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Abstract

Objective @ CME Course
To test the hypothesis that glutamate and GABA are linked to the formation of epilepsy NPub.org/cmelist
networks and the triggering of spontaneous seizures, we examined seizure initiation/

propagation characteristics and neurotransmitter levels during epileptogenesis in a transla-

tionally relevant rodent model of mesial temporal lobe epilepsy.

Methods

The glutamine synthetase (GS) inhibitor methionine sulfoximine was infused into one of the
hippocampi in laboratory rats to create a seizure focus. Long-term video-intracranial EEG
recordings and brain microdialysis combined with mass spectrometry were used to examine
seizure initiation, seizure propagation, and extracellular brain levels of glutamate and GABA.

Results

All seizures (n = 78 seizures, n = 3 rats) appeared first in the GS-inhibited hippocampus of all
animals, followed by propagation to the contralateral hippocampus. Propagation time de-
creased significantly from 11.65 seconds early in epileptogenesis (weeks 1-2) to 6.82 seconds
late in epileptogenesis (weeks 3-4, paired t test, p = 0.025). Baseline extracellular glutamate
levels were 11.6-fold higher in the hippocampus of seizure propagation (7.3 puM) vs the
hippocampus of seizure onset (0.63 pM, analysis of variance/Fisher least significant difference,
p = 0.01), even though the concentrations of the major glutamate transporter proteins excit-
atory amino acid transporter subtypes 1 and 2 and xCT were unchanged between the brain
regions. Finally, extracellular GABA in the seizure focus decreased significantly from baseline
several hours before a spontaneous seizure (paired t test/false discovery rate).

Conclusion

The changes in glutamate and GABA suggest novel and potentially important roles of the
amino acids in epilepsy network formation and in the initiation and propagation of spontaneous
seizures.
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Glossary

EAAT = excitatory amino acid transporter; FA = fractional anisotropy; GS = glutamine synthetase; MSO = methionine
sulfoximine; MTLE = mesial temporal lobe epilepsy; PBS = phosphate-buffered saline.

Focal epilepsies are characterized by spontaneous recurrent
seizures that originate from discrete brain regions and
sometimes propagate throughout the brain via neuronal and
possibly glial networks called the epilepsy network." Although
the anatomic, chemical, and electrophysiologic substrates of
the epilepsy network are poorly understood, it likely develops
over time in a process we refer to as network plasticity.z'5 It
has been argued that network plasticity plays a key role in the
progression of epilepsy by changing the seizure phenotype
and response to antiseizure drugs, by forming new seizure
foci, and by facilitating comorbid conditions.* A detailed
understanding of the mechanisms underlying network plas-
ticity is important because the data obtained could lead to
novel interventions.

Here, we used brain microdialysis and intracranial depth
electrode EEG to investigate the neurochemical and electro-
physiologic characteristics of the developing epilepsy network
in a translational model of mesial temporal lobe epilepsy
(MTLE). In this model, unilateral hippocampal astroglial
glutamine synthetase (GS) inhibition results in the generation
of a seizure focus.”® The study focused on both hippocampi
because they are considered to be 2 important nodes of an
emerging epilepsy network.” We speculated that the seizures
would originate from the GS-inhibited hippocampus and
propagate to the contralateral hippocampus.lo’11 Moreover,
because GS is thought to be important for clearance of ex-
tracellular glutamate released during excitatory neurotrans-
mission, we hypothesized that the extracellular glutamate
levels would be increased at baseline and during spontaneous
seizures in the GS-inhibited hippocampus, consistent with
prior studies of patients with refractory MTLE."'>*

Methods

GS Inhibition Model of MTLE and Surgery

Male Sprague-Dawley rats (400-500 g, Harlan, Indianapolis,
IN) were randomly assigned to 2 groups and implanted with
an osmotic pump that delivered either a continuous infusion
of the GS inhibitor methionine sulfoximine (MSO) into the
right hippocampus (MSO 2.5 mg/mL dissolved in Dulbecco
phosphate-buffered saline [PBS]) or PBS, as detailed in prior
studies.”® The translational relevance of the MSO model lies
in the facts that (1) GS is deficient in the seizure onset area,
particularly the hippocampus, in patients with MTLE'*'; (2)
GS is important for metabolism of the seizure-triggering
compounds glutamate and ammonia'% and (3) chemical in-
hibition or genetic knockout of GS in the hippocampus of rats
and mice causes an epileptic syndrome similar to MTLE.**"”
There is a variable degree of neuronal loss in this model, with
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most animals exhibiting minimal neuronal loss in the MSO-
infused hippocampus and no significant neuronal loss in the
contralateral hippocampus.”® In the microdialysis study, all
MSO- and PBS-infused rats had 2 epidural stainless steel
screw electrodes positioned over the left and right dorsal
hippocampus to record the EEG. The microdialysis guide
cannula was targeted to the dentate gyrus of both hemispheres
in 7 of the MSO-infused and 4 of the PBS-infused rats. For the
seizure propagation study, 3 MSO-infused animals were
implanted with unipolar stainless steel depth electrodes bi-
laterally targeted to the dentate gyrus to quantify seizure onset
and spread between the 2 structures. The depth electrode
animals were not subjected to microdialysis. To avoid tangling
with the EEG cables and dialysis tubes, all rats were housed
individually in the same temperature- and humidity-
controlled room, with free access to food and water. All ani-
mals were kept on a strict 12:12-hour cycle with lights on at 7
aM and off at 7 pm.

Video-EEG Recordings

Continuous video-EEG recordings began in all implanted
animals as soon as they woke up from surgery. Seizures were
identified by visual inspection of the EEG record. As detailed
in reference 6, seizures seizures were defined by video-EEG
characteristics and by the duration of the discharge. Specifi-
cally, there were distinct signal changes from background
(interictal) activity during seizures. These changes included
sustained rhythmic or spiking EEG patterns and a clear evo-
lution of amplitude and frequency characteristics from seizure
onset to termination. Subclinical seizures were distinguished
from clinical seizures by examination of the video record. The
onset and termination of seizures were identified by the fol-
lowing commonly used method. By visual inspection of the
EEG, we determined a point that was unequivocally within
the seizure. Next, we moved backward in time to determine
the seizure start time as the first point where the EEG was
different from background activity and forward in time to
establish the seizure end time. The video record was examined
to stage the seizures, using a modification of the Racine et al.'®
criteria, as follows: subclinical, no remarkable behavior; stage
1, immobilization, eye blinking, twitching of vibrissae, and
mouth movements; stage 2, head nodding, often accompa-
nied by facial clonus; stage 3, forelimb clonus; stage 4, rearing;
and stage S, rearing, falling and generalized convulsions. For
determination of time to seizure propagation to the contra-
lateral hippocampus, 3 reviewers independently determined
the time of seizure onset in the 2 hippocampi during the first 4
weeks of epileptogenesis. The mean of the propagation time
defined by each of the 3 reviewers for each seizure was con-
sidered to be the time taken for seizure propagation from the
ipsilateral hippocampus to the contralateral hippocampus for
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Table Microdialysis Probe Recovery

Glutamate Glutamine GABA
Standard solution, pyM 15.8 14.2 16.8
Dialysate, pM 5.7 5.7 7.6
Recovery 0.36 0.40 0.45

The table shows the in vitro recovery of amino acids from a standard solu-
tion when dialyzed through a microdialysis probe at a perfusion rate of
0.5 pL/min. Recovery = (dialysate concentration/standard concentration).

that particular seizure. All of the GS-inhibited rats and none of
the PBS-infused control rats exhibited recurrent seizures. This
observation is consistent with our accumulated long-term
video EEG recordings of >100 GS-inhibited and 100 control
rats, in which recurrent seizures occur in >95% in GS-
inhibited rats and <2% in control rats.®®

Microdialysis

Two weeks after surgery, continuous microdialysis was carried
out over a period of 7 days or until dialysate flow was lost.
EEG was monitored during the dialysis collections. An Eicom
AZ-4-3 (London, UK) microdialysis probe (molecular weight
cutoff 30 kDa) was introduced into the guide cannula and
perfused at a rate of 0.5 uL/min with sterile artificial extra-
cellular fluid. Samples were collected in 1-hour aliquots and
stored at —80°C until analysis.

Histology

After the completion of both the microdialysis and seizure
propagation studies, rats were anesthetized with isoflurane
and perfusion fixed with 4% formaldehyde in 0.1 M phosphate
buffer, pH 7.4. The brains were sectioned on a Vibratome,
with some sections being stained with cresyl violet to de-
termine the locations of the MSO infusion cannula, micro-
dialysis probe, and depth electrode implants.

