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SUMMARY

Glutamine synthetase (GS) in astrocytes is critical for metabolism of glutamate and ammonia in
the brain, and perturbations in the anatomical distribution and activity of the enzyme are likely to
adversely affect synaptic transmission. GS is deficient in discrete regions of the hippocampal
formation in patients with mesial temporal lobe epilepsy (MTLE), a disorder characterized by
brain glutamate excess and recurrent seizures. To investigate the role of site-specific inhibition of
GS in MTLE, we chronically infused the GS inhibitor methionine sulfoximine (MSO) into one of
the following areas of adult laboratory rats: (1) the angular bundle, n = 6; (2) the deep entorhinal
cortex (EC), n=7; (3) the stratum lacunosum-moleculare of CAl, n = 7; (4) the molecular layer of
the subiculum, n=10; (5) the hilus of the dentate gyrus, n = 6; and (6) the lateral ventricle, n=6.
Twelve animals were infused with phosphate buffered saline (PBS) into the same areas to serve as
controls. All infusions were unilateral, and animals were monitored by continuous video-
intracranial EEG recordings for 3 weeks to capture seizure activity. All animals infused with MSO
into the entorhinal-hippocampal area exhibited recurrent seizures that were particularly frequent
during the first 3 days of infusion and that continued to recur for the entire 3 week recording
period. Only a fraction of animals infused with MSO into the lateral ventricle had recurrent
seizures, which occurred at a lower frequency compared with the other MSO infused group.
Infusion of MSO into the hilus of the dentate gyrus resulted in the highest total number of seizures
over the 3-week recording period. Infusion of MSO into all brain regions studied, with the
exception of the lateral ventricle, led to a change in the composition of seizure severity over time.
Low-grade (stages 1-3) seizures were more prevalent early during infusion, while severe (stages
4-5) seizures were more prevalent later. Thus, the site of GS inhibition within the brain
determines the pattern and temporal evolution of recurrent seizures in the MSO model of MTLE.
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Introduction

Being the most abundant excitatory neurotransmitter in the brain, glutamate is critical for
neuronal signaling in health and disease. Because slight elevations of extracellular brain
glutamate levels can lead to excessive neurotransmission, seizures, and neuronal death
(During and Spencer, 1993; Olney, 1978; Olney et al., 1972), several mechanisms are in
place to maintain extracellular glutamate homeostasis. Two of the most important
mechanisms are cellular uptake via glutamate transporters (Danbolt, 2001), and intracellular
metabolism to less excitatory molecules, such as glutamine (Martinez-Hernandez et al.,
1977).

We discovered that one of the key metabolizing enzymes of brain glutamate — glutamine
synthetase (GS) — is deficient in astrocytes in humans with medication refractory mesial
temporal lobe epilepsy (MTLE) (Eid et al., 2004; van der Hel et al., 2005). This deficiency
was most pronounced in the surgically resected seizure focus of the brain, particularly in the
CAl, CA3 and dentate gyrus of the hippocampal formation (Eid et al., 2004). We
hypothesized that the loss of GS in MTLE would perturb the homeostasis of brain glutamate
and lead to recurrent seizures.

To test our hypothesis we chronically inhibited GS in the hippocampal formation of normal
laboratory rats, using continuous brain infusions of the GS inhibitor methionine sulfoximine
(MSO). The MSO-infused rats developed increased concentrations of glutamate in
hippocampal astrocytes (Perez et al., 2012), loss of hippocampal neurons and recurrent
seizures (Eid et al., 2008; Wang et al., 2009), suggesting that a deficiency in GS is
implicated in the pathophysiology of MTLE.

Alterations in brain GS mRNA, protein, and enzyme activity have been reported in several
neurological and psychiatric conditions other than epilepsy, such as Alzheimer's disease
(Robinson, 2001), glioblastoma (Rosati et al., 2009), schizophrenia (Bruneau et al., 2005),
and major depressive disorder (Lee et al., 2013; Rajkowska and Stockmeier, 2013). Typical
for these conditions, and for epilepsy, is that the GS alterations are not uniformly detected
throughout the brain. In MTLE, the loss of GS is most pronounced in CA1, CA3 and the
dentate hilus with relatively higher levels of the enzyme being present in the subiculum and
adjacent neocortical structures (Eid et al., 2004). In patients with neocortical epilepsies, GS
is deficient in the amygdala but not in the neocortical seizure focus (Steffens et al., 2005). In
glioblastoma, the deficiency in GS is preferential to the tumor site (Rosati et al., 2009), and
in Alzheimer's disease GS is aberrantly expressed in neurons within senile plaques
(Robinson, 2001).

