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Abstract
Glutamine synthetase is deficient in astrocytes in the epileptogenic hippocampus in human mesial
temporal lobe epilepsy (MTLE). To explore the role of this deficiency in the pathophysiology of
MTLE, rats were continuously infused with the glutamine synthetase inhibitor methionine
sulfoximine (MSO, 0.625 µg/h) or 0.9% NaCl (saline control) unilaterally into the hippocampus.
The seizures caused by MSO were assessed by video-intracranial electroencephalogram (EEG)
monitoring. All (28 of 28) of the MSO-treated animals and none (0 of 12) of the saline-treated animals
developed recurrent seizures. Most recurrent seizures appeared in clusters of 2 days’ duration
(median; range, 1 to 12 days). The first cluster was characterized by frequent, predominantly Stage
I seizures, which presented after the first 9.5 h of infusion (median; range, 5.5 to 31.7 h). Subsequent
clusters of less-frequent, mainly partial seizures occurred after a clinically silent interval of 7.1 days
(median; range, 1.8 to 16.2 days). The ictal intracranial EEGs shared several characteristics with
recordings of partial seizures in humans, such as a distinct evolution of the amplitude and frequency
of the EEG signal. The neuropathology caused by MSO had similarities to hippocampal sclerosis in
23.1% of cases, whereas 26.9% of the animals had minimal neuronal loss in the hippocampus.
Moderate to severe diffuse neuronal loss was observed in 50% of the animals. In conclusion, the
model of intrahippocampal MSO infusion replicates key features of human MTLE and may represent
a useful tool for further studies of the cellular, molecular and electrophysiological mechanisms of
this disorder.
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Introduction
Patients with medically intractable mesial temporal lobe epilepsy (MTLE) are deficient in the
enzyme glutamine synthetase in specific areas of the epileptogenic mesial temporal lobe such
as the hippocampus (Eid, et al., 2004;van der Hel, et al., 2005) and the amygdala (Steffens, et
al., 2005). Studies have shown that the protein expression and activity of glutamine synthetase
are reduced in subpopulations of astrocytes in areas CA1, CA3 and the dentate gyrus of the
hippocampus (Eid, et al., 2004;van der Hel, et al., 2005) and in the amygdala (Steffens, et al.,
2005). Because glutamine synthetase is critical for the conversion of neurotransmitter
glutamate to glutamine, a deficiency in the enzyme has been postulated to slow the clearance
of glutamate from the extracellular space, with high extracellular glutamate concentrations as
a possible consequence (Eid, et al., 2004).

Remarkably high concentrations of extracellular glutamate, measured by in vivo microdialysis,
are indeed present in the epileptogenic vs. the nonepileptogenic hippocampus during the
interictal period in patients with MTLE (Cavus, et al., 2005). Furthermore, extracellular
hippocampal glutamate increases sixfold above the interictal level during a seizure and remains
elevated for an extended period in the epileptogenic vs. the nonepileptogenic hippocampus
after cessation of the seizure activity (During and Spencer, 1993). Isotope (13C) tracer studies
performed during epilepsy surgery indicate that the accumulation and impaired clearance of
glutamate in MTLE are due to a slowing in the conversion of hippocampal glutamate to
glutamine (Petroff, et al., 2002). Based on these observations, we have hypothesized that the
deficiency in glutamine synthetase is a possible causative factor for the perturbed glutamate
homeostasis in MTLE (Eid, et al., 2004). Moreover, because glutamate is a potent excitotoxin,
we have hypothesized further that the deficiency in glutamine synthetase leads to recurrent
seizures and neuropathological features typical of MTLE (Eid, et al., 2004).

