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Abstract

Objective: Previously, we reported that inhibition of the astrocytic cystine/glu-
tamate antiporter system xc- (SXC), using sulfasalazine (SAS), decreased evoked
excitatory signaling in three distinct hyperexcitability models ex vivo. The current
study expands on this work by evaluating the in vivo efficacy of SAS in decreas-
ing astrogliosis-mediated seizure burden seen in the beta-1 integrin knockout
(B1KO) model.

Methods: Video-EEG (electroencephalography) monitoring (24/7) was obtained
using Biopac EEG acquisition hardware and software. EEG spectral analysis was
performed using MATLAB. SAS was used at an equivalence of doses taken by
Crohn’s disease patients. Whole-cell patch-clamp recordings were made from
cortical layer 2/3 pyramidal neurons.

Results: We report that 100% of B1IKO mice that underwent 24/7 video-EEG
monitoring developed spontaneous recurrent seizures and that intraperitoneal
administration of SAS significantly reduced seizure frequency in B1IKOs com-
pared to B1KOs receiving sham saline. Spectral analysis found an acute reduction
in EEG power following SAS treatment in B1KOs; however, this effect was not
observed in nonepileptic control mice receiving SAS. Finally, whole-cell record-
ings from SXC knockout mice had hyperpolarized neurons and SXC-B1 double
knockouts fired significantly less action potentials in response to current injec-
tion compared to B1KOs with SXC.

Significance: To devise effective strategies in finding relief for one-in-three pa-
tients with epilepsy who experience drug-resistant epilepsy we must continue to
explore the mechanisms regulating glutamate homeostasis. This study explored
the efficacy of targeting an astrocytic glutamate antiporter, SXC, as a novel an-
tiepileptic drug (AED) target and further characterized a unique mouse model
in which chronic astrogliosis is sufficient to induce spontaneous seizures and
epilepsy. These findings may serve as a foundation to further assess the potential
for SAS or inform the development of more potent and specific compounds that
target SXC as a novel treatment for epilepsy.
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1 | INTRODUCTION
All epilepsies are characterized by the occurrence of spon-
taneous, recurrent seizures; however, the spectrum of un-
derlying etiologies and severity of disease among people
living with epilepsy continues to challenge the develop-
ment of broadly effective antiepileptic drugs (AEDs).' The
past few decades have produced third-generation AEDs
that have provided physicians with more efficacious op-
tions for initial and adjunct therapies.” Most of these
AEDs function through direct interactions with neuronal
targets that work to either decrease excitatory or increase
inhibitory neuronal mechanisms.® Despite continued de-
velopment of novel AEDs, current treatment options fail
one-in-three patients,** a statistic that has not signifi-
cantly changed in over 50 years.>®

These reports suggest a need to improve epilepsy mod-
els used to investigate novel AEDs that may provide symp-
tomatic relief to patients who have drug-resistant epilepsy.
One such target is system xc- (SXC), a covalently coupled
protein complex made up of the 4F2 heavy chain (encoded
by SLC3A2) and the cystine/glutamate exchanger (xCT)
(encoded by SLC7A11). Although evidence of xCT expres-
sion has been found in cells throughout the body, inves-
tigations using xCT knockout mice (xCT /") to validate
expression patterns found that xCT protein expression in
the central nervous system (CNS) is limited to astrocytes
and absent in neurons, oligodendrocytes, and microglia.”
It is important to note that SXC activity has been shown
to be a major determinant in setting the ambient, extra-
cellular glutamatergic tone within the CNS. Two separate
studies using (S)-4-carboxyphenylglycine (S-4-CPG) or
antisense XCT to inhibit SXC found that SXC inhibition
resulted in a 40%-60% decrease in extracellular glutamate
within the nucleus accumbens.®®