Due to the topographic differences in GS expression in multiple brain disorders, it is
reasonable to postulate that microanatomical alterations of GS cause focal perturbations of
glutamate homeostasis with network-specific effects on neurotransmission. Depending on
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the neuronal network involved, such alterations may affect a variety of brain modalities. As
a step toward understanding the functional consequences of network-specific alterations of
GS in epilepsy, we inhibited GS in discrete areas of the entorhinal-hippocampal (Ent-Hip)
circuit using stereotaxic brain infusions of MSO. We then assessed the effects on abnormal
brain activity, particularly the frequency and severity of seizures over a continuous period of
3 weeks. Our decision to study the Ent—Hip circuit was based on the observations that GS is
deficient in discrete areas of the circuit in MTLE (Eid et al., 2004), and that the Ent-Hip
area is critical for initiation of seizures in this disorder (Spencer and Spencer, 1994).
Because electrophysiological studies of humans with epilepsy and animal models have
shown differential patterns of neuronal activity within the Ent—Hip network (Cohen et al.,
2002; de Guzman et al., 2006; Pitkanen et al., 1995; Toyoda et al., 2013), we hypothesized
that the anatomical site of MSO infusion would dictate the expression pattern of recurrent
seizures.

Materials and methods

Chemicals and animals

Surgery

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO.) unless otherwise
noted. Male Sprague Dawley rats were obtained from Charles River Laboratories
(Wilmington, MA.). Upon arrival, rats were housed in groups (2-3 rats/cage) and
maintained in a temperature-controlled colony room (21-23 °C) on a 12 h light—dark cycle.
Rats were allowed free access to food and water, and underwent at least 1 week of
acclimation prior to surgery. All procedures were approved by the Institutional Animal Care
and Use Committee at Yale University and were conducted in accordance with current
guidelines.

Rats (330-400 g) were anesthetized with 0.5% to 2% Isoflurane (Baxter, Deerfield, IL) in
O, and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). A 30-ga
stainless steel cannula, 6.5 mm in length, attached to a plastic pedestal (Plastics One,
Roanoke, VA) was stereotaxically lowered into one of several brain areas using the
following coordinates, with bregma marking zero for the mediolateral (ML) and
anteroposterior (AP) directions, and the top of the skull marking zero for the dorsoventral
(DV) direction: (1) angular bundle: AP =7.2 mm, ML = 5.5 mm, DV = -6.5 mm; (2) deep
entorhinal cortex (EC): AP = 7.0 mm, ML =5.8 mm, DV = -6.5 mm; (3) stratum lacunosum
moleculare of CAl: AP =5.9 mm, ML = -5.9 mm, DV = -6.5 mm; (4) molecular layer of
the subiculum: AP = -6.25 mm, ML = 5.4 mm, DV = 6.5 mm; (5) the hilus of the dentate
gyrus: AP =5.8 mm, ML = 4.9 mm, DV = -6.5 mm; and (6) lateral ventricle: AP = -0.12
mm, ML = 1.5 mm, DV = -5.5 mm. Only one of these areas in one cerebral hemisphere was
targeted in each rat.

The cannula was lowered into the brain till the pedestal touched the skull. The pedestal was
then glued to the skull with cyanoacrylate. The cannula and pedestal were connected via
plastic tubing to a subcutaneously implanted Alzet osmotic pump (Model 2004, Durect
Corp., Cupertino, CA) which delivers a continuous flow of 0.25 uL/h for ~28 days.
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Treatment pumps were filled with MSO (2.5 mg/ml; dissolved in Dulbecco's phosphate
buffered saline (PBS) to achieve a delivery of 0.625 ug of MSO per hour. Control pumps
were filled with PBS. Following placement of the cannula and pedestal, four stainless steel
epidural screw electrodes (Plastics One) were implanted to record cortical EEG activity.
Two electrodes (one in each hemisphere) were positioned in the epidural space over the
dorsal anterior hippocampal formation (AP = -2.0, ML = £2.5). A third screw electrode was
positioned in the epidural space (AP = -8.5, ML = -2.2) to serve as the reference. A fourth
electrode, which was positioned in the skull so that it did not contact the brain (AP = -8.5,
ML = 1.5), served as the ground. Three additional stainless steel mounting screws (Plastics
One) were inserted into the skull to reduce the risk of headcap detachment.