In order to explore the biological effects of the glutamine synthetase deficiency in the mesial
temporal lobe in epilepsy, we recently developed an animal model of chronic glutamine
synthetase deficiency in the hippocampus (Eid, et al., 2008). To this end we employed a
continuous infusion of the glutamine synthetase inhibitor methionine sulfoximine (MSO)
unilaterally into the hippocampus in freely moving rats. This treatment led to sustained
inhibition of glutamine synthetase in the infused hippocampus, with normal enzyme activity
in the contralateral hemisphere. The rationale for the sustained inhibition of glutamine
synthetase was to replicate the situation in human MTLE (where glutamine synthetase is
consistently deficient in the sclerotic hippocampus) as closely as possible. The animals
developed recurrent seizures and neuropathological changes that in some cases were similar
to hippocampal sclerosis, which is one of the hallmarks of human MTLE (Gloor,
1991;Sommer, 1880). We have now extended these studies to involve a comprehensive, long-
term evaluation of the seizures caused by intrahippocampal MSO infusion. Using continuous
video-intracranial electroencephalogram (EEG) monitoring, we have quantified and
characterized, in more detail than previously (Eid, et al., 2008), several aspects of the seizures
in the MSO-treated animals. We report for the first time how the seizures caused by MSO-
infusion progress from an initial period of multiple, predominantly subclinical and Stage I
seizures, via a clinically silent interval, to clusters of recurrent seizures. Our hypothesis is that
the present model can be used to study the cellular, molecular and electrophysiological
mechanisms of seizure generation caused by intrahippocampal MSO administration. We
postulate further that the model replicates key features of human MTLE and therefore is a
valuable tool for discovery of novel biomarkers and therapeutics of this disease.
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Materials and methods
Chemicals and animals

All chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo.) unless otherwise noted.
Male Sprague Dawley rats were used in this study (200 to 250 g; Charles River Laboratories,
Wilmington, Mass.). The rats had free access to food and water and were housed on a 12-h
light/dark cycle, with lights on from 7 a.m. to 7 p.m. The animal care and use procedures were
approved by the Institutional Animal Care and Use Committee of Yale University. All
experiments were performed in accordance with current guidelines.

Surgery
The rats were anesthetized with 1 to 2% Isoflurane (Baxter, Deerfield, Ill.) in O2 and placed
in a stereotaxic frame (David Kopf Instruments, Tujunga, Calif.). A 30-gauge stainless steel
cannula attached to a plastic pedestal (Plastics One, Roanoke, Va.) was introduced through a
burr hole in the skull and into the right hippocampus, using the following coordinates with
bregma as the reference: AP = −5.6 mm, ML = 5.3 mm, DV = −6.5 mm. The cannula was
cemented to the skull using cyanoacrylate and connected via plastic tubing to a subcutaneously
implanted Alzet osmotic pump (Model 2004, Durect Corp., Cupertino, Calif.). This pump holds
a total volume of 200 µL and delivers a continuous flow of 0.25 µL/h for ~28 days (as per
manufacturer’s specifications). One set of pumps was filled with MSO (2.5 mg/mL; dissolved
in 0.9% NaCl) to achieve a delivery of 0.625 µg of MSO per h. Another set of pumps was filled
with 0.9% NaCl (saline) and implanted in control animals.

In one set of animals (17 MSO-treated and 9 saline-treated), two unipolar electrodes (E363/2/
SPC stainless steel electrode, Plastics One) with bare diameter of 0.200 mm and insulated
diameter of 0.230 mm, were introduced into the dorsal hippocampus to record continuous
intrahippocampal EEG activity in freely moving, awake animals. Approximately 1 mm of
insulation was stripped from the tip of each electrode. The coordinates used were as follows:
AP = −3.3 mm, ML = 2.5 mm, DV = −3.9 mm. One electrode was inserted into each
hippocampus. A third depth electrode was positioned in the white matter of the cerebellum
(AP = −10.3 mm, ML = 3.0 mm, DV = −6.5 mm) to serve as the reference. A screw electrode
was positioned in the occipital bone to serve as the ground.

A common problem with continuous, long-term EEG recordings of freely moving rats is
electrode failure, which eventually occurs due to partial or complete detachment of the
electrodes from the animal’s skull. The risk of electrode detachment can be minimized by using
epidural screw electrodes, which adhere more securely to the skull, rather than intracranial
depths. Moreover, intermittent rather than continuous EEG monitoring provides less
mechanical stress on the electrodes from the external cables. Although screw electrodes do not
provide recordings from the hippocampus, they allow documentation of seizures when the
seizures spread to involve the neocortex. In order to monitor animals for extended time periods,
11 additional MSO-treated and 3 saline-treated animals were subjected to intermittent EEG
recordings using epidural screw electrodes. 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 overlying the parietal neocortex. A third
electrode was positioned in the epidural space near lambda to serve as the reference. A fourth
electrode was positioned over the occipital bone (not touching the dura) to serve as the ground.