In addition to the role of SXC in determining ambi-
ent CNS glutamatergic tone in health, unregulated SXC
activity has been linked to the generation of tumor-
associated epilepsy in glioblastomas. Studies from our lab
revealed that aggressive glioblastomas overexpress SXC
and have elevated peritumoral extracellular glutamate
levels leading to neuronal excitotoxicity, development of
tumor-associated epilepsy, and poor patient survival.'**2
It is intriguing that SXC inhibition using sulfasalazine
(SAS), a US Food and Drug Administration (FDA)-
approved drug used to treat inflammatory bowel dis-
ease, was found to decrease epileptiform activity in both
in vitro and in vivo glioblastoma models. Recently, we
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have also demonstrated that SAS significantly decreased
the frequency and/or amplitude of evoked excitatory
postsynaptic currents in multiple in vitro models of hy-
perexcitability.'* Taken together, investigations of SXC in-
hibition to lower extracellular glutamate concentrations
and decrease neuronal hyperexcitability in epilepsy may
be an effective strategy. However, in contrast to tumor-
associated epilepsy, other forms of acquired epilepsy
do not have a large concentration of mutated cells that
overexpress SXC and consequently elevate extracellular
glutamate concentrations. How efficacious would SXC-
directed therapy be in other forms of epilepsy?

To help answer this question our study uses the p1-
integrin knockout (B1KO) mouse model of astrogliosis-
mediated epilepsy, which we characterized previously.'*"
The B1KO model uses a cre-lox system to conditionally
delete pl-integrin in astrocytes by coupling cre with glial
fibrillary acidic protein (GFAP) expression. Of interest, at
2 weeks of age, B1KOs and controls appear phenotypically
normal; however, by 4 weeks of age, B1KOs develop wide-
spread, chronic astrogliosis in the brain that persists be-
yond 6 months of age. It is important to note that the loss
of astrocytic -1 integrin did not result in gross structural
abnormalities, loss of blood-brain barrier, or decreased
number of neurons. In response to chronic astrogliosis,
B1KOs were shown to develop spontaneous seizures by
4-6 weeks of age.
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Common animal models of epilepsy that have aided the
development of current AEDs use chemoconvulsants or
electrical stimulation to induce status epilepticus, which
ultimately reproduces features seen commonly in human
temporal lobe epilepsy.'® The pathology of epileptogenesis
following status epilepticus involves the dysregulation of
a variety of interacting factors such as blood-brain barrier
disruption, immune infiltration, and release of inflam-
matory cytokines.'® Although the BIKO model does not
emulate a known human disease, it provides a platform to
specifically study how gliosis, commonly associated with
many forms of epilepsy, may be involved in the pathology
of epileptogenesis.

Using 24/7 video-electroencephalography (video-EEG)
and electrophysiology we sought to further characterize
the B1IKO model and test the efficacy of SAS in reducing
astrogliosis-mediated seizure burden. We found that 100%
of B1KOs exhibited spontaneous recurrent seizures, in
contrast to the previously published incidence of 58%,"
in which continuous 24/7 video-EEG was not utilized.
In addition, 1 week of twice-daily SAS administration
was found to significantly reduce the seizure frequency
of B1KOs and acutely decrease EEG activity. Finally, we
used acute slice electrophysiology to examine the proper-
ties of cortical pyramidal neurons in B1KOs and a B1KO
- XCT™/~ double knockout cross. These experiments re-
vealed that mice lacking functional SXC exhibited neuro-
nal hyperpolarization compared to controls.

2 | MATERIALS AND METHODS

2.1 | Animals

Animals were housed and handled according to the
guidelines of the National Institutes of Health (NIH)
Committee on Laboratory Animal Resources. Prior ap-
proval of the Virginia Tech Institutional Animal Care and
Use Committee (VT-IACUC) was obtained for all experi-
mental protocols. All efforts were made to minimize pain.
Experiments were performed using 5- to 13-week-old male
and female B1KO (FVB/N background), xCT~/~ (C57BL/6
background) and B1KO - xCT~/~ cross mice.

2.2 | EEG electrode surgical procedure

All animal procedures were approved by the VT-IACUC
and Institutional Biosafety Committee and were carried
out in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. B1KOs (5- to 7-week-old)
were anesthetized using 1.5%-3.5% isoflurane via nose
cone throughout the procedure on a stereotaxic apparatus

(David Kopf Instruments). The scalp over the surgical site
was depilated using topical hair-removal cream (Nair) and
sterilized with ethanol and betadine. Next, a 0.5- to 1-cm
single incision was made in the scalp, front to back, using a
scalpel. Cranial sutures were located and six burr holes are
drilled without puncturing the brain using a 1-mm drill tip.
Three stainless-steel screws were placed into three outer
burr holes. Then, 2 EEG lead wires (2mm) and one ground
wire, were inserted into the remaining three burr holes
and dental acrylic was applied to cement the electrodes
in place. The EEG lead wire holes were placed 2.5 mm
caudal to the bregma, 2.0 mm laterally, and 1.5 mm dor-
soventral. The EEG ground wire hole was placed 1.0 mm
caudal to bregma, 1.0 mm laterally, and in contact with the
dura mater over the surface of the cortex. When the acrylic
dried, the skull was swabbed with povidone-iodine and the
scalp was closed with surgical adhesive.

2.3 | Video-electroencephalography
(video-EEG)

After 5-7 days of recovery from the surgical electrode im-
plantation, mice were monitored 24/7 via video-EEG for
a total of 2-3 weeks per mouse. EEG recordings were ob-
tained and analyzed using MP160 data acquisition system
and AcqKnowledge 5.0 software from BIOPAC Systems,
Inc. Video recordings were obtained using M1064-L net-
work cameras (Axis Communications) and stored on an
Amcrest DVR. Mice were connected to EEG100C ampli-
fiers (BIOPAC) using custom-made six-channel cable
connectors (363-000 and 363-441/6, Plastics 1) and six-
channel rotating commutators (SL6C/SB, Plastics 1). All
cables and electrical components were shielded to mini-
mize electrical noise. Food and water were freely acces-
sible to mice throughout the video-EEG recordings. EEG
signals were bandpass filtered (high pass filter: 0.5Hz, low
pass filter: 100Hz), amplified, and digitized at a sampling
frequency of 500Hz.

2.4 | Seizure analysis

Seizures were located on EEG recordings by two to three dif-
ferent observers blinded to genotype and treatment groups.
Raw EEG recordings were modified in Acknowledge 5.0
using the “Transformation - Difference” function using
eight intervals between samples. Using this transformed
EEG signal we determined the “Difference threshold”
value to be used in the automated seizure analysis func-
tion. The list of potential seizures time periods was then
manually reviewed on EEG studies to determine whether
it had most, if not all, of the electrographic features of a
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behavioral seizure (described in Figure 1) or was excluded
as noise. If it was deemed as a potential behavioral seizure,
the corresponding time period was reviewed manually in
the video recordings. The seizure was considered a be-
havioral, convulsive seizure if mice had most identifiable
features of electrographic seizure + rearing and forelimb
clonus (modified Racine scale score of 3), electrographic
seizure + rearing, falling, and forelimb clonus (modified
Racine scale score of 4), or electrographic seizure + intense
running/jumping with repeated falling and clonus (modi-
fied Racine scale score of 5). Seizure event duration was ob-
tained using EEG and defined as the period from the start
of ictal fast rhythmic spiking until the end of the post-ictal
suppression. Due to the length of continuous recordings
and free mouse movement, some electrode caps became
dislodged before the completion of the experiment (4/31
mice). Only video-EEG recordings from mice that com-
pleted the entire experiment were analyzed.

2.5 | SAS and saline treatment

SAS (Sigma) was solubilized in 0.1M NaOH and neutral-
ized to pH 7.4 using 0.1M HCI for in vivo intraperitoneal

Epilepsia-

injections at a dose of 400 mg/kg. This dose was chosen
based on previous published studies from our lab'® and
its equivalence of doses taken by Crohn’s disease patients.
For sham injections, 0.9% sterile saline was used using
an equivalent volume as the SAS group. During the treat-
ment period, mice were injected twice daily for 6 days and
once in the morning of the seventh day. Daily intraperito-
neal injections were administered 8 h apart between 8 and
10 am and between 4 and 6 pm. Special care was given by
investigators with extensive mouse-handling experience
to ensure the health of mice after repeated intraperitoneal
injections. Mice that developed significant bruising from
repeated injections were removed (3/31 mice) from the
experiment and analysis.

2.6 | Power spectrum analysis

Representative spectrograms were generated using the
Chronux software platform and Matlab toolbox described
in Bokil et al.'” The EEG frequency analysis function in
AcgqKnowledge 5.0 was used to generate the mean power
from EEG signals 2 h immediately before and 2 h imme-
diately after intraperitoneal injection with SAS or saline
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FIGURE 1 BIKO seizure characteristics between 7 and 12 weeks of age. (A) Representative EEG recording of a behavioral spontaneous
seizure in a B1IKO mouse (mV = millivolts, s = seconds). (B) Pre-ictal period with pre-ictal spiking. (C) Ictal period with characteristic

high amplitude, high frequency oscillations. (D) Post-ictal period depicting post-ictal depression in EEG recording. (E) The weekly seizure
frequency of BIKOs between 7 and 12 weeks of age was monitored via 24/7 video-EEG in 2 to 3-week increments. Units are in seizures/
day. Week 7: n =4, 0.70 + 0.14. Week 8: n = 13, 0.80 + 0.39. Week 9: n = 10, 0.93 + 0.36. Week 10: n = 12, 0.56 + 0.23. Week 11: n = 10,

0.95 + 0.34. Week 12: n = 8, 0.72 + 0.30
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in B1KO and control mice. We then calculated the EEG
power after injection divided by the EEG power before
injection to generate the relative change in power values
used in Figure 5B.

2.7 | Acute slice preparation

Mice were anesthetized and decapitated and their brains
were quickly removed and immersed in ice-cold cutting
solution containing (in mM): 135 N-methyl-D-glucamine
(NMDG), 1.5 KCl, 1.5 KH,PO,, 23 mM choline bicarbo-
nate, 25 D-glucose, 0.5 mM CacCl,, 3.5 MgSO, (Sigma-
Aldrich). Coronal brain slices (300 pm) were made and
recovered for 40-60 min in oxygenated recording solution
in mM: 125 NaCl, 3 KCI, 1.25 NaH,PO,, 25 NaHCO;, 2
CaCl,, 1.3 MgSO,, 25 D-glucose at 32°C and maintained at
room temperature before recordings.

2.8 | Whole-cell recordings

Individual brain slices were transferred to a recording
chamber and continuously perfused (4 mL/min) with
oxygenated recording solution. Whole-cell recordings
were conducted using borosilicate glass capillaries (KG-
33 glass, Garner Glass) and filled with internal solution
containing (in mM): 134 K-gluconate, 1 KCI, 10 HEPES,
2 mg-ATP; 0.2 Na-GTP and 0.5 ethylene glycol tetraacetic
acid (EGTA). The pH was set to 7.24 with KOH, and the
osmolality was measured (~290 mOsm/kg). All record-
ings were performed at 32 + 1°C. Individual cells were vis-
ualized using a Zeiss Axioscope (Carl Zeiss, Thornwood,
NY) microscope equipped with Nomarski optics with
a 40x water immersion objective lens. Tight seals were
made using electrodes with a 3-5-MQ open-tip resistance.
Signals were acquired from layer II/III pyramidal cells
with an Axopatch 1B amplifier (Molecular Devices), con-
trolled by Clampex 10 software via a Digidata 1440 inter-
face (Molecular Devices).

2.9 | Statistics

Two-sample Student's t test was used for means com-
parisons among the weekly seizure frequencies, percent-
age of seizure-free days, seizure duration, seizure score,
change in EEG power, resting membrane potentials,
and threshold current. Paired Student's ¢ test was used
for seizure-frequency comparisons among paired sa-
line and SAS-treated B1KOs. Two-way analysis of vari-
ance (ANOVA) and Fisher’s post hoc test was used for
means comparisons and interactions to determine action

potential frequency significance in Figure 6. Statistics
were generated and graphed using Origin 7.5 Pro software
(Origin), with significance set at p < .05. Figures display
box-and-whisker plots (minimum to maximum, median
line) or histograms (mean + standard deviation). Values
in the text report mean + standard deviation.

3 | RESULTS

3.1 | All B1KOs developed spontaneous
recurrent seizures between 7 and 12 weeks
of age

The original paper characterizing the development of
spontaneous seizures in B1KOs reported seizure frequen-
cies ranging from 0 - 0.249 seizures/h" in mice ranging
from 4 weeks to 8 months of age. To obtain a closer ap-
proximation of the baseline seizure burden in B1KOs we
employed 24/7 video-EEG recordings in 2- or 3-week in-
crements from B1KOs between 7 and 12 weeks of age. We
found that 100% of B1KOs (20/20) developed behavioral
spontaneous recurrent seizures at a weekly seizure fre-
quency between 0.41 and 1.43 seizures/day (Figure 1).