The female socket contacts on the ends of each electrode were inserted into a plastic
pedestal (Plastics One), and the entire implant was secured by UV light cured acrylated
urethane adhesive (Loctite 3106 Light Cure Adhesive, Henkel Corp., Rocky Hill, CT.) to
form a headcap.

Video-intracranial EEG monitoring, seizure quantitation and statistics

The experimental setup for recording video-EEG was adapted from Bertram et al. (1997).
The rats were placed individually in custom-made Plexiglas cages. A spring-covered, 6-
channel cable was connected to the electrode pedestal on one end and to a commutator
(Plastics One) on the other. A second cable connected the commutator to a digital EEG and
video recording unit (CEEGraph Vision LTM, Natus/Bio-Logic Systems Corp., San Carlos,
CA). Digital cameras with infrared light detection capability were used to record animal
behavior (two cages per camera). The digital video signal was encoded and synchronized to
the digital EEG signals. Seizures were identified by visual inspection of the EEG record. As
detailed in Avoli and Gloor (1994) seizures were defined by EEG characteristics and not just
by the duration of the discharge. Specifically, seizures displayed distinct signal changes
from background (interictal) activity. Such signal changes included sustained rhythmic or
spiking EEG patterns and a clear evolution of signal characteristics from onset to
termination. Subclinical seizures were distinguished from clinical seizures by examination
of the video record. The start and stop points of seizures were identified by the following
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 Racine's criteria (Racine et al., 1973), as follows:
Subclinical, no remarkable behavior; stage 1, immobilization, eye blinking, twitching of
vibrissae and mouth movements; stage 2, head nodding, often accompanied by facial clonus;
stage 3, forelimb clonus; stage 4, rearing; stage 5, rearing, falling and generalized
convulsions. Recurrent seizures were defined as a minimum of 2 electrographic seizures that
occurred at least 24 h apart.

One way ANOVA was used to test the difference between groups in total number of
seizures over 21 days. Repeated measures ANOVA was used to compare the total number of
(1) all seizures, (2) nonsevere seizures [stages 1-3], (3) severe seizures [stages 4 and 5], and
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(4) the percent of severe seizures out of the total number of seizures over 21 days in 3 day
bins (1-3, 4-6, 7-9, 10-12, 13-15, 16-18, 19-21). ANOVAs were followed by a post hoc
[Fisher least square difference (LSD) test]. Significance was defined as p < 0.05.

Rats were anesthetized with Isoflurane and perfused transcardially with 0.9% NaCl followed
by 4% paraformaldehyde in phosphate buffer (PB; 0.1 M, pH 7.4). The brains were removed
and left in the same fixative at 4 °C for 24 h and then transferred to PB. The brains were
stored at 4 °C until being sectioned on a Vibratome at 50-um thickness. Every fifth section
was mounted on gelatin-coated slides and stained with cresyl violet. For NeuN staining, the
primary antibody used was (MAB377 Millipore Corp., Bellerica, MA.; 1:1000 dilution), and
the secondary antibody was biotinylated goat anti-mouse secondary antibody (BA-2000,
Vector Laboratories, Burlingame, CA). The Vectastain Elite kit (\Vector Laboratories) with
3,3’-diaminobenzidine as the chromogen was used for antibody visualization. The slides
were covered and examined under a light microscope. The amount of mechanical damage
caused by the injector was quantified by measuring the diameter of the damaged area in
cresyl violet stained sections. Mechanical damage for each separate group, as well as for all
groups combined, was then correlated with total number of seizures over a 21 day period.
The total number of NeuN positive cells in the hilus of the dentate gyrus was also correlated
with seizure frequency over 21 days. The hilus was specifically chosen as the area of
neuronal quantification based on background literature indicating a positive correlation
between neuronal loss in the dentate gyrus with seizure frequency (Groticke et al., 2008;
Rattka et al., 2013). Pearson correlation was used for analysis. Significance was defined as p
< 0.05.

Location of MSO infusion sites

Six brain regions were consistently targeted by microinjections of MSO: the deep EC (n=7,
Fig. 1A), the angular bundle (n = 6, Fig. 1B), the molecular layer of the subiculum (also
referred to as subiculum, n = 10, Fig. 1C), the stratum lacunosum-moleculare of CA1 (also
referred to as the CAL, n=7, Fig. 1D), the hilus of the dentate gyrus (also referred to as the
dentate gyrus, n = 6, Fig. 1E), and the lateral ventricle (n = 6, not shown). Microinjections
into the deep EC (Fig. 1A) fell into layers IV=VI in the lateral subdivision of the structure.
Injection locations in the angular bundle (Fig. 1B) fell mainly in the most posterior and
medial portion of the structure, spanning the width of the fiber pathway between the deep
EC and the pyramidal layer of subiculum. Microinjection locations in the molecular layer of
the subiculum (Fig. 1C) and the stratum lacunosum-moleculare of CA1 (Fig. 1D) were
directly adjacent to the lateral anterior and lateral posterior portions of the molecular layer of
the dentate gyrus, respectively. Microinjection locations in the hilus of the dentate gyrus
were not clustered in any particular area; however, some locations were adjacent to the
dentate granule cells (Fig. 1E). With respect to the lateral ventricle, most injections occurred
above the caudal portion of the nucleus accumbens shell (below and slightly lateral to
bregma).
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A total of 12 rats were infused with PBS to serve as nonepileptic controls. The injection sites
of the PBS treated rats were as follows: deep EC (n = 3), molecular layer of the subiculum
(n = 4), stratum lacunosum-moleculare of CA1 (n = 1), and the hilus of the dentate gyrus (n
=4).

Average frequency of seizures over 21 days

We first quantified the number of seizures in the MSO and PBS treated rats by analysis of
video-intracranial EEG records continuously collected over a period of 21 days after the
onset of intracranial infusion. All of the rats treated with MSO in the Ent-Hip area (Fig. 2),
and none of the PBS-infused rats (not shown) developed recurrent seizures. Four of the 6
rats infused with MSO in the lateral ventricle developed recurrent seizures (Fig. 2). The total
number of seizures was documented for each rat and averaged for each group. A one-way
ANOVA carried out over the average number of seizures over the entire 21-day-period
indicated a significant effect of group [F(5, 36) = 6.43, p < 0.001], suggesting a difference in
the total number of seizures based on the site of injection. A post hoc Fisher LSD test
indicated that rats receiving MSO into the hilus of the dentate gyrus showed a significantly
higher frequency of seizures (1.7 to 12 fold higher) than all other groups (p < 0.01).
Similarly, rats receiving MSO injections into the CA1 showed a significantly higher
frequency of seizures (2.05 to 7.3 fold higher) than all other groups (p < 0.05), except the
angular bundle and dentate gyrus groups.

EEG patterns after MSO-infusion in different brain regions

We visually inspected all seizures during early (Days 1-3) and late (Days 19-21)
epileptogenesis, from two animals in each of the MSO-infused groups. The seizures in the
different groups were similar to those described in our previous report (Wang et al., 2009),
with the following exceptions. First, some of the seizures in the lateral ventricle group had
markedly diminished EEG amplitude, indicating that the seizures may have occurred further
away from the recording electrodes compared with the other groups. Second, the seizures in
the CA1 and dentate gyrus groups often occurred in clusters, both at early and late time-
points. Such clusters were not seen in other groups. The clusters typically occurred over a
relatively short duration ranging from 5 min to 1 h. A typical cluster of 3 separate seizures
that occurred over ~8 min, 21 days after MSO infusion, is depicted in Fig. 3.

Total number of seizures over 21 days

The effect of MSO infusion site on the daily number of seizures was next evaluated (Fig.
4A). Repeated measures ANOVA over days indicated a significant effect of group [F(5, 36)
= 8.46, p < 0.0001], a significant effect of days [F(7, 336) = 10.51, p < 0.0001], and a
significant group by day interaction [F(7, 336 = 2.00, p = 0.002], suggesting the presence of
a relationship between site of injection and the daily number of seizures experienced over
the 21 days of recording. A post hoc Fisher LSD test indicated that during the first 3 days of
MSO infusion, rats receiving MSO into the dentate gyrus and the CA1, demonstrated a
significantly higher number of seizures than all other groups at all other times with the
exception of days 7-9 in the group receiving MSO in the dentate gyrus (p < 0.0001, Fig.
4A). The frequency of seizures during days 7-9 in the dentate gyrus group was significantly
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higher than all other groups and times, with the exception of days 1-3 in the subiculum,
CAL, and dentate gyrus groups (**p < 0.01, Fig. 4A). The frequency of seizures during the
first three days in the subiculum group was significantly higher than all other time points in
that group (* p < 0.05, Fig. 4A).

Total number of non-severe (stages 1-3) seizures over 21 days

Analysis of the total number of non-severe seizures indicated a significant effect of group
[F(5, 36) = 9.49, p=0.0001], a significant effect of day [F(7, 336) = 18.22, p < 0.0001], and
a significant group by day interaction [F(7, 336) = 2.74, p = 0.0001]. A post hoc Fisher LSD
test indicated that non-severe seizures during days 1-3 were significantly higher than all
other days in the subiculum (p < 0.01), CA1 (p < 0.0001), and dentate gyrus groups (p <
0.0001). The one exception was days 7-9 in the dentate gyrus group, which was higher than
all other days in that group (p < 0.01). Rats in the angular bundle group and entorhinal
cortex groups did not show a significant alteration in absolute number of non-severe seizures
over time (Fig. 4B).

Total number of severe (stages 4-5) seizures over 21 days

The analysis for the total number of severe seizures indicated an effect of group [F(5, 36) =
4.25, p = 0.003] and an effect of day [F(7, 336) = 2.34, p < 0.05], with no group by day
interaction. A post hoc Fisher LSD test indicated that during the first 3 days, rats infused in
the dentate gyrus showed a significantly higher number of stage 4 and 5 seizures than all
other groups at all time points, with the exception of days 7-9 in the dentate gyrus group and
days 1-3 in the CA1 group (p < 0.001, Fig. 4C). Rats in the CA1 group showed a
significantly higher number of stage 4 and 5 seizures during the first 3 days than all other
groups at all time points, with the exception of rats in the CA1 group at days 10-15 and rats
in the dentate gyrus group at days 1-3 and 7-9 (p < 0.05, Fig. 4C).

Percent severe seizures out of the total number of seizures over 21 days

We next used repeated measures ANOVA to ask whether the fraction of stage 4 and 5
seizures relative to all types of seizures changes during the 21-day monitoring period. This
analysis indicated no effect of group, a significant effect of days [F(7, 336) = 14.03, p <
0.0001], and no group by days interaction (Fig. 4D). A post hoc Fisher LSD test showed that
within the time points for each brain region, rats in the entorhinal cortex group showed a
significantly higher fraction of stages 4 and 5 seizures on days 10-21 compared to days 1-6
[(p < 0.05) when comparing days 10-15 to days 1-6; p < 0.0001 when comparing days 16—
21 to days 1-6, Fig. 4D)]. Rats in the angular bundle and subiculum groups showed a
significantly higher fraction of stages 4-5 seizures during days 13-21 compared to days 1-6
(p<0.01, Fig. 4D). Rats in the CA1 group showed a significantly higher fraction of stages
4-5 seizures during days 13-16 when compared to days 1-3 (p < 0.01, Fig. 4D). Finally,
rats in the dentate gyrus group showed a significantly higher fraction of severe seizures
during days 19-21 when compared to days 1-6 (* p < 0.05).
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Neuropathology

Lastly, we correlated the extent of mechanical damage of the infusion site and the neuronal
density in the hilus of the dentate gyrus with the total number of seizures over 21 days. All
rats showed mechanical damage around the injection site as indicated in Fig. 1. The
diameter of mechanical damage in each MSO-infused group, as well as in all groups
combined, did not correlate with average seizure frequency over 21 days. Quantification of
neuronal loss in the dentate gyrus with NeuN staining for rats in all groups combined,
indicated that the number of neurons present in the hilus of the dentate gyrus correlated
negatively with the total number of seizures over 21 days (R=-0.573; p < 0.005) (Fig. 5).

Discussion

We have demonstrated the effects of GS inhibition in specific brain areas on the temporal
evolution of seizures (i.e. epileptogenesis) through site-specific infusions of MSO. All
animals infused with MSO into the Ent—Hip area exhibited recurrent, frequent seizures
during the first 3 days of infusion and persistent but less frequent seizures for the remaining
3 week recording period. In contrast, only a fraction of animals infused with MSQO into the
lateral ventricle had recurrent seizures, which occurred at a lower frequency compared with
the other MSO infused groups. Infusion of MSO into the hilus of the dentate gyrus resulted
in the highest total number of seizures over the entire recording period. Infusion of MSO
into the hilus of the dentate gyrus, the stratum lacunosum-moleculare of the CA1, and the
molecular layer of the subiculum resulted in a high frequency of seizures during the first 3
days of infusion with a dramatic decrease in seizure frequency for the rest of the recording
period. Infusion of MSO into all brain regions studied, with the exception of the lateral
ventricle, led to a change in the composition of seizure severity over time. Low-grade
(stages 1-3) seizures were more prevalent early during MSO infusion, while severe (stages
4-5) seizures were more prevalent later.