Western Blotting

On the 17th day after pump implantation (matching the time
of microdialysis measurements), 13 MSO- and 13-PBS in-
fused rats were anesthetized with isoflurane and decapitated.
Ipsilateral and contralateral whole hippocampi and frontal
cortices were removed, frozen, and homogenized. Protein
concentration was determined by the Lowry assay. For gel
electrophoresis, 20 and 12 pg total protein was loaded to
each lane for detection of xCT and detection of excitatory
amino acid transporter subtypes 1 (EAAT1) and 2 (EAAT?2),
respectively. Ponceau staining confirmed equal protein load-
ing to each lane. For immunoblotting, highly specific anti-
bodies against EAAT1, EAAT2, and xCT were used to detect
the respective transporters.m’21 In total, we compared the
ipsilateral and contralateral concentrations of the transporters
in the hippocampi and frontal cortices of 4 MSO-infused and
4 PBS-infused animals and further analyzed the hippocampal
concentrations of the transporters in 9 more MSO-infused
animals (n = 13).

Neurology.org/N

Amino Acid Measurements

Amino acid levels were determined in samples collected on the
third day of microdialysis, and the average concentration from
hours 53 to S8 was used for analysis. This time was used to
minimize the effects of acute tissue injury and blood-brain barrier
disruption on amino acid concentrations. Amino acids were
quantified in the microdialysis samples with the AccQ-Tag Ultra
Derivatization Kit (Waters, Milford, MA), followed by liquid
chromatography—tandem mass spectrometry as described in
reference 19. The amino acid concentration measured in the
dialysis fluid was converted to an estimated true brain concen-
tration using the following formula: microdialysis concentration/
recovery (from the table). All absolute concentrations shown in
the Results are estimated true brain concentrations.

Statistical Analysis

A 2-tailed paired t-test was conducted to compare delay in seizure
propagation from ipsilateral dentate gyrus to contralateral dentate
gyrus in the early and late time periods. A 1-way analysis of
variance was first used to compare mean basal levels of neuro-
chemicals (glutamate, glutamine, and GABA) between the MSO
and PBS groups, followed by the Fisher least significant difference
test. For assessment of seizure-associated changes in glutamate,
GABA, and glutamine, we identified 7 seizures that were at least 6
hours away from each other in 3 MSO-infused animals. All other
seizures were <6 hours away from each other and were excluded
from the analysis to minimize the effects of recent seizures on the
preseizure baseline and postseizure adjustment to baseline. We
defined the fifth hour before the seizure as the baseline. Using a
2-tailed paired ¢ test, we compared this baseline time point to each
subsequent hour for the next 10 hours, including the hour con-
taining the seizure. To correct for multiple comparisons, a false
discovery rate of 5% was used. Amino acid concentrations were
expressed as a ratio of the sample collected during baseline, with
baseline = 1 in all animals. Time-matched samples from the PBS-
infused rats were used as controls. The densitometry data from
immunoblotting were used to calculate the labeling intensity of a
given glutamate transporter antibody in a protein extract from the
ipsilateral hippocampus relative to that of the contralateral hip-
pocampus. The mean ipsilateral/contralateral ratio was calculated
for each animal. The animals were grouped based on according to
MSO or PBS infusion. For each transporter analyzed, the mean
ipsilateral / contralateral ratio in each group was calculated, and the
difference between the means was evaluated with a paired ¢ test.
For all tests, a value of p < 0.05 was regarded as statistically

significant.

Blinding

The investigator performing the surgery (R.D.) was aware of
the experimental group allocations; however, the other in-
vestigators were blinded to the group identity when per-
forming EEG analysis and amino acid analysis.

Standard Protocol Approvals, Registrations,
and Patient Consents

All procedures were approved by the Institutional Animal
Care and Use Committee at Yale University.
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Figure 1 Seizure Propagation Time Decreases During Epileptogenesis
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(A-D) Representative EEG traces from individual depth electrodes placed in the methionine sulfoximine (MSO)-infused (i.e., glutamine synthetase [GS]-
inhibited, ipsilateral”hippocampus, left panels) and contralateral noninfused hippocampus (right panels) during early (A and B) and late (C and D) epi-
leptogenesis. During early epileptogenesis, the seizure starts first in the ipsilateral hippocampus (red arrow in A) and appears next in the contralateral
hippocampus (blue arrow) after a delay (propagation time) of 29 seconds (yellow highlight). Later in epileptogenesis, the seizure also starts in the GS-inhibited
hippocampus (red arrow in C) followed by appearance in the contralateral hippocampus (blue arrow in D); however, the propagation time is much shorter (2
seconds, purple highlight). The time of the initiation and end of the propagation time is marked above the blue and red arrows. (E and F) Analysis of a total of
78 spontaneous seizures combined from the MSO-infused rats implanted with depth electrodes (n = 3) shows a statistically significant decrease in propa-
gation time from early (11.65 seconds) to late (6.82 seconds, p = 0.02) epileptogenesis. Each EEG trace shows 240 seconds of continuous (long-string) data. The
scale on the y-axis is from -4 to +4 mV, and the light vertical lines demarcate each second of the EEG.

Data Availability

Data not provided in the article will be made available at the
request of other investigators for purposes of replicating
procedures and results.

Results

To determine seizure onset and propagation characteristics
during epileptogenesis, a total of 98 seizures were captured
from 3 epileptic animals for up to 4 weeks of continuous EEG
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recordings. Of the 98 seizures, 20 were excluded before
analysis for technical reasons (e.g., EEG too noisy for accurate
determination of the seizure onset). All the analyzed seizures
(78 of 78) appeared first in the GS-inhibited hippocampus,
followed in all cases by propagation to the contralateral hip-
pocampus after an average delay (time to propagation) of
10.72 £ 6.2 seconds (figure 1). The placements of infusion
cannula and unipolar depth electrodes are depicted in figure 2.

To investigate whether the time to propagation changed during
epileptogenesis, we compared the early epileptogenic period

Neurology.org/N
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Figure 2 Placements of Unipolar Depth Electrodes
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Bottom and top diagrams depict the locations of the methionine sulfox-
imine (MSO) infusion cannulas (colored squares) and depth electrodes
(colored circles) within the rat entorhinal-hippocampal region at 2 different
dorsoventral levels (5.6 and -6.4 mm from the skull). All infusion cannulas
were placed in the right (ipsilateral) entorhinal-hippocampal region. Depth
electrodes were placed in the right and left (contralateral) hippocampi. DG =
dentate gyrus; EC = entorhinal cortex.

(ie, weeks 1 and 2 after surgery) with the late period
(ie., weeks 3 and 4 after surgery). The time to propagation was
>40% shorter late in epileptogenesis (11.65 + 5.96 seconds vs
6.82 + 5.91 seconds, p = 0.025). Moreover, the shortest time to
propagation was approximately 670 milliseconds, which was
seen in 2 animals during the late period (figure 1).

Because of the roles of GS in the homeostasis of glutamate,
glutamine, and GABA,"® we next quantified the basal (>6 hours
away from a seizure) extracellular levels of each amino acid in
both hippocampi from epileptic and control rats during the
second week of epileptogenesis. The placements of infusion
cannulas and microdialysis probes are depicted in figure 3, and
the recovery of amino acids from the dialysis membrane is shown
in the table. Because there was no significant difference in amino
acid levels between the 2 hippocampi in the control animals
(Student ¢ test; p = 0.53 for glutamate, p = 0.66 for glutamine, and

Neurology.org/N

p = 0.86 for GABA), all hippocampi in the controls were treated
as 1 experimental group (figure 4). One probe not located in the
hippocampus was omitted from the analysis. One-way analysis of
variance indicated a main effect of group (ie,, ipsilateral control vs
contralateral GS inhibition vs bilateral control) for glutamate (F s
=4.74, p = 0.02; figure 4A) and glutamine (F, s = 6.82, p = 0.007;
figure 4B) but not for GABA (figure 4C). Glutamate was not
significantly increased in the GS-inhibited hippocampus vs the
corresponding hippocampus in the controls. Instead, glutamate
was 11.6-fold higher in the hippocampus contralateral to GS
inhibition (ie., region of seizure propagation, 7.3 + 2.6 uM) vs the
GS-inhibited hippocampus (i, region of seizure onset, 0.63 +
0.50 uM, p = 0.01). Moreover, glutamate was 3.8-fold higher in
the hippocampus of seizure propagation vs the hippocampi of
control rats (1.9 + 0.76 uM, p = 0.02; figure 4A). Glutamine was
significantly lower in both the ipsilateral (6.8 + 1.6 yuM) and
contralateral (13.9 + 7.4 uM) hippocampi in the epileptic rats
compared to the controls (43.0 + 8.4 uM, p = 0.004 and p = 0.01,
respectively; figure 4B).

We previously reported that extracellular glutamate increases
several-fold above the baseline during and possibly 1 to 2
minutes before a spontaneous seizure in the seizure-onset
region of the brain, ie., the hippocampus in patients with
drug-resistant MTLE."® To investigate whether glutamate and
its associated metabolites glutamine and GABA change in
relation to spontaneous seizures in our model, we tracked the
hippocampal concentrations of the metabolites every hour,
starting S hours before a spontaneous seizure and ending S
hours after (figure S). No significant change was apparent in
glutamate or glutamine levels before, during, or after seizures
in our model. However, the GABA level in the seizure focus
decreased significantly from baseline 3 hours before the sei-
zure (p < 0.05). GABA rose transiently back to baseline 1 hour
before the seizure and was followed by a second, continuous
decrease starting at the time of the seizure and ending 3 hours
after (p < 0.05). GABA returned to baseline in the fourth hour
after the seizure (p < 0.05; figure SB). The GABA level in the
hippocampus of seizure propagation decreased significantly
from baseline starting 1 hour after the seizure (p < 0.0S; figure
SA) and remained below baseline at a level that approached
significance for an additional 2 hours (p = 0.06; figure SA).
The GABA level was not significantly different from baseline
during any hour in time-matched samples from control rats

(figure S, C and D).

Finally, we speculated whether changes in glutamate trans-
porters could explain the glutamate excess in the hippocam-
pus of seizure propagation. To this end, we quantified the
hippocampal protein levels of EAAT1 and EAAT2, which are
the 2 major, high-affinity glutamate transporters responsible
for glutamate uptake.”” We also quantified the hippocampal
protein levels of the cystine-glutamate antiporter xCT, which
is located in astrocytes®® and has been postulated to be im-
portant for astrocytic glutamate release.”*** We first analyzed
4 MSO-infused and 4 control animals. For this batch, we also
compared the ipsilateral and contralateral concentrations of
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Figure 3 Placements of Infusion Cannulas and Microdialysis Probes
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mRat#99 m Rat #108 (A-H) Locations of the phosphate-buffered saline
(PBS)/methionine sulfoximine (MSO) infusion

ORat#69 mRat#4 cannulas (colored squares) and microdialysis
mRat#67 m Rat#80 probes (colored circles) within the rat entorhinal-
hippocampal region at 2 different dorsoventral

mRat #1071 [ Rat #88 levels (-5.1 and =6.4 mm from the skull). All infusion
m Rat #82 cannulas were placed in the right (ipsilateral) ento-
rhinal-hippocampal region. Microdialysis probes

B Rat #92 were placed in the right and left (contralateral) hip-

@ Rat #96 pocampi. One probe was outside the hippocampus

(asterisks) and was excluded from the analysis. (I and
J) Representative Nissl-stained sections of the sites of
dialysis and infusion. CA1 and 3 = Cornu Ammonis
subfields 1 and 3; DG = dentate gyrus; DLG = dor-
solateral geniculate nucleus of the thalamus; Sub =
subiculum; VG = ventral geniculate nucleus of the
thalamus.

the transporters in the frontal cortex. The ipsilateral to con-
tralateral hippocampal and frontal ratios for each of the 3
transporter proteins were not different between control and
MSO-infused rats (figure 6). To increase the power, we fur-
ther analyzed the hippocampal concentrations of these
transporters in the rest of the MSO-infused animals (n = 9).
Similar to the first batch, there was no difference between the
ipsilateral and contralateral hippocampus (figure 6C), sug-
gesting that changes in EAAT1, EAAT2, and xCT protein
levels cannot explain the propagated glutamate excess.

Discussion

Many patients being evaluated for epilepsy surgery for MTLE
present with bitemporal epilepsy, in which both temporal

Neurology | Volume 96, Number 18 | May 4, 2021

lobes exhibit structural changes on imaging and intracranial
EEG reveals independent seizure onset in each of the mesial
temporal lobes.'">**” Resective surgery is often contra-
indicated in such epilepsies, making this a particularly chal-
lenging disease to treat.””””® While the mechanism
underlying the development of bitemporal epilepsy is un-
known, it is possible that the seizures originated from one of
the temporal lobes at some point during epileptogenesis and
that the second seizure focus formed later.”” Another possi-
bility is that MTLE is inherently a bilateral disease that re-
quires the presence of both temporal lobes to generate

. 29
selzures.

Until now, the use of animal models to study bitemporal
epilepsy has been limited because the seizure onset could not

be lateralized or the seizure spread very rapidly to

Neurology.org/N
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Figure 4 Basal Extracellular Glutamate Level Is Markedly
Elevated in the Seizure Propagated Hippocampus
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Bar graphs depict the average basal (i.e., >6 hours away from a seizure)
hippocampal levels of (A) glutamate, (B) glutamine, and (C) GABA. Levels
from both hippocampi in nonepileptic (phosphate-buffered saline [PBS]; n =
4) control rats were combined into 1 group because there was no significant
concentration difference between the left and right sides. Levels from both
hippocampi in epileptic rats (methionine sulfoximine [MSO]; n = 7) were
analyzed separately. Note the dramatic increase in glutamate in the hip-
pocampus of seizure propagation (MSO contralateral [contra], blue bar in A)
vs the hippocampus of seizure onset (MSO ipsilateral [ipsi], red bar in A) and
the nonepileptic hippocampi (PBS ipsi and contra, white bar in A). Glutamine
is significantly decreased in both hippocampi in the epileptic animals (red
and blue bars in B) vs the hippocampi in the nonepileptic controls (white bar
in B). (C) GABA is not different among the hippocampi.

contralateral temporal lobe structures.>®*" In contrast, we
found that all the 78 seizures analyzed in our model started in
the GS-inhibited hippocampus followed by consistent prop-
agation to the contralateral hippocampus after an average
delay of several seconds. Moreover, the time to propagation
became significantly shorter later in epileptogenesis, with
seizure onset in the 2 hippocampi being separated by 11.65
seconds early in epileptogenesis vs 6.82 seconds later. This
suggests a continuously evolving epileptogenic process that

Neurology.org/N

modifies the epilepsy network in a manner that facilitates
propagation of seizures from the ipsilateral to the contralateral
hippocampus. It is tempting to speculate that the delay will
continue to decrease as epileptogenesis progresses over time,
perhaps leading to simultaneous or near-simultaneous seizure
onset from both hippocampi and even independent onset
from the contralateral structure.

The progressive nature of the epileptogenic process in our
model is also supported by diffusion tensor imaging and c-Fos
immunohistochemistry studies. For example, high-resolution
diffusion tensor imaging of epileptic rats has revealed signif-
icant changes in fractional anisotropy (FA) in numerous brain
regions vs nonepileptic rats.*> The changes include decreases
and increases in FA in regions such as the entorhinal-
hippocampal area, amygdala, corpus callosum, thalamus,
striatum, accumbens, and neocortex, and the FA changes
evolve over time as animals transition from early to late epi-
leptogenesis.>> Similarly, postictal c-fos staining has demon-
strated distinct patterns of
activation during epileptogenesis.”® Early in epileptogenesis,
the seizures activate neurons in the entorhinal-hippocampal
area, the basolateral amygdala, the piriform cortex, the midline
thalamus, and the anterior olfactory area. Late in epilepto-
genesis, activation extends to involve neurons in the neo-
cortex, the bed nucleus of the stria terminalis, the mediodorsal
thalamus, and the central nucleus of the amygdala.*®

seizure-induced neuronal

The underlying mechanisms of the network plasticity in epi-
lepsy remain elusive; however, this study suggests a poten-
tially important role for extracellular glutamate. We found that
the interictal glutamate concentration was 6 to 12-fold higher
in regions of seizure propagation vs the seizure focus, sug-
gesting that specific regions within the epilepsy network are
exposed to excessive glutamate concentrations, possibly for a
long period of time. It is increasingly recognized that even
mildly elevated extracellular glutamate levels can cause sig-
nificant pathology, particularly if present over a prolonged
period of time.** For example, a modest 10% increase in
hippocampal glutamate over a period of several months has
been associated with abnormalities such as decreased long-
term potentiation,35 loss of dendrites, dendritic spines, and
neuronal cell bodies,> as well as changes in gene expression
related to cellular stress, nerve growth, intracellular transport,
and tissue recovery.*® Thus, we postulate that the glutamate
excess in the distributed epilepsy network transforms the
molecular anatomy and physiology of the network in a way
that facilitates the spread of seizures. In a longitudinal study of
patients treated surgically for refractory focal epilepsies,
Andrews et al*’ found that patients with a particularly rapid
spread of the seizures had a worse long-term outcome than
those with a slower spread, suggesting that the time to seizure
spread is a biomarker of a more extensive pathologic process
in the brain. Thus, we speculate further that the glutamate
excess also leads to the formation of new seizure foci, in-
creasing drug resistance, and manifestation of cognitive and
psychiatric comorbid conditions. It is interesting to note that
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Figure 5 Extracellular GABA Decreases in the Seizure Onset Area Several Hours Before a Spontaneous Seizure
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buffered saline [PBS]-infused; n = 3) rats are shown at the bottom. Seven spontaneous seizures that were >6 hours away from each other were identified, and
the GABA level at 5 hours before the seizure was normalized to 1 with the subsequent concentrations expressed as a value relative to this. Compared to the
baseline value at 5 hours before the seizure, GABA decreased significantly in the seizure onset area (MSO ipsilateral B) 3 hours before the seizure (p < 0.05),
after which the level rose back to baseline. This was followed by a second, continuous decrease starting at the time of the seizure and ending 3 hours after (p <
0.05), with return to baseline 4 hours after seizure. In the seizure-propagated hippocampus (A, MSO contralateral), GABA decreased significantly from
baseline starting 1 hour after the seizure (p < 0.05; figure 4A) and remaining below baseline at a level that approached significance for an additional 2 hours (p
=0.06; figure 4A). The GABA level was not significantly different from baseline during any hour in corresponding samples from 7 time-matched samples from

nonepileptic rats (figure 4, C and D). Values are expressed as mean + SEM.

the seizures in our model originate from the hippocampus
with the lower extracellular glutamate level. The explanation
for this phenomenon is unknown and warrants further
investigations.

What is the mechanism behind the propagated glutamate excess?
Even though the concentrations of the 3 main glutamate trans-
porters in the hippocampus, EAAT1, EAAT?2, and xCT were
unchanged, inhibition of the transporter activity cannot be ruled
out. For example, studies have shown that intense neuronal
activity®® and seizure-induced accumulation of arachidonic acid
can inhibit EAAT activity.*” In addition, several metabolites such
as L-alpha-aminoadipate, cystathionine, cystine, and L-homo-
cysteate can affect glutamate transport via xCT.*

Because the 2 hippocampi are extensively interconnected in
rodents, excessive release of glutamate from axons originating
in the seizure onset hippocampus may be another mecha-

. 41 . .
nism.” However, there was no spike in extracellular
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glutamate during a seizure, which is when synaptic glutamate
release would be maximal. Moreover, if the glutamate trans-
porters are unaffected, glutamate released during synaptic
transmission would be rapidly cleared from the extracellular
space.””

Glutamate can also accumulate due to tissue inflammation.
The epileptic brain in humans and animal models often ex-
hibits signs of inflammation with microglial activation and
upregulation of proinflammatory cytokines and chemokines,
particularly in the seizure focus.*” Notably, cytokines such as
tumor necrosis factor-a can induce glutamate release™
inhibit astroglial glutamate uptake.** However, in both human
patients and this animal model, glutamate was lower in the
seizure focus, which has the highest level of tissue
inflammation.

and

There are also changes in the structure and physiology of gap
junctions and hemichannels in the epileptic brain, particularly
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Figure 6 Concentrations of EAAT1, EAAT2, or xCT Are Not Different Between the 2 Hippocampi in the MSO-Infused Rats
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in microglia and astrocytes in regions of inflammation. S

Moreover, activation of ionotropic and metabotropic gluta-
mate receptors on the surface of glial cells can induce release
of gliotransmitters such as ATP, glutamate, nicotinamide
adenine dinucleotide, and D-serine into the extracellular space
via Cxs-based hemichannels, suggesting that this mechanism
may contribute to the propagated glutamate excess.*

There is ample evidence that GABAergic neurotransmission is
critically important for the initiation and termination of many
types of seizures.*® For example, benzodiazepines and barbi-
turates are powerful anticonvulsants and work by potentiating
GABAergic transmission via positive allosteric modulation of
the GABA-A receptor complex. The decrease in extracellular
GABA as early as 4 hours before a spontaneous seizure is, to
the best of our knowledge, the first report of an intracranial
neurotransmitter change that occurs several hours before a
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spontaneous seizure. The change is intriguing because it im-
plies a possible causal relationship between extracellular
GABA levels and spontaneous seizures. When GABA is
quantified by a highly accurate method such as the liquid
chromatography—tandem mass spectrometry approach used
here, 50% to 70% of it in dialysis fluid has been estimated to
originate from neurotransmission, with the remainder coming
from nonneuronal sources, particularly astrocy’ces.47 Thus, the
GABA fluctuations reported here likely reflect the sum of
changes in synaptic and extrasynaptic GABA, and the physi-
ologic effects of the oscillations will depend on the site of the
change (synaptic vs extrasynaptic), the type and cellular lo-
cation of the GABA receptors involved, and other down-
stream events such as the effects on local and long-range
neuronal networks. While the GABA fluctuations could po-
tentially modulate synaptic transmission and thus the
threshold to seizure activity in the local hippocampal network,
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the effects of GABAergic signaling on hippocampal function
and seizures are complex,*® and additional studies are re-
quired to elucidate the functional consequences of this find-
ing. For example, miniaturized implantable biosensors for
GABA may be used in future studies to differentiate between
GABA originating from synaptic vs extrasynaptic sources.
Such sensors also are expected to detect chemical changes at a
much higher temporal resolution (milliseconds to seconds)
than microdialysis (minutes to hours). However, biosensors
have their own limitations with respect to stability, longevity,
sterilization, and the limited number of neurotransmitters
than can be detected by this approach.

Even though glutamate is a metabolic precursor for GABA, we
did not observe increased extracellular GABA levels in the
contralateral hippocampus with the high glutamate levels. The
absence of a concurrent GABA increase may be due to several
factors such as decreased uptake of glutamate in glutamic acid
decarboxylase—containing neurons, decreased glutamic acid
decarboxylase activity, decreased extracellular GABA release,
and increased extracellular GABA uptake.

Our study has limitations with respect to the animal model,
the microdialysis approach, the assessment of glutamate
transporter proteins, and the underlying mechanisms of the
glutamate/GABA changes. First, the animal model uses MSO
to inhibit GS, and high doses of this chemical are known to
reduce tissue glutathione levels and to increase astrocyte
glycogen concentrations,** events that could theoretically
interfere with the study results. However, the dose of MSO
used in our model is quite low and does not affect tissue
glutathione levels.” Second, while our study strongly suggests
that a contralateral seizure focus may develop, we do not have
definite proof, likely because the EEG recordings were limited
to 4 weeks. Third, the dialysis samples were collected every
hour; hence, there is insufficient temporal resolution to un-
derstand the glutamate/GABA dynamics immediately sur-
rounding individual seizures. Fourth, even though the
Western blotting studies did not show changes in transporter
proteins between the 2 hippocampi, our study cannot rule out
changes in transporter activities or in the cellular distribution
of the proteins. Such changes may occur in the epileptic
brain.>° Fifth, the mechanisms of the glutamate/GABA
changes are unknown. Thus, future studies are needed to
address all of these issues, such as investigations of other
animal models of MTLE and longer periods of EEG moni-
toring; the use of rapidly responding chemical sensors, en-
zyme activity assays, and immunocytochemistry studies; and
the use of transgenic approaches and chemical modulators to
address possible mechanisms.

Collectively, the changes in extracellular glutamate and GABA
reported in this study suggest potentially important roles of
the amino acids in epilepsy network plasticity and in the ini-
tiation and propagation of spontaneous seizures. Specifically,
we postulate that chronic glutamate toxicity progressively
transforms the epilepsy network in ways that facilitate the
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spread of seizures, lead to the formation of new seizure foci,
and contribute to the manifestation of comorbid conditions
such as cognitive dysfunction, anxiety, and depression. We
also speculate that fluctuations in extracellular GABA levels in
the seizure focus are causally implicated in the triggering of
spontaneous seizures. Finally, we propose that the GS-
inhibition model of MTLE may have important value for
future mechanistic and interventional studies of bitemporal
epilepsy. Additional studies are required to address these
issues.
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