

The codebase used is an expanded version of the previously pub-
lished and validated algorithm (Zeidler et al., 2018), along with utili-
zation of version 13.6.5b of the EEGLAB MATLAB library published by
University of California San Diego (UCSD), to include an updated
graphical user interface (GUI). The added features include custom
channel selection for necessary analysis with visualization of up to 4
channels' time series at a time, manual threshold adjustment per chan-
nel, significant speedup for calculations and detection via the MATLAB
parallel processing toolbox, and user-defined selection and separation
between true events, non-events, events containing noise, and possible
short events via visual inspection for each corresponding window of data
in the time series. The graphical user interface (GUI) and underlying
code are freely accessible online at the following public repository: htt
ps://github.com/eplab1745/ESA_Extended.

2.8. Western blot analysis

Total protein concentrations of homogenized hippocampal 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 nitrocellulose
membrane. Following transfer, membranes were briefly rinsed with TBS
and blocked for 1 h in 5% milk in Tris-buffered saline 0.1% Tween 20
(Sigma) at room temperature (RT). Membranes containing AAV-Gfa2-
GFP and AAV-Gfa2-GLT-1-cHA-injected samples were then probed for
Hemagglutinin-tag (1:200, Novus Biologicals N600-362) and f-actin
(1:10,000, Sigma A1978). Bands were visualized and quantified using
species specific antibodies (IRDye; LI-COR) and the LI-COR Odyssey Fc
Western Imaging System.

2.9. Immunohistochemistry

Mice were euthanized with Fatal Plus (Western Medical Supply) then
perfused with ice-cold phosphate buffered saline (PBS) followed by 4%
paraformaldehyde (PFA). Brains were harvested and fixed in 4% PFA for
two hours at 4 °C. Harvested brains were then dehydrated in 30% su-
crose and stored at 4 °C until use. Prior to sectioning, harvested brains
were flash frozen with ice-cold isopentane. Frozen brains were sealed in
optimum cutting temperature (OCT) formulation at 20 °C and sliced into

50 pm sections using a cryostat. Sections were stored in 0.01% sodium
azide PBS at 4 °C.

For in vivo AAV transduction experiments to verify transduction and
cell-type specificity of the virus, brains were harvested 12 days post
AAV-injection. N = 8 sections per group were analyzed (4 animals per
group). For AAV-pretreated mice, brains were harvested 7 and 30 days
post-IHKA-induced SE. For each animal, per stain, two sections were
processed for immunohistochemistry, 1 ventral and 1 dorsal to the in-
jection site. For immunohistochemistry, sections were washed with
PBST, permeabilized with 0.5% Tween 20 for 30 min at room temper-
ature (RT), then blocked for 1 h at RT with 10% bovine serum albumin.
Sections were then incubated 1.5 h at RT in 0.5% Tween-20/5% BSA
with primary antibodies to Hemagglutinin-tag (1:200, Novus Biologicals
N600-362), GFAP (1:500, Abcam ab7260), NeuN (1:200, EMD Millipore
ABN78) and GLT-1 (1:400, cGLT1a antibody generously provided by Dr.
Jeff Rothstein). Sections were washed with PBS and incubated with
Alexa 594 (Molecular Probes/Invitrogen), Alexa 488, and Alexa 647
(Molecular Probes/Invitrogen) for visualization and mounted in Vecta-
shield with DAPI (Vector Laboratories).

2.10. Imaging and quantification

Hippocampal images were captured at 5x, 10x, and 20x magnifi-
cation using a fluorescence microscope (Leica DFC345FX) under iden-
tical settings for each channel. Quantification was performed using
ImageJ software. For NeuN immunoreactivity quantification, mean gray
value was calculated across the entire image for each region of interest:
S. pyramidale of CAl, S. pyramidale of CA3, and dentate gyrus. For
granule cell width measurements, the width of the widest point of the
central two-thirds of the outer blade of the dentate gyrus ipsilateral to
injection was measured and normalized to the contralateral hippocam-
pus measurements from the same section. Granule cell width measure-
ments were performed blinded to experimental group. For GLT-1
quantitation at 7 and 30 days post-IHKA-induced status epilepticus,
region of interest (ROI)-based analysis was standardized by drawing a
large box including CA1l, DG and CA3 to denote total hippocampal
immunoreactivity using the DAPI channel. This ROI was then used to
measure mean gray value for GLT-1 . Confocal imaging (Supplemental
Fig. S1) was performed with an Olympus BX61 confocal microscope
(Olympus America Inc., Center Valley, PA).

2.11. Statistical analysis

Statistical analysis was performed using Prism 8 software (GraphPad
Software, La Jolla, CA). All datasets were analyzed using an unpaired
one-tailed t-test with a 95% confidence interval (CI) except for large
behavioral seizures (LBSs). LBSs were analyzed using a Mann-Whitney U
test with a 95% confidence interval (CI). All error bars are presented as
the mean =+ standard error of the mean (SEM). Difference between
groups was considered statistically significant by a P-value <0.05 and
was denoted with one asterisk (*).

3. Results
3.1. Cell-type specific AAV transduction in the mouse hippocampus

Expression of exogenous GLT-1 protein in vivo was confirmed by
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Fig. 6. GLT-1 expression is increased in AAV pretreated mice in the ipsilateral hippocampus 30 days post-kainate induced status epilepticus. A. Coronal section of the
ipsilateral hippocampus 30 days post-kainate induced status epilepticus showing expression of GLT-1 (red), GFP/HA-tag (green) following AAV injection. B. Mean
gray scale quantitation of total hippocampus GLT-1 expression in the ipsilateral hippocampus 30 days post-kainate induces status epilepticus. C. Coronal section of
the contralateral hippocampus 30 days post-kainate induced status epilepticus showing expression of GLT-1 (red), GFP/HA-tag (green) following AAV injection. D.
Mean gray scale quantitation of total hippocampus GLT-1 expression in the contralateral hippocampus 30 days post-kainate induces status epilepticus. AAV-GFP
group; N = 10 sections (6 animals). AAV-GLT-1 group; N = 11 sections (6 animals) (5x). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

probing for the HA-tag fused to GLT-1 protein. We found robust
expression of HA-tagged GLT-1 in the ipsilateral hippocampus 14 days
post-AAV-Gfa2-GLT-1-cHA injection compared to the hippocampus of
mice injected with AAV-Gfa2-GFP (Fig. 2). We did not observe HA-
tagged GLT-1 expression in the contralateral hippocampus of AAV-
Gfa2-GLT-1-cHA injected mice (Fig. 2). Using immunohistochemistry,
we determined that both AAV-Gfa2-GLT-1-cHA and AAV-Gfa2-GFP are
expressed throughout the ipsilateral hippocampus 12 days post-
injection (Fig. 3). Merged channels confirmed (shown in orange) HA-
tagged GLT-1 is found in cells expressing GFAP and not in cells
expressing the neuronal marker NeuN (Fig. 3, Fig. 4). HA-tagged GLT-1
expression observed was shown as puncta resembling astrocytic bush
like-morphology (Supplemental Fig. S1).

3.2. Pretreatment with AAV-GLT1 increases GLT-1 expression during
epileptogenesis

Hippocampal GLT-1 immunoreactivity was assessed at 7 and 30 days
post-IHKA-induced SE in AAV-Gfa2-GFP and AAV-Gfa2-GLT-1-cHA
pretreated mice. Quantitation of total hippocampal GLT-1 protein
immunoreactivity was performed for both hippocampi ipsilateral and
contralateral to injection at 7 (Fig. 5) and 30 (Fig. 6) days post-IHKA-
induced SE. A one-tailed t-test on GLT-1 immunoreactivity in the

AAV-GFP

Q)
(o)

5
y |

ipsilateral hippocampus at 7 days post-IHKA revealed a main effect of
treatment (t(df) = 3.509(16), p = 0.0015; mean + SEM: AAV-GFP =
19,034 + 990.3; AAV-GLT-1 = 23,893 + 926.8) (Fig. 5). A one-tailed t-
test on GLT-1 immunoreactivity in the ipsilateral hippocampus at 30
days post-IHKA revealed a main effect of treatment (t(df) = 3.179 (19),
p = 0.0027; mean + SEM: AAV-GFP = 13,220 + 538.2; AAV-GLT-1 =
16,988 + 1013) (Fig. 6). A t-test on GLT-1 immunoreactivity in the
contralateral hippocampus at 7 and 30 days post-IHKA revealed no ef-
fect of treatment (p > 0.05).

3.3. Pretreatment with AAV-GLT-1 is neuroprotective at early time points
during the development of epilepsy

Hippocampal NeuN immunoreactivity was assessed at 7 and 30 days
post-IHKA-induced SE in AAV-Gfa2-GFP and AAV-Gfa2-GLT-1-cHA
pretreated mice. Quantification of NeuN-immunoreactive neurons was
examined in S. pyramidale of CA1, S. pyramidale of CA3, and dentate
gyrus for hippocampi both ipsilateral (Fig. 7, Fig. 9) and contralateral
(Fig. 8, Fig. 10) to injection. A one-tailed t-test on NeuN immunoreac-
tivity in S. pyramidale of CA1 of the ipsilateral hippocampus 7 days post-
IHKA revealed no effect of treatment (t(df) = 0.07913(22), p = 0.4688;
mean = SEM: AAV-GFP = 20.46 £+ 0.9208; AAV-GLT-1 = 20.33 +
1.284). A one-tailed t-test on NeuN immunoreactivity in S. pyramidale
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Fig. 7. NeuN expression in AAV pretreated mice in the ipsilateral hippocampus 7 days post-kainate induced status epilepticus. Coronal section of the ipsilateral
hippocampus 7 days post-kainate induced status epilepticus showing expression and quantitation of NeuN immunoreactivity following AAV injection. N = 12

sections per group (6 animals per group) (20x).



A.R. Peterson et al.

AAV-GFP

Neurobiology of Disease 157 (2021) 105443

AAV-GLT-1

CA1 (contralateral )

=3
o

o

K &N
Vv
S

&
WP

DG (contralateral)

@
o

o

Fig. 8. NeuN expression in AAV pretreated mice in the contralateral hippocampus 7 days post-kainate induced status epilepticus. Coronal section of the contralateral
hippocampus 7 days post-kainate induced status epilepticus showing expression and quantitation of NeuN immunoreactivity following AAV injection. N = 12

sections per group (6 animals per group) (20x).

of CA3 in the ipsilateral hippocampus 7 days post-IHKA revealed a main
effect of treatment (t(df) = 2.335(22), p = 0.0145; mean + SEM: AAV-
GFP = 23.24 + 0.7344; AAV-GLT-1 = 29.93 + 2.773). A one-tailed t-test
on NeuN immunoreactivity in the dentate gyrus of the ipsilateral hip-
pocampus 7 days post-IHKA revealed a main effect of treatment (t(df) =
2.564(22), p = 0.0089; mean + SEM: AAV-GFP = 31.64 + 1.212; AAV-
GLT-1 = 39.09 £ 2.641). t-tests on NeuN immunoreactivity in S. pyr-
amidale of CA1, S. pyramidale CA3, and the dentate gyrus for hippo-
campi both ipsilateral (Fig. 9) and contralateral (Fig. 10) to injection 30
days post-IHKA revealed no effect of treatment (p > 0.05) suggesting
that pretreatment with an AAV-Gfa2-GLT-1-cHA viral vector is neuro-
protective at early time points in epileptogenesis but does not prevent
neurotoxicity in chronic stages in epileptogenesis.

3.4. Effects of AAV-GLT-1 on granule cell dispersion (GCD) during
epileptogenesis

For GCD, we analyzed the width of the granule cell layer normalized
to the contralateral hippocampus at 7 and 30 days post-IHKA-induced SE
in AAV-Gfa2-GFP and AAV-Gfa2-GLT-1-cHA pretreated mice (Fig. 11,
Fig. 12). A one-tailed t-test on GCL width at 7 days post-IHKA revealed a
main effect of treatment (t(df) = 3.285(22), p = 0.0017; mean + SEM:
AAV-GFP = 123.9 + 8.819; AAV-GLT-1 = 89.52 + 5.622) (Fig. 11). A t-
test on GCL width at 30 days post-IHKA revealed no effect of treatment
(p > 0.05) (Fig. 12).