We observed that MSO infusion into the Ent—Hip area more effectively resulted in chronic
seizures than infusion of equivalent doses into the lateral ventricle. This finding may be
explained by one of several mechanisms. Infusion of MSO directly into the tissue rather than
by the intracerebroventricular (ICV) route is likely to restrict diffusion of MSO and lead to
higher tissue concentrations, with persistently increased target effects of the drug.
Furthermore, ICV infusion is likely to affect a wider brain distribution than
intraparenchymal administration, resulting in more diffuse central nervous system (CNS)
effects. For example, ICV infusion resulted in a high fraction of hindlimb clonus
convulsions (approximately 67% observed during the first week). This type of seizure is
rarely seen in the other treatment groups, suggesting that ICV infusion rapidly affects areas
beyond the limbic system, such as the motor cortex.

We further demonstrated that infusion of MSO into the dentate gyrus, CAL or subiculum
resulted in a high initial frequency of seizures, suggesting that the microanatomical infusion
target is a critical determinant for how seizures initially manifest and evolve over time.
While the heterogeneity in seizure patterns may in part be attributed to differences in
diffusion of MSO in various brain regions, e.g. increased diffusion in the ventricular system
and along fiber bundles vs. when given in gray matter areas, the heterogeneity may also be
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explained by regional differences in neuronal properties, as discussed in detail below.
Seizures were also found to occur in clusters in the CA1 and dentate gyrus areas, suggesting
both the presence of a relatively longer duration of vulnerability in these animals during
which time multiple seizures are initiated and expressed and their suitability as a model for
the generation of clusters of seizures in human epilepsy. The reason for the low threshold for
seizure initiation during this time-period in the CA1 and dentate gyrus areas remains to be
determined.

Despite a continuous infusion of MSO into all the brain regions studied, we observed a
dramatic reduction in seizure frequency starting on day 1 in the CA1 and dentate gyrus
infused groups and on days 2 or 3 in the other groups. While the mechanism of the seizure
decline is poorly understood, several explanations are plausible. The decrease in seizure
frequency might be due to increased GABA-mediated inhibition. The GABAergic system is
exquisitely sensitive to seizure-induced plastic changes involving synaptic connections,
neurotransmitter receptors, ion channels, GABA uptake and GABA metabolism (Kaila et al.,
2014). Many of these changes are thought to promote seizures, such as loss of hippocampal
interneurons with decreased GABAergic inhibition (Sloviter, 1987), and decreased
expression of GABA receptors (Naylor et al., 2005) and the neuronal K—CI cotransporter
(KCC2) (Lee et al., 2010). However, some changes are thought to facilitate inhibition, such
as an increase in spontaneous inhibitory postsynaptic currents after memantine-induced
seizures (He and Bausch, 2014), an increase in extracellular GABA levels after pilocarpine-
induced seizures (Meurs et al., 2008), and massy fiber sprouting with increased excitatory
input onto surviving hilar GABAergic neurons. It is interesting to note that rats with the
most pronounced loss of hilar neurons had the highest frequency of seizures, suggesting that
surviving hilar neurons indeed are important for reducing seizure activity.

Because astrogliosis is a common and rapid reaction to seizures, it is possible that an
increased number of astrocytes along with compensatory upregulation of GS may overcome
part of the inhibition caused by MSO, thus explaining the initial seizure decline. The MSO
infusion pump has been manufactured and tested to consistently deliver a continuous
infusion of 0.25 uL/h for 4 weeks with an infusion rate variability (coefficient of variation)
of less than 10%; thus the dramatic decline in seizure activity at days 2-3 cannot be
explained by decreased delivery of MSO to the tissue.

Infusion of MSO into all brain regions studied, with the exception of the lateral ventricle,
resulted in an increase in the ratio of high-grade (stages 4-5) to low-grade (stages 1-3)
seizures over time. We observed the most significant increase when MSO was infused in the
entorhinal cortex, and a somewhat less significant increase when infused into the
hippocampus proper. It may be argued that the change in seizure severity is driven by the
dramatic reduction in seizure frequency, particularly in low-grade seizures, during the first
few days of MSO infusion. However, because the change in seizure severity also continues
to evolve at later stages of MSQO infusion, a process of cellular, metabolic and
electrophysiological plasticity that operates over the entire 21-day monitoring period is
likely to be involved. The nature and temporal evolution of these changes are unknown,
particularly in relationship to the loss of GS. Further studies are clearly needed to address
these issues.
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The observation that the temporal progression of seizure severity is highly significant after
infusion of MSO into the entorhinal cortex emphasizes that this region, along with the
hippocampus proper, is important in the pathophysiology of MTLE. The entorhinal cortex
represents one of the main sources of efferent fibers to the hippocampal formation. Neurons
in layer 11 of the entorhinal cortex project to the dentate granule cells as the perforant path
(Lomo, 1971), and neurons in layer 111 of the entorhinal cortex projects to pyramidal cells in
the CA1 as the temporo-ammonic path (Barbarosie et al., 2000). Moreover, the hippocampal
formation feeds back to the entorhinal cortex via projections from the CA1 and subiculum to
the deep layers (V-VI) of the structure (Jones and Woodhall, 2005). The involvement of the
entorhinal cortex in MTLE is suggested by several observations. First, depth electrode
recordings in patients with MTLE have shown that ictal EEG activity often involves both
the entorhinal cortex and the hippocampal formation. The seizures sometimes start in the
entorhinal cortex before they spread to the hippocampal formation (Spencer and Spencer,
1994). Studies have further demonstrated that an incomplete removal of the entorhinal
cortex results in a less successful outcome of surgery (Siegel et al., 1990). Animal studies
have also shown that “hippocampal” seizures often originate in the entorhinal cortex (Jensen
and Yaari, 1988; Swartzwelder et al., 1987; Walther et al., 1986). Furthermore, neurons are
preferentially lost in layer 111 of the entorhinal cortex in patients with MTLE and in relevant
animal models of the disorder (Du et al., 1995, 1993; Gastaut et al., 1959). In addition,
activated microglial cells and reactive astrocytosis are frequently present in the entorhinal
cortex in the chronic phase of the pilocarpine and kainic acid models of MTLE. It has been
proposed that the glial changes may contribute to increased excitability of the entorhinal—
hippocampal region (Alvestad et al., 2007; Cohen et al., 2002; Drexel et al., 2012; Jung et
al., 2009) by increasing extracellular glutamate levels (Angulo et al., 2004).

In this study we demonstrated that seizures are most frequent in the first few days after
implantation of the MSO pump, with the highest seizure frequency observed when MSO is
infused into the CA1 and dentate gyrus and lowest when infused into the entorhinal cortex
and angular bundle. One may postulate that if kindling is occurring in our model, the group
with the highest initial frequency of seizures would show over time a higher frequency of
seizures (both non-severe and severe) than the group with a lower initial frequency of
seizures. On the contrary, we observed that the frequency of seizures during the later time
period was independent of the initial frequency of seizures. Furthermore, rats with the
lowest initial frequency of seizures progressed most quickly to severe seizures and rats with
the initial highest frequency of seizures progressed most slowly to severe seizures. This lack
of a kindling effect is an interesting characteristic of the MSO model that warrants further
study.

We have previously shown that the paradigm of MSO infusion used here inhibits brain GS
in vivo (Eid et al., 2008). However, it is important to note that MSO also has other
biological effects, which could contribute to the findings observed here. For example, MSO
has been shown to increase glycogen content in astrocytes (Delorme and Hevor, 1985) and
decrease levels of glutathione in the brain (Shaw and Bains, 2002). MSO can also cause
neuronal excitation by mechanisms other than GS inhibition (Kam and Nicoll, 2007). While
we have not detected a reduction in brain glutathione concentrations in our model (Eid et al.,
2008), the other effects could possibly contribute to the present findings. A more specific
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approach to study GS inhibition would be to use GS knockout mice. However, systemic or
astrocyte-specific GS knockouts are lethal in utero and shortly after birth (He et al., 2010,
2007). Brain site-specific knockouts of the gene, which are not yet available, will therefore
be necessary to validate our findings.

Previous studies have stimulated, either electrically or chemically, different areas of the
Ent-Hip network to induce seizures including the CA1 (Gilbert et al., 2000), CA3 (Bragin et
al., 2005) dentate gyrus (Zhang et al., 2001), angular bundle (Sardo et al., 2008), and
entorhinal cortex (Heidarianpour et al., 2006). However, to our knowledge this is the first
investigation that pharmacologically manipulated GS in several locations within the Ent—
Hip network in the same study, thus allowing for direct comparisons of the site-specific
effects of MSO treatment on the frequency, severity, and the temporal progression of
seizures. Our results will likely lead to a better understanding of how different regions
within the Ent-Hip area may modulate seizures and epileptogenesis. We propose that the
intracerebral MSO model is well suited to answer specific questions pertinent to epileptic
networks, epileptogenesis, and treatment of MTLE. Finally, our work supports the
hypothesis that GS is critically involved in the pathophysiology of MTLE and that the
anatomical site of GS inhibition determines the pattern and temporal evolution of recurrent
seizures in the MSO model of MTLE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MSO infusion sites in the rat entorhinal-hippocampal (Ent-Hip) area. The line drawings

illustrate the main anatomical subdivisions of the Ent-Hip area with all injection sites
represented by crosshairs. Next to each line drawing is a representative Nissl-stained section
depicting the injection site. The sites targeted are (A) layers I\V-VI of the deep entorhinal
cortex [dEC IV-VI] (n = 7); (B) the angular bundle [AB] (n = 6); (C) the molecular layer of
the subiculum [MS] (n = 10; (D) the stratum lacunosum moleculare of area CA1 [CA1 LM]
(n=7); (n=10); and (E) [the hilus of the dentate gyrus [nDG] (n = 6)]. Abbreviations: PaS,
parasubiculum; PrS, presubiculum. Thick dashed lines refer to the borders between the main
subfields of the region. Scale bar =5 mm.
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Figure 3.
Six hundred and thirty seconds of continuous icEEG recorded from a screw electrode placed

over the right temporal lobe in an animal infused with MSO in the hilus of the dentate gyrus.
The data were recorded at the late time-point of epileptogenesis, on Day 21 from 03:49:30 to
04:00:00 AM. Three seizures (indicated with arrows) were expressed over approximately 8
min during this short recording: (1) between 03:50:46 and 03:52:30 AM (Racine stage 3),
(2) between 03:54:44 and 03:56:30 AM (Racine stage 1), and (3) between 03:58:05 and
03:58:39 AM (Subclinical seizure). These seizures are similar to those described by us in a
prior study (Wang et al., 2009).
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(A) Effect of infusion site on seizure frequency binned over days 1-3, 4-6, 7-9, 10-12, 13-
15, 16-18, 19-21; **** p < 0.0001 when compared to all groups with the exception of days
7-9 of the hilus of the dentate gyrus [nDG] group; ** p < 0.01 when compared to all groups
with the exception of the CA1 lacunosum moleculare [CA1 LM], the molecular subiculum
[MS], and the dentate gyrus groups on days 1-3; * p < 0.05 when compared to all other time
points in that group. (B) Effect of infusion site on non-severe seizure type (Racine stages 1,
2, 3) of seizures over the first 21 days of MSO infusion. The number of stages 1-3 seizures
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are shown for each infusion site and binned over days 1-3, 4-6, 7-9, 10-12, 13-15, 16-18,
19-21. **** p < 0.0001, *** p < 0.001, ** p < 0.01, when compared to all other time points
for that group, with the exception of days 1-3 and days 7-9 of the dentate gyrus group. (C)
Effect of infusion site on the number of most severe type (Racine stages 4 and 5) of seizures
over the first 21 days of MSO infusion, binned over days 1-3, 4-6, 7-9, 10-12, 13-15, 16—
18, 19-21; *** p < 0.001, * p < 0.05, when compared to all other time points for that group,
with the exception of days 7-9 of the dentate gyrus group. (D) Effect of infusion site on the
fraction (percent) of stages 4 and 5 seizures vs. all seizures are shown for each infusion site
and binned over days 1-3, 4-6, 7-9, 10-12, 13-15, 16-18, 19-21; Abbreviations: Deep
entorhinal cortex [dEC]; Angular bundle [AB]; **** p < 0.0001, *** p < 0.001, ** p< 0.01,
* p < 0.05 when compared to their corresponding groups during days 1-3 and days 4-6. All
values are provided as mean + SEM.
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Correlation between seizure frequency and neuronal loss in the hilus of the dentate gyrus. A
significant negative correlation was found between the total number of seizures over 21 days

and the total number of NeuN positive neurons in the hilus of the dentate gyrus (R=

—0.573). Outliers have been excluded in the figure.

Abbreviations: Angular bundle [AB], Deep entorhinal cortex [dEC], CA1 lacunosum

moleculare [CAL1 LM], the molecular subiculum [MS], hilus of the dentate gyrus [hDG].
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