Using a heatmap to visualize the distribution of sei-
zures over time (Figure 2) in this model it appears that
B1KOs have “seizure clusters” or “acute repetitive sei-
zures,” which is a phenomenon found in human epilepsy
and associated with medically refractory epilepsy.'*"*

3.2 | Sulfasalazine treatment decreases
seizure burden in B1KOs

Previously we reported the ability of SAS to decrease corti-
cal hyperexcitability in acute brain slices exposed to three
distinct chemical hyperexcitability models.> Using the in-
sights from this study, we set out to test whether SAS ad-
ministration could decrease seizure burden in vivo using
B1KOs. To this end, we used 24/7 video-EEG monitoring
to continuously record B1KOs and controls for 2 weeks,
to establish a baseline seizure frequency per mouse, fol-
lowed by 1 week of twice daily SAS (or saline sham) intra-
peritoneal injections (Figure 2).

Grouping the seizure frequency data into weeks (base-
line = weeks 1 and 2; treatment = week 3), there was a
significant increase in seizure burden between week 1 and
week 3 of the B1KOs who received saline injections during
the treatment week (week 1 baseline: 0.75 + 0.40; week 3 sa-
line: 1.18 + 0.27 seizures/day, p = .019). B1KOs treated with
SAS throughout week 3 (week 3 SAS: 0.74 + 0.56) retained
a seizure burden similar to week 1 (Figure 3A, left). Next,
we compared the average total seizure time per mouse and
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FIGURE 2 Heatmap of all seizures
throughout the 3-week experiment.

This heatmap demonstrates the daily
distribution of seizures over 3 weeks

of 24/7 video-EEG. The top six rows
represent the B1KOs that received SAS
during the treatment week. The next
seven rows represent the B1IKOs that
received saline during the treatment
week. The last two rows are representative
of the control mice that received SAS

(n = 4) or saline (n = 7). No seizures were
observed in any of the control mice

FIGURE 3 Seizure characteristics
among all groups. (A) Comparison

of weekly seizure frequency between
baseline (weeks 1 and 2, n = 13)

and treatment groups (week 3 SAS,

n = 6 and week 3 saline, n = 7) (left).
Average total seizure time per mouse
during week 1 (239 + 131.51 seconds),
week 2 (302.23 + 123.37), week 3 SAS
(246.17 + 175.87) and week 3 saline
(393 + 131.51). Seizure frequency and
total seizure time significantly increased
between week 1 and week 3 of B1KOs that
received saline treatment. (B) Tracking
the change in individual seizure burden
between B1KOs that eventually received
saline (left) or SAS (right). SAS treatment
prevented the significant increase in
seizure frequency seen in B1KOs treated
with saline. (C) Treatment with SAS

or saline did not have an effect on the
duration (left) or severity (right) of
seizures

found a similar significant increase between week 1 and
week 3 saline group (week 1: 239 + 131.51; week 3 saline:
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Epilepsia**

1-week treatment

N | -
=

Day 1| 2| 3| 4| 5| 6| 7| 8| 9|10|11|12|13| 14| 15|16|17|18|19] 20
B1KO SAS >
B1KO SAS >
B1KO SAS >
siko | | | SAS
B1KO o
B1KO 1
B1KO 2
B1KO 3
B1KO 4+
B1KO
B1KO
B1KO
B1KO
Control SAS >
Control Sal >
(A) . Seizure F:equency — Total Seizure Time
*
500 \
>
a
}1.0 [ 2 400+
Q [
5 o 300 {
N @
Sos “ 2001 ‘
100 |
0.0 0
Week: 1 2 3 3 Week: 1 2 3 3
Baseline SAS Saline Baseline SAS Saline
(B) 20- Saline Treated 20- SAS Treated
—_—
> 15 > 151 s
[ . [ .
F —— g
M = n -
] 1.0 . ] 1.04
=1 . S . .
N . & N -
& o5 & o5 '
0.0 0.0 .
Week 1 Week 3 Week 1 Week 3
(C) s0, Seizure Duration 5. Seizure Score
50
1 I i
40
£ g 3
o 304 o
o (%]
7] »n 2]
Y 20
104 1
0 0
Week: 1 2 3 3 Week: 1 2 3 3

Baseline SAS Saline

393 + 131.51 seconds, p = .022) (Figure 3A, right).

Baseline SAS Saline

Looking closer at the changes within individual mice,
we found that six of seven mice in the saline-treated group

had increased seizure burdens between week 1 and week
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3, and one mouse did not exhibit any change in seizure fre-
quency from week 1 to week 3. Utilizing the same analysis
in the SAS-treated group, the upward trend in seizure fre-
quency found within the saline group was disrupted in the
SAS group (Figure 3B). Finally, SAS or saline administra-
tion did not significantly alter the seizure duration (base-
line: 45.317 + 9.790 s; week 3 SAS: 48.636 + 7.990 s; week
3 saline: 45.500 + 11.528 s, p = .220) or seizure severity
score (baseline: 3.704 + 0.629; week 3 SAS: 3.800 + 0.805;
week 3 saline: 3.810 + 0.512, p = .464) (Figure 3C).

3.3 | Reduction in seizure frequency is
due to the acute effects of SAS

Knowing that the half-life of SAS in mice is estimated
to be ~90 min,*® we next set out to analyze the temporal
profile of the anti-seizure effects of SAS. The twice-daily
SAS or saline injections were given between 8 and 10 am
and 4 and 6 pm every day throughout the treatment week.
Given the short half-life of SAS, we separated our seizure
data into two groups: the seizures that occurred during
the 12-h light cycle (8 am to 8 pm), “day,” and those that
occurred during the 12-h “night” cycle (8 pm to 8 am)
(Figure 4).

Plotting the cumulative seizure burden during the day
and night, we found that SAS treatment had a clear effect
during the day (Figure 4A, left) compared to the effects at
night (Figure 4A, right). Indeed, there was a significant
decrease in seizure frequency between the SAS and saline
group (week 3 SAS: 0.39 + 0.36; week 3 saline: 1.27 + 0.67
seizures/day, p = .015) (Figure 4B). However, during the
night, the seizure frequency of the SAS and saline group
was almost identical (week 3 SAS: 1.12 + 0.95; week 3
saline: 1.14 + 0.74, p = .96) (Figure 4C). Despite similar
seizure frequencies, only the saline group showed a signif-
icant increase in seizure frequency from week 1 to week 3
during the night (week 1 baseline: 0.50 + 0.37; week 3 sa-
line: 1.14 + 0.74, p = .018). This may be due to the higher
variance of seizure frequencies seen in the SAS group
(week 1 baseline: 0.50 + 0.37; week 3 SAS: 1.12 + 0.95,
p =.054).

Because EEG roughly surveys the electrical activity of
neurons near the implanted electrodes, we investigated
whether SAS-induced reduction in EEG activity could be
detected. Analyzing the recorded EEG power 2 h immedi-
ately preceding injection with SAS or saline and the EEG
power 2 h immediately post injection, we found an appre-
ciable reduction in EEG activity from B1KOs following
SAS injection compared to when given saline (Figure 5A).
To quantify the change in EEG activity with treatment we
divided the EEG power after injection by the EEG power
before injection and compared this ratio. Therefore, a

ratio of 1 would represent no change and a ratio below 1
would represent a decrease in EEG power after injection.
As expected, we found that SAS treatment resulted in a
significant reduction in the EEG power ratio compared
to B1KOs that received saline (B1KO + saline: n = 6,
1.044 + 0.263; B1KO + SAS: n = 5,0.614 + 0.307, p = .034)
(Figure 5B). Surprisingly, there was no significant differ-
ence in the EEG power ratio between nonepileptic con-
trol mice that received SAS and those that received saline
(Control + saline: n = 4, 0.926 + 0.144; Control + SAS:
n=3,1.017 + 0.269, p = .581) (Figure 5B).

3.4 | BIKO - xCT/~ double knockout
cortical neurons are significantly
hyperpolarized compared to BIKO - xCT*/*
One important consideration in the investigation of SAS
as a potential AED are the biological effects of SAS be-
yond its ability to inhibit SXC. In its clinical use for the
treatment of inflammatory bowel disease, SAS broadly
acts as an anti-inflammatory drug and immunomodulator
through inhibition of nuclear factor kappa B.*** Due to
these off-target effects, we set out to determine whether
loss of function of SXC was also sufficient in decreasing
hyperexcitability in B1KOs. Thus we crossed B1KOs with
an xCT~'~ mouse line using xCT '~ breeders descendant
from the strain originally described by Sato et al..> In this
manner we were able to generate B1KO - xCT~/~ double
knockouts. Attempts to surgically implant EEG electrodes
for video-EEG surveillance were unsuccessful due to the
small size and weight of the double knockouts; hence as
a proxy, we used acute brain slices to interrogate the bio-
physical changes through slice electrophysiology. The fol-
lowing sets of experiments were repeated in four groups
representing epileptic mice with SXC (B1KO - xCT**)
and without SXC (B1KO - xCT~/7) and non-epileptic mice
with SXC (Control - xCT*'*) and without SXC (Control
-xCT™).

First, we examined the resting membrane potentials
(RMPs) of layer 2/3 cortical pyramidal neurons from each
group and found that Control - XCT~/~ neurons were sig-
nificantly hyperpolarized compared to all other groups
(Figure 6A). Of interest, the three other groups all had
similar RMPs (Control - XCT~/~:-76.083 + 3.105; Control -
XCT*/*:-71.857 + 2.982; BIKO - xCT~/™: -71.063 + 3.110;
B1KO - xCT™* : -71.000 + 2.160). Next, we compared
the threshold current needed to fire an action potential
(AP) and found that Control - xCT™/~ neurons required
significantly more injected current to fire the first AP
compared to all other groups (Figure 6B). Once again,
all the other groups behaved similarly (Control - xCT ™/~
: 384.667 + 123.357; Control - xCT*'* : 236.286 + 92.890;
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FIGURE 5 Acute effects of SAS and saline injections on EEG power in B1KOs and controls. (Hz = hertz, dB = decibel, hr = hours) (A)
Representative spectrograms showing the change in EEG power of a B1IKO 2 h immediately preceding (0 - 2 h) and 2 h immediately after
(2 -4 h) injection with either SAS (left) or saline (right). (B) Quantification of the relative change in power after SAS or saline injections

in controls and B1KOs. Among B1KOs, SAS caused a significant decrease in relative power compared to the saline group. No significant

change was observed in the control groups

BIKO - xCT™/~ : 171.750 + 56.259; B1IKO - xCT*'* :
-157.143 + 34.407). Our last experiment compared the
number of APs elicited in serially increasing current injec-
tions among all groups. When comparing Controls with
and without SXC we found that between 100 and 200 pA
current injections, Control - xCT~'~ neurons responded

with significantly fewer APs (Figure 6C). We noted enthu-
siastically that between 160 and 240 pA current injections
B1KO - XCT ™/~ neurons fired significantly fewer APs than
B1KO - xCT*'* neurons, suggesting that knocking out
SXC makes these B1KOs less hyperexcitable in response
to high current injection (Figure 6C). In agreement with
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FIGURE 6 Electrophysiological properties of layer 2/3 cortical pyramidal neurons from B1KO - xCT ™/~ cross. (mV = millivolt,

PA = picoamps, ms = millisecond, AP = action potential) (A) Resting membrane potentials of Control - XCT ™/~ neurons were found

to be significantly hyperpolarized compared to all other groups. Control - XCT™'~ (n = 6) : -76.083 + 3.105; Control - xCT** (n = 7)

:-71.857 + 2.982; BIKO - xCT ™/~ (n = 8) : -71.063 + 3.110; BIKO - xCT** (n = 7) : -71.000 + 2.160. *p <.05,* p < .01 (B) Control

-XCT™/~ neurons required significantly more current to fire an action potential compared to all other groups. Control - XCT™'~ (n = 6):
384.667 + 123.357; Control - xCT*'* (n = 7): 236.286 + 92.890; BIKO - xCT ™/~ (n = 8): 171.750 + 56.259; B1IKO - xCT** (n = 7):

-157.143 + 34.407. * p < .05, *** p < .001 (C) Control - xCT ™'~ (n = 6) neurons were found to fire significantly less action potentials from 100
- 200 pA current injections compared to: Control - XCT** (n = 7). ~ p < .05, M p < .01; BIKO - xCT** (n = 7). @ p < .05, @@ p < .0; and
B1KO -xCT 7/~ (n = 8). * p < .05, % p < .01, ** p < .001. In addition, BIKO - xCT ™'~ neurons fired significantly fewer action potentials from
160-240 pAs compared to BIKO - xCT*/*. # p < .05. (D) Representative traces of layer 2/3 pyramidal neuron firing in response to current
steps (bottom (black) sweep: -100 pA, top (color-coded) sweep: 140 pA)

the previous results, Control - xCT~/~ neurons fired sig- glioma studies. Of interest, the time at which the B1KO
nificantly fewer APs compared to all other groups from 80 mice develop seizures, that is, between 7 and 12 weeks, co-
— 240 pA current injections (Figure 6C). incides with the peak of gliosis."® Unlike in chemoconvul-

sant models of epilepsy such as pilocarpine,* we did not
see significant mortality of epileptic mice using the B1IKO
4 | DISCUSSION model. In support of our finding that inhibition of SXC
reduces seizures, a recent study using pilocarpine showed
Using a genetic model of epilepsy, the BIKO model, we delayed epileptogenesis and a lower seizure burden in
report the development of spontaneous recurrent seizures XCT ™/~ mice compared to controls.® The anti-seizure ef-
in 100% of animals and that intraperitoneal administra- fects of daily SAS treatment in our study were acute and
tion of the SXC inhibitor SAS significantly reduced sei- did not affect seizure susceptibility throughout the night.
zure burden in these mice. Our study was motivated by This is most likely due to the known short half-life of SAS

our previous findings in glioma-associated epilepsy, im- in mice, and suggests that daily SAS treatment may not
plicating the SXC transporter as a major driver of epileptic result in permanent anti-epileptic changes.

seizures. Here up to 80% of mice that showed amplified When evaluating the acute effects of SAS on EEG power
SXC expression presented with seizures that could be ef-  we found a significant reduction in EEG power within
fectively suppressed using the SXC inhibitor sulfasalazine 2 h of SAS administration in epileptic mice. No change
(or SAS).”7 B1KO mice characteristically develop wide- in EEG power was observed in nonepileptic mice that

spread gliosis, similar to the peritumoral gliosis seeninthe = received SAS. This may suggest that chronic astrogliosis
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increases SXC activity in an epileptic brain and that this
increase in SXC activity is susceptible to inhibition com-
pared to a healthy control. Of note, previous studies using
human epileptic tissue and mouse models of epilepsy*
have reported significantly higher levels of SXC protein
within epileptic tissue.

Because SAS has biological effects beyond SXC inhibi-
tion, we crossed the B1KO mouse with an xCT~~ mouse
line to generate B1KO - xCT~/~ double knockouts to eval-
uate the effects of complete SXC inhibition in the setting
of chronic astrogliosis without the off-target effects asso-
ciated with SAS. In summary, we found that nonepileptic
mice lacking functional SXC had a hyperpolarized RMP
compared to all other groups. Notably, the hyperpolariza-
tion of the RMP seen in Control - xCT ™'~ is lost in the
B1KO - xCT~'~ mice. This may highlight the variety of
pathological mechanisms involved in epilepsy beyond
changes in SXC activity, including an increase in extra-
cellular glutamate concentration through a decrease in
extracellular space following activity-induced astrocyte
swelling or release of glutamate via astrocytic volume-
regulated anion channels, among others.?® In addition,
pyramidal neurons from nonepileptic mice without SXC
required significantly higher current injections to fire
their first AP compared to all other groups. Finally, in
experiments evaluating the response of neurons to in-
creasing current injections, we found that epileptic mice
lacking SXC fired significantly fewer APs than did epi-
leptic mice with functional SXC between 160 and 240 pA
current injections.

These findings suggest that SXC activity may contrib-
ute to a more-depolarized RMP, possibly via small in-
creases in ambient Glu. Indeed, we previously found that
SAS preferentially inhibited NMDA receptor-mediated
excitatory postsynaptic currents (EPSCs) without an ef-
fect on AMPA receptor-mediated EPSCs."* Although the
hyperpolarization of the RMP seen in Control - xCT /'~ is
lost in the BIKO - xCT ™'~ mice, the neuroprotective ef-
fects of knocking out xCT may still be at work due to the
observed decrease in seizure frequency in B1KOs given
SAS. Thus we propose that in the setting of chronic as-
trogliosis, SXC inhibition via SAS, results in decreased
extracellular glutamate, which can lead to a decrease in
neuronal NMDA receptor-mediated inward currents and
ultimately decreased neuronal hyperexcitability and re-
duction of seizures.

Taken together and in concert with previous studies,
our findings suggest that SXC may be a valuable target for
treating epilepsy. Although the drug used here as an SXC
inhibitor, SAS, is FDA approved and has a known safety
profile, targeting SXC efficiently to treat epilepsy will re-
quire the development of more specific SXC inhibitors
with a longer biological half-life.
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