3.5. Pretreatment with AAV-GLT-1 suppresses total seizure time (TST)
and large behavioral seizures (LBSs)

Electrographic seizure and large behavioral seizure (LBS) analysis
was performed at 7 days post-IHKA induced SE in AAV-Gfa2-GFP and
AAV-Gfa2-GLT-1 pretreated mice (Fig. 13, Supplemental Fig. S2). A one-

tailed t-test on seizure frequency per hour at 7 days post-IHKA revealed a
main effect of treatment (t(df) = 2.223(9), p = 0.0266; mean + SEM:
AAV-GFP = 2.136 + 1.120; AAV-GLT-1 = 0.3274 + 0.04839). A one-
tailed t-test on average seizure duration at 7 days post-IHKA revealed
no effect of treatment. A one-tailed t-test on total seizure time (TST) at 7
days post-IHKA revealed a main effect of treatment (t(df) = 2.961(9), p
= 0.0080; mean + SEM: AAV-GFP = 500.00 + 197.6; AAV-GLT-1 =
74.58 + 10.23). Electrographic events >20 s categorized as long events
were further examined for presence of large behavioral seizures (LBSs).
A one-tailed t-test on long event frequency at 7 days post-IHKA revealed
a main effect of treatment (t(df) = 3.308(9), p = 0.0046; mean + SEM:
AAV-GFP = 4.250 + 1.377; AAV-GLT-1 = 0.7143 £ 0.0.2857) (Fig. 13).
A Mann-Whitney U test on LBSs >20 s at 7 days post-IHKA induced SE
revealed LBSs were significantly decreased in AAV-GLT-1 pretreated
mice (Mdn = 0.00) compared to AAV-GFP pretreated mice (Mdn =
1.500), U = 3.500, p = 0.0242 (Supplemental Fig. S2, Video 1, Video 2).
No LBSs >20 s were observed in AAV-Gfa2-GLT-1 pretreated mice at 7
days post-THKA induced SE (Supplemental Fig. S2).

4. Discussion

In this study, we used Western blot analysis, immunohistochemistry,
and long-term-video-EEG monitoring to demonstrate that cell-type-
specific upregulation of GLT-1 in astrocytes is neuroprotective at early
time points during epileptogenesis, reduces total time spent in seizures
and eliminates large behavioral seizures in the IHKA model of epilepsy.
This is the first paper to demonstrate that astrocyte-specific upregulation
of GLT-1 using an AAYV viral vector is therapeutic in a preclinical model
of epilepsy.

We have previously determined that crude synaptosomal GLT-1
levels, transporter readily available for glutamate uptake near gluta-
matergic synapses, are significantly downregulated at a critical time
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Fig. 9. NeuN expression in AAV pretreated mice in the ipsilateral hippocampus 30 days post-kainate induced status epilepticus. Coronal section of the ipsilateral
hippocampus 30 days post-kainate induced status epilepticus showing expression and quantitation of NeuN immunoreactivity following AAV injection. AAV-GFP
group; N = 13 sections (7 animals). AAV-GLT-1 group; N = 11 sections (6 animals) (20x).

point during the development of epilepsy (Peterson and Binder, 2019b).
Clarkson et al., 2020 also found that there was a significant reduction in
perisynaptic GLT-1 at the plasma membrane in astrocytes during the
latent period following systemic KA-induced SE (Clarkson et al., 2020).
Our current findings indicate that intrahippocampal AAV8-Gfa2-GLT-1
infusion selectively upregulates GLT-1 in GFAP-positive cells. Interest-
ingly, a previous study showed that bilateral infusion of AAV9-EAAT2
did not have antiepileptic or neuroprotective effects (Young et al.,
2014). An important distinction being the AAV viral vector used in our
studies is 10-fold higher than the titer used in Young et al., 2014. This
group did not observe an increase in EAAT expression with AAV vector
infusion when comparing non-injected with AAV9-EAAT2 injected
mice. Similarly, we did not observe a significant difference in GLT-1
expression between AAV-Gfa2-GFP and AAV-Gfa2-GLT-1 injected mice
12 days post-AAV injection (data not shown), but when mice injected
with the two viral vectors were challenged with kainic acid, we observed
a significant increase in GLT-1 expression in the ipsilateral hippocampus
suggesting that AAV-GLT1_cHA injected mice have increased glutamate
uptake compared to control mice injected with AAV-Gfa2-GFP. These
findings could be due to an increase in exogenous GLT-1 produced under
the GFAP promoter in response to increased astrogliosis post-kainate-
induced SE in AAV-Gfa2-GLT1_cHA injected mice. We have previously
demonstrated that GFAP immunoreactivity is upregulated in both
hippocampi following kainic acid injection (Hubbard et al., 2016).
Interestingly, we observed increased GLT-1 expression in the ipsilateral
hippocampus at early and chronic time points in epileptogenesis, sug-
gesting that the AAV GLT-1-cHA transgene is still being expressed at
least five-week following infusion. Future studies could further investi-
gate the function of these transporters during early and chronic phases
of epileptogenesis by performing glutamate uptake assays on crude
synaptosomes from mice injected with both viruses. We hypothesize that
crude synaptosomal uptake studies would demonstrate increased uptake
in the ipsilateral hippocampus of mice pretreated with AAV-Gfa2-GLT-1.
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Second, we found that pretreatment with AAV8-Gfa2-GLT-1 delays
neuronal death and granule cell dispersion at early time points in epi-
leptogenesis but does not prevent neurotoxicity in chronic stages of
epileptogenesis. A hallmark pathological feature of TLE is hippocampal
sclerosis which includes dentate cell dispersion, neuronal cell loss, and
gliosis, which are all observed in the IHKA model of epilepsy (Rusina
et al., 2021; Thom, 2014). Mice infused with AAV-Gfa2-GLT-1 had
significantly higher NeuN expression in CA3 and DG in the ipsilateral
hippocampus compared to mice infused with control virus AAV-Gfa2-
GFP. These data suggest that upregulation of GLT-1 is sufficient to
delay neuronal loss at early time points following kainic acid-induced
SE. In the hippocampus, widespread neuronal cell loss occurs in CA1,
CA3, and the dentate gyrus hilus associated with mTLE (Scharfman and
Pedley, 2007). CA1 hippocampal neuronal loss was observed in the
ipsilateral hippocampus of mice pretreated with both viruses suggesting
that over-expression of GLT-1 was not sufficient to prevent pyramidal
neuronal loss in CA1. We also observed a significant increase in NeuN
expression in the dentate gyrus of AAV-Gfa2-GLT-1 infused mice in the
contralateral hippocampus compared to mice infused with control virus
AAV-Gfa2-GLT-1. The occurrence of neurochemical modulation in the
contralateral hippocampus has been observed following unilateral in-
jection of kainic acid. Following unilateral injections of kainic acid,
delayed neuronal death and astrogliosis are observed in the contralat-
eral hippocampus (Hubbard et al., 2016; Magloczky and Freund, 1995).
Our data suggest that although GLT-1 upregulation is localized to the
ipsilateral hippocampus, it contributes to neuroprotection in the
contralateral hippocampus at early time points in epileptogenesis.
Although most seizures originate in the ipsilateral hippocampus, sei-
zures can propagate to the contralateral hippocampus (Riban et al.,
2002). These data suggest that although virally expressed GLT-1 is
localized to the ipsilateral hippocampus, this additionally leads to pro-
tection in the contralateral hippocampus. The neuroprotection observed
in the contralateral hippocampus at early time points in epileptogenesis
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Fig. 10. NeuN expression in AAV pretreated mice in the contralateral hippocampus 30 days post-kainate induced status epilepticus. Coronal section of the
contralateral hippocampus 30 days post-kainate induced status epilepticus showing expression and quantitation of NeuN immunoreactivity following AAV injection.
AAV-GFP group; N = 13 sections (7 animals). AAV-GLT-1 group; N = 11 sections (6 animals) (20x).

could result from less seizure propagation to the contralateral hippo-
campus. Further studies could confirm this by recording epileptiform
activity from both hippocampi. In contrast, pretreatment with AAV-
Gfa2-GLT-1 did not prevent neurotoxicity at late time points during
chronic phases of epileptogenesis. Therefore, the likely explanation is
that overexpression of GLT-1 was sufficient to delay neuronal loss but
did not protect against neuronal excitotoxicity at chronic time points in
epilepsy.

Third, we determined that pre-treatment with AAV-Gfa2-GLT-1 re-
duces seizure frequency at seven days post-IHKA induced SE. Astrocyte-

AAV-GFP

Ipsilateral

Contralateral

AAV-GLT-1

specific upregulation of GLT-1 did not prevent spontaneous seizures but
significantly reduced the frequency of seizures compared to mice pre-
treated with control virus. In addition, initial SE-induced mortality was
slightly reduced in AAV-GLT-1 pretreated mice (13%) compared with
AAV-GFP pretreated mice (18%). Fourth, we determined that pretreat-
ment with AAV8-Gfa2-GLT-1 reduces total seizure time at seven days
post-IHKA induced SE. Total seizure time is the amount of time an an-
imal spends having ictal activity that is classified as a seizure. Mice
pretreated with AAV-Gfa2-GLT-1 spent significantly less time in seizures
than mice pretreated with control virus AAV-Gfa2-GFP. Interventions
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Fig. 11. NeuN expression showing granule cell dispersion in the hippocampus 7 days post-kainate induced status epilepticus . Coronal section of the ipsilateral
hippocampus 7 days post-kainate induced status epilepticus showing expression of NeuN and comparison of granule cell layer width, normalized to contralateral
hippocampus from the same section. N = 12 sections per group (6 animals per group) (10x).
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Fig. 12. NeuN expression showing granule cell dispersion in the hippocampus 30 days post-kainate induced status epilepticus. Coronal section of the ipsilateral
hippocampus 30 days post-kainate induced status epilepticus showing expression of NeuN and comparison of granule cell layer width, normalized to contralateral
hippocampus from the same section. AAV-GFP group; N = 12 sections (6 animals). AAV-GLT-1 group; N = 11 sections (6 animals) (10x).

that reduce seizure activity have been shown to improve behavioral
outcomes (Falcicchia et al., 2018; Luo et al., 2021; Ramandi et al.,
2021). Future studies could determine whether selective upregulation of
GLT-1 in astrocytes improves cognitive performance in TLE. Fifth, we
determined that pretreatment with AAV8-Gfa2-GLT-1 decreased the
number of seizures >20 s and elminates long-duration large behavioral
seizures. These data suggest that overexpression of GLT-1 using a viral
vector in the ipsilateral hippocampus of IHKA mice is sufficient to
reduce time spent in ictal activity. Interestingly, we did not observe a
significant difference in seizure duration between treatment groups, but
we did observe a significant reduction in long events in animals pre-
treated with AAV-Gfa2-GLT-1. We hypothesize that increased glutamate
uptake through astrocytic GLT-1 is neuroprotective in both seizure
initiation and termination. We did not observe long duration LBSs in
mice pretreated with AAV-Gfa2-GLT-1. GLT-1 could be playing a crucial
role in seizure termination, which is critical in preventing the life-
threatening condition status epilepticus (Betjemann and Lowenstein,
2015). Thus, hippocampal upregulation of GLT-1 may prevent seizures
from spreading outside the hippocampus, which would explain the lack
of motor seizures in the AAV-Gfa2-GLT-1 treated group (Supplemental
Fig. S2).

Several preclinical studies have suggested that targeting GLT-1
overexpression could be therapeutic in many neurological diseases,
including epilepsy (Chotibut et al., 2014; Chotibut et al., 2017; Hussein
etal., 2016; Ramandi et al., 2021; Sari et al., 2010; Sha et al., 2016; Zeng
et al., 2010). Ceftriaxone, a p-lactam antibiotic, has been shown to in-
crease GLT-1 expression at early time points in epileptogenesis and
might reduce cognitive impairments observed in epilepsy but how cef-
triaxone increases glutamate uptake is unclear (Hussein et al., 2016;
Ramandi et al., 2021). Previous studies have indicated that GLT-1 mRNA
is upregulated with ceftriaxone administration, while some studies
suggest that ceftriaxone does not increase the expression of GLT-1
(Griffin et al., 2021; Ramandi et al., 2021). Ceftriaxone treatment has
also been shown to impair synaptic plasticity in the hippocampus and
impair memory recognition, suggesting that ceftriaxone could affect
other pathways in the CNS (Matos-Ocasio et al., 2014; Omrani et al.,
2009). These data suggest that targeting glutamate uptake could be an
alternative treatment to reduce seizures and reveal the importance of a
selective modulator of GLT-1. Recently, a novel allosteric modulator of
GLT-1, GT949, was shown to have promising results in selectively
increasing the activity of GLT-1 in vitro (Falcucci et al., 2019). Further
studies need to be performed to test the efficacy of this compound in vivo.
The ideal therapeutic agent would be an orally active drug that crosses

12

the BBB and modulates GLT-1 over the epileptogenic susceptibility
period after a given insult. 20 mM kainic acid to induce SE is a sub-
stantial insult to the hippocampus, therefore in this model we hypoth-
esize that the AAV-Gfa2-GLT-1 can only delay the neurotoxicity. In
future studies, dose and frequency of GLT-1 upregulation could be
therapeutically tailored to the severity of insult.

Post-translational modifications (PTMs) of GLT-1 including palmi-
toylation, ubiquitination, nitrosylation and sumoylation regulate
transporter activity and cellular localization (Peterson and Binder,
2019a). Dysregulation of GLT-1 has been observed across many neuro-
logical diseases including epilepsy while mislocalization and internali-
zation of this transporter in the cell membrane could be due to aberrant
PTMs. For example, inhibition of GLT-1 palmitoylation leads to
approximately a 30% reduction in glutamate uptake suggesting that
palmitoylation of the transporter is important for its function (Huang
et al., 2010). In a mouse model of Huntington's disease (HD), GLT-1
palmitoylation is reduced significantly which could be contributing to
the decreased glutamate uptake observed in this model. The ubiquiti-
nation/deubiquitination of GLT-1 is also important for trafficking of the
transporter to and from the plasma membrane. The laforin/malin
complex, which works as an E3 ubiquitin ligase, is thought to play an
important role in the retention of GLT-1 at the plasma membrane while
Nedd4-2, another ubiquitin ligase, has been shown to mediate the
internalization and degradation of GLT-1 (Garcia-Tardon et al., 2012).
GLT-1 expression is decreased in the midbrain and striatum in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of
Parkinson's disease (PD). Interestingly, knocking down Nedd4-2 in this
model of PD rescued GLT-1 protein levels (Zhang et al., 2017). Lafora
disease, a genetic form of epilepsy, is caused by a mutation in EPM2A
(encodes laforin) or EPM2B (encodes malin). In Lafora disease, ubiq-
uitination of astrocytic GLT-1 is decreased and expression of the trans-
porter at the cell membrane is significantly reduced which could be
contributing to the refractory seizures observed in this disease (Munoz-
Ballester et al., 2016; Perez-Jimenez et al., 2021). Targeting proteins
that are important in the trafficking of GLT-1, like laforin, could lead to
novel therapeutics for numerous neurological diseases. GLT-1 is
expressed in perisynaptic astrocytic processes (PAPs) at high levels
(Furness et al., 2008; Schreiner et al., 2014).

In summary, we report the first evaluation of an AAV8-Gfa2-GLT-1
viral vector in the IHKA model of epilepsy. Our findings provide evi-
dence that glutamate uptake modulation can be therapeutically targeted
for the attenuation of epilepsy. We demonstrate that overexpression of
astrocytic GLT-1 has both antiepileptic and anti-seizure effects.
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Fig. 13. Electrographic seizure burden in AAV pretreated mice post-IHKA induced status epilepticus. Representative EEG trace at 7 days post-kainate induced SE in
AAV-GFP vs. AAV-GLT-1 pretreated mice. Graphs show seizure events per hour, average seizure duration, total seizure time and long events at 7 days post-IHKA

induced status epilepticus (AAV-GFP: N = 4, AAV-GLT-1 N = 7).

Targeting astrocyte glutamate uptake could be useful in treating patients
that are refractory to currently available antiepileptic drugs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2021.105443.
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