The female socket contacts on the end of each electrode were inserted into a plastic pedestal
(Plastics One), and the entire implantation was secured by UV light cured acrylated urethane
adhesive (Loctite 3106 Light Cure Adhesive, Henkel Corp., Rocky Hill, Conn.).
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Video-intracranial EEG monitoring, seizure quantitation and statistics
The experimental setup for recording video-EEG was adapted from Bertram et al. (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 the digital
EEG recording unit (Ceegraph Vision LTM, Natus Bio-logic Systems Corp., Mundelein, Ill.).
Digital cameras with infrared light detection capacity 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 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 patters 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 I, immobilization,
eye blinking, twitching of vibrissae and mouth movements; Stage II, head nodding, often
accompanied by facial clonus; Stage III, forelimb clonus; Stage IV, rearing; Stage V, rearing,
falling and generalized convulsions. Recurrent seizures were defined as ≥2 seizures of Stage
III or higher at least 1 h apart.

The temporal distribution and total number of seizures in the depth electrode and screw
electrode-implanted animals were determined by reviewing the entire EEG record. To
characterize the duration and frequency of seizures at different Racine stages during the initial
cluster (which was defined as ≥2 seizures with complete recovery between each seizure and
with both seizures occurring within a 24-h period), an average of 20 seizures from each of the
depth electrode-implanted animals were randomly chosen from this period and staged by
examining the corresponding video record. The duration of each seizure was noted as well.
Seizures during later clusters were classified and characterized separately, but because the
number of seizures during these clusters was typically <20, all the seizures during each of the
later clusters were staged. Kruskal-Wallis Analysis of Variance on Ranks, followed by Dunn’s
test, was used to compare the frequencies and durations of different seizure stages. Mann-
Whitney Rank Sum test was used to compare each seizure stage between the initial and later
clusters. A p value of <0.05 was determined as a statistically significant difference.

Histology and nomenclature
Rats were anesthetized with Isoflurane and perfused transcardially with saline followed by 4%
paraformaldehyde in phosphate buffer (PB; 0.1M, pH 7.4). The brains were removed and left
in the same fixative overnight at 4°C and then transferred to 20% sucrose (dissolved in PB)
the next day. After 48 h at 4°C, the brains were removed from the sucrose solution and quickly
frozen with isopentane chilled to approximately −70°C in a slush of dry ice and ethanol. The
brains were stored at −80°C until being sectioned on a sliding microtome at 80-µm thickness.
Every fifth section was mounted on gelatin-coated slides and stained with cresyl violet. The
slides were covered and examined under a light microscope. The subdivisions of the
hippocampus are in accordance with the work of Lorente de Nó (Lorente de Nó, 1934) with
the modifications suggested by Amaral and Insausti (Amaral and Insausti, 1990). In brief, the
hippocampus is divided into (a) the subiculum, (b) the Ammon’s horn (hippocampus proper),
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which comprises fields CA1-3, and (c) the dentate gyrus, which includes the molecular layer,
granule cell layer and polymorphic layer of the hilus.

Results
We first established the proportion of rats that developed recurrent seizures. Seventeen MSO-
infused and 9 saline-infused rats were monitored by continuous video and hippocampal depth
electrode EEG recordings for a maximum of 27 days (median, 18 days; range, 14 to 27 days;
Fig. 1). An additional 11 MSO-infused and 3 saline-infused rats were monitored by intermittent
video and epidural screw electrode recordings for a maximum of 82 days. All (28 of 28; Fig.
1) of the MSO-treated animals and none (0 of 12) of the saline-treated animals developed
recurrent seizures. None of the MSO-treated or saline-treated animals died unexpectedly after
they had recovered from surgery.

We then assessed the temporal distribution of the seizures by first examining the depth
electrode-implanted animals, which had been continuously monitored since the implantation
of the MSO delivery pump. Sixteen (94%) of these animals exhibited an initial cluster of
recurrent seizures that began within the first 48 h after the initiation of MSO infusion (Fig. 1).
The median interval from the start of surgery until the first seizure commenced was 9.5 h (range,
5.5 to 31.7 h). The highest median frequency of seizures during the initial cluster was observed
during postsurgery days (PSDs) 1 (7 seizures per 24 h; range, 0 to 196) and 2 (19 seizures per
24 h; range, 4 to 114; Fig. 2). Then at PSD 3 the seizure frequency began to decline markedly,
from a median of 5 seizures per 24 h (range, 0 to 41) to a median of 0 seizures per 24 h (range,
0 to 7) at PSD 4. The seizure frequency during PSD 2 was significantly higher than the seizure
frequencies during PSDs 4 to 7 (p < 0.001, n = 17, Kruskal-Wallis analysis followed by Dunn’s
test, Fig. 2).

After the initial cluster of recurrent seizures, 9 of 16 animals (56%) experienced a seizure-free
period of >24 h, followed by another cluster of recurrent seizures. The median duration of the
period from the initial to the second cluster was 7.1 days (range, 1.8 to 16.2 days; Fig. 1).
However, this measure is probably an underestimate, as the relatively short (9 to 27 days)
recordings of the depth electrode-implanted group may have missed the presence of later
clusters of recurrent seizures in some animals. This notion is supported by the observation that
10 (91%) of the 11 epidural screw electrode-implanted animals (which were generally recorded
for longer periods) exhibited later clusters of seizures. It was noticed that two of the MSO-
treated rats (#041607 and #041907; Fig. 1) exhibited a prolonged initial cluster of seizures,
lasting 7 to 12 days, with fewer than 10 seizures per 24 h during this time. Subsequent
histological examination revealed that the MSO infusion cannula was inserted into the extreme
dorsal portion of the hippocampus in these animals, whereas all the other rats, which displayed
a shorter initial cluster of seizures, had the infusion cannula placed in the ventral hippocampus,
which was the intended target. One MSO-treated animal (#032607; Fig. 1) did not experience
any seizures immediately after MSO infusion but did experience clusters of seizures at PSDs
11 and 12 and 15 to 18. We could not find an explanation for the lack of initial seizures in this
animal.

There was a striking tendency for the seizures to occur in clusters, which were defined as ≥2
seizures with complete recovery between each seizure and with both seizures occurring within
a 24-h period (Fig. 1). For example, in the depth electrode-implanted animals, the median
number of seizures in the second cluster was 11 (range, 6 to 20; number of clusters counted,
6) and in the third cluster was 14 (range, 10 to 33; number of clusters counted, 3). The seizure
frequency during the initial cluster was significantly higher than during later clusters (Fig.1, p
< 0.01, Mann-Whitney Rank Sum test). Multiple clusters of seizures were seen in several
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animals, particularly in the epidural screw electrode-implanted group, which exhibited clusters
of recurrent seizures as late as 45 days postsurgery.

Staging of the seizures was then performed. As many as 228 (75%) of the 305 seizures staged
during the initial cluster were classified as either subclinical or Stage I seizures (Fig. 3A). The
frequency of Stage I seizures during this period was >10 times greater than the frequency of
any other seizure type (p < 0.001, Kruskal-Wallis analysis followed by Dunn’s test; Fig. 3A).
However, no differences among the seizure stages were found during later clusters (p > 0.05,
Kruskal-Wallis analysis followed by Dunn’s test; Fig. 3B). We then assessed the duration of
seizures at different stages. Stage III seizures lasted approximately 20 seconds longer during
the initial cluster compared to later clusters (p < 0.01, Mann-Whitney Rank Sum test, Fig. 4A).
Also, the subclinical seizures were significantly shorter than the seizures at other stages during
later clusters, whereas no such difference was seen during the initial cluster (p < 0.001, Kruskal-
Wallis analysis followed by Dunn’s test; Fig. 4B).

Visual inspection of the EEG record unambiguously revealed that the seizure activity was
morphologically distinct from background (interictal) activity. The ictal EEGs shared several
classic characteristics with the EEGs of partial seizures in humans, such as low voltage fast
activity, high amplitude rhythmic activity, sharp waves, spikes, polyspikes and a distinct
evolution of the amplitude and frequency of the EEG signal. Some of the morphological
characteristics of these ictal EEGs are depicted in Fig. 5. Two types of seizures were observed.
The first, termed Type I Seizures (Fig. 5A and B), contained a single uninterrupted phase of
seizure activity. A second type of ictal event, termed Type II Seizures (Fig. 5C) was different
from Type I seizures in that it consisted of two distinct phases of paroxysmal discharges
separated by a phase of quiet EEG.

Both Type I and II Seizures could be initiated by high-frequency EEG activity, followed by a
decrease in signal frequency and gradual increase in amplitude. These changes were
accompanied by more regular EEG activity. The high-amplitude, low-frequency, regular EEG
discharges typically lasted 30 to 60 seconds, though Type I Seizures of longer duration were
sometimes observed. In Type II Seizures this phase of EEG activity was followed by quiet
EEG, which indicated the beginning of the second phase of the seizure. The quiet period usually
lasted 10 to 30 seconds before a 5- to 20-second period of high-amplitude spike discharges
appeared in the Type II Seizure. At times, following the end of the seizure we observed very
low-amplitude rhythmic delta activity, which continued for several seconds. A longer-duration
Type I Seizure, which began with distinct high-frequency activity, is displayed in Fig. 5B. This
seizure is followed by very well-defined delta activity. The seizure types (Types I and II) did
not appear to correlate to specific behavioral seizure patterns (subclinical or Stage I–V
seizures).

Finally, we evaluated the hippocampal pathology of the MSO-treated and saline-treated
animals (Fig. 1 and 6). Four types of histological changes were observed in the MSO-treated
group (n = 26), as follows: Grade I (26.9%, 7 of 26 animals), minimal neuronal loss (diameter,
<100 µm) and gliosis around the infusion cannula track, no patterned involvement of other
hippocampal subfields; Grade II (42.3%, 11 of 26 animals), moderate neuronal loss (diameter,
>100µm) around the infusion cannula track, no necrosis present; Grade III (7.7%, 2 of 26
animals), moderate to extensive neuronal loss (diameter, >100 µm) with accompanying
necrosis, involving and usually extending beyond the hippocampus; Grade IV (23.1%, 6 of 26
animals), sclerosis-like changes of the hippocampus with gross atrophy and loss of neurons in
CA1 to CA3 and the dentate hilus. All of the saline-treated animals (12 of 12) showed Grade
I histological changes.

Wang et al. Page 6

Exp Neurol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Many patients with MTLE cannot control their seizures with current antiepileptic drugs;
furthermore, the seizures in MTLE occur intermittently and without warning. Discovery of
novel approaches aimed at treating and predicting the impending seizures in MTLE is therefore
important. However, the discovery of such approaches has been lagging, partly due to the fact
that the cellular, molecular and electrophysiological mechanisms of seizure generation in
MTLE are poorly understood. Part of the reason for the lack of such knowledge is that few
animal models efficiently, reliably and accurately replicate key features of human MTLE. For
example, the models of systemic kainic acid (Ben-Ari, 1985) and pilocarpine injections
(Turski, et al., 1983) are characterized by severe, often lethal, convulsive status epilepticus
initially, followed by widespread brain damage that in many cases is not representative of
human MTLE. The models of amygdala kindling (McIntyre, et al., 1999) and hyperthermic
seizures (Dube, et al., 2000) generally do not result in spontaneous recurrent seizures, and
models that lead to spontaneous recurrent seizures such as tetanus toxin injection (Jefferys and
Walker, 2006) often do so unreliably.

Continuous infusion of MSO unilaterally into the hippocampus in rats, as described here,
consistently results in episodes of recurrent, mainly partial seizures. The prevalence of the
recurrent seizures is 100%, and the mortality rate is minimal. Moreover, the neuropathological
sequelae of MSO infusion are mild to modest, with many animals showing minimal neuronal
loss in the hippocampus by Nissl staining. Notably, a subpopulation of animals exhibits
neuropathological changes that are reminiscent of hippocampal sclerosis, which is one of the
hallmarks of MTLE (Gloor, 1991;Sommer, 1880). Finally, patients with MTLE are deficient
in glutamine synthetase in the epileptogenic hippocampus (Eid, et al., 2004;van der Hel, et al.,
2005), and infusion of MSO into the rat hippocampus consistently replicates this feature (Eid,
et al., 2008). Thus, the present model may prove to be a highly useful tool for studies of the
mechanism of seizure generation—ictogenesis—in MTLE.

It is important to note that the present model is different from earlier rodent studies using
systemic administration of MSO (Folbergrova, et al., 1969;Szegedy, 1978). In these studies,
certain strains of mice and rats developed severe, generalized convulsions after an
intraperitoneal injection of MSO (Bernard-Helary, et al., 2000;Subbalakshmi and Murthy,
1981). The convulsions lasted for 24 to 48 h and were often associated with considerable
mortality. No episodes of later, recurrent seizures were reported in the systemically MSO-
treated animals that survived the initial event.

The present model is characterized by an initial cluster of predominantly partial seizures, a
period of clinical silence and, eventually, episodes of seizures that may recur for several weeks.
Even though MSO is administered as a continuous infusion over approximately 28 days, the
pattern of seizures during the initial cluster is different from that of the later episodes. Firstly,
there is a higher frequency of seizures during the initial vs. later clusters. Secondly, the majority
of seizures during the initial cluster are Stage I, whereas no such predominance is seen during
later episodes. It is not clear why these differences are present, but factors related to the surgical
procedure, such as tissue inflammation (Vezzani and Granata, 2005) and perturbations in stress
hormones (Joels, 2009), may be involved. It is also possible that the initial seizures trigger a
sequence of events that modulate the type and frequency of subsequent seizures (Ben-Ari,
2008), although the concept that seizures beget seizures is somewhat controversial (Blume,
2006).

Regardless of the cause, the seizures in the present model appear to progress from an initial
event of numerous, rather homogeneous seizures, via a clinically silent period, to more sporadic
episodes of less-frequent, more-heterogeneous seizures. This sequence of events, although
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contracted in time, is reminiscent of human MTLE. Many patients with this disease have
experienced an “initial precipitating injury,” such as prolonged febrile seizures, several years
prior to the onset of recurrent seizures (Cendes, et al., 1993;French, et al., 1993). It has been
postulated that the initial precipitating injury triggers a sequence of events that, during a
clinically silent “latent period,” “ripens” into an epileptogenic focus. It has been postulated
further that appropriate therapeutic interventions initiated during the latent period may halt
epileptogenesis and completely prevent the development of epilepsy. Thus, it is possible that
the present model can be used to study the evolution of epilepsy—epileptogenesis—and the
effects of therapeutic interventions during the latent period.

There is a striking tendency for the seizures in the present model to occur in clusters that are
separated by longer, seizure-free intervals. Clustering of seizures has been reported in other
animal models of temporal lobe epilepsy (Dudek, et al., 2006;Goffin, et al., 2007) and in human
partial epilepsies (Balish, et al., 1991;Bauer and Burr, 2001). Perhaps one of the most common
types of seizure clustering is seen in catamenial epilepsy (Penovich and Helmers, 2008). In
this disorder, which affects almost 40% of women with epilepsy, there is an increased frequency
of seizures during a certain period of the menstrual cycle (Herzog, et al., 2004). Mechanisms
such as: (a) alterations in brain water concentrations, (b) hormonal induction of cytochrome
P450 drug metabolizing enzymes, and (c) hormonal effects on neurotransmission, have all been
proposed to underlie the clustering of seizures (Penovich and Helmers, 2008). However, the
triggering mechanism of many other types of cyclical seizures, including the seizures caused
by MSO, has not been identified. Particularly because MSO is delivered continuously to the
hippocampus in male rats, it is rather puzzling that the recurrent seizures occur in clusters.
Further studies are required to adequately address this issue.

The behavior and EEG of the seizures in the present model share many similarities with those
of human MTLE. A large proportion of the seizures in the MSO-treated rats were characterized
initially by immobility (Stage I) that developed into stereotypical head and facial movements,
such as eye blinking, head nodding and chewing (Stage II). These events sometimes led to
rearing and clonic movements of the forelimbs. These behavioral manifestations are akin to
those observed in human MTLE (Engel, 1989). Considerable similarity also exists between
the EEG characteristics of seizures observed in the MSO animal model and those of human
MTLE. In both instances seizures can begin with high-frequency activity (low-voltage fast
activity), which then evolves into lower-frequency, higher-amplitude, more-regular activity.
We did not always observe high-frequency discharges at seizure onset in the MSO model,
possibly because the recording electrode is placed in the dorsal hippocampus, while the cannula
and presumed location of seizure onset are in the ventral hippocampus. High-frequency
discharges at seizure onset are often considered a marker for proximity of the electrode to the
region of seizure onset.

In agreement with earlier studies, the histopathological changes associated with the present
model ranged from virtually no detectable neuronal loss in the hippocampus, via a hippocampal
sclerosis-like picture (Gloor, 1991;Sommer, 1880), to extensive neurodegeneration and glial
proliferation in some animals (Eid, et al., 2008). We were unable to detect a relationship
between the type of neuropathology and the frequency of seizures during either the initial
cluster or later clusters (data not shown). However, it is possible that a relationship would be
found if more animals were analyzed and if more-sensitive methods to assess the
histopathological changes were used. The observation that many animals experienced only
minimal neuronal loss in the hippocampus is in agreement with results of human studies.
Approximately one-third of all patients surgically treated for temporal lobe epilepsy are
characterized by a lack of significant neuronal loss in the resected hippocampus (de Lanerolle,
et al., 2003). The remaining two-thirds of patients exhibit hippocampal sclerosis (i.e., glial
proliferation with preferential loss of neurons in CA1, CA3 and polymorphic layer of the
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dentate hilus) (de Lanerolle, et al., 2003). Notably, the degree of neuronal loss in the
hippocampus in this category is highly variable, ranging from extensive neuronal loss to nearly
undetectable degeneration by subjective, nonquantitative methods.

What is the mechanism of seizures in the present model? Because MSO inhibits glutamine
synthetase, it is possible that the seizures are caused by perturbations in the glutamine-
glutamate-GABA metabolism (Ronzio and Meister, 1968). Glutamine synthetase is an integral
element of the glutamate-glutamine cycle, which is critically involved in synthesis and
degradation of neurotransmitter glutamate (Martinez-Hernandez, et al., 1977). Briefly,
glutamate released from neurons during synaptic activity is taken up by astrocytes and
converted to glutamine via glutamine synthetase, which in the brain is preferentially present
in the cytosol of astrocytes. Glutamine may then be released from the astrocytes, taken up by
neurons and converted enzymatically to glutamate (Danbolt, 2001). A deficiency in glutamine
synthetase is likely to slow the conversion of glutamate to glutamine and can potentially lead
to increased intracellular concentrations of glutamate in astrocytes, with reduced uptake of
excitotoxic glutamate from the extracellular space as one of the consequences (Eid, et al.,
2004;Laake, et al., 1995;Otis and Jahr, 1998). It is also possible that the glutamine synthetase-
deficient astrocytes may release excess intracellular glutamate into the extracellular space,
causing hyperexcitability and seizures, as suggested by in vitro and tissue studies (Kimelberg,
et al., 1990;Tian, et al., 2005;Volterra and Steinhauser, 2004). A third possibility is that low
levels of glutamine synthetase may cause disinhibition, due to impaired vesicular release of
GABA (Liang, et al., 2006). After blocking glutamine synthetase by MSO in slice preparations
of the hippocampus, Liang and colleagues found a reduction in evoked inhibitory postsynaptic
currents in CA1.

MSO has several other effects that may be involved in the triggering of seizures in the present
model. MSO inhibits gamma-glutamylcysteine synthetase and causes depletion of the free
radical scavenger glutathione (Shaw and Bains, 2002). Deficiency in glutathione has been
shown to potentiate seizures and neuronal damage in some animal models (Abe, et al.,
2000;Suzer, et al., 2000), whereas in other models a lack of glutathione paradoxically increases
the seizure threshold and protects against neuronal damage (Jiang, et al., 2000). However, the
tissue levels of glutathione are not changed during the course of the study in our model, and a
deficiency in glutathione can therefore not be used to explain the seizures (Eid, et al., 2008).
MSO has also been shown to cause accumulation of glycogen in astrocytes, and it has been
proposed that this phenomenon is involved in epileptogenesis (Cloix and Hevor, 2009),
particularly since high concentrations of brain glycogen are present in the hippocampus in
human MTLE (Dalsgaard, et al., 2007). The exact role of brain glycogen in epileptogenesis
remains obscure, but studies have suggested that accumulation of glycogen in astrocytes may
deprive neurons of energy and consequently result in seizures (Cloix and Hevor, 2009;Hevor,
et al., 1986).

In summary, the model of continuous infusion of MSO into the hippocampus in rats reliably
and efficiently results in clusters of recurrent, mainly partial seizures that progress over time.
The model replicates key features of human MTLE and may prove to be a highly useful tool
for mechanistic studies of the development, triggering and clustering of seizures in this disease.
A key issue for future studies will be to explore the relationship among the glutamine synthetase
deficiency, the concentration of extracellular brain glutamate, and the development of seizures.
The working hypothesis is that a deficiency in hippocampal glutamine synthetase leads to high
extracellular glutamate concentrations and recurrent seizures. It will also be important to assess
the effects of standard antiepileptic drugs on the MSO-induced seizures. The question is
whether the MSO-infused animals are resistant to the same type of antiepileptic drugs as
patients with medically intractable MTLE.
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Abbreviations

AP anteroposterior

CA1 to CA3 hippocampal subfields cornu ammonis 1 to 3

DV dorsoventral

EEG electroencephalogram

GABA gamma-aminobutyric acid

ML mediolateral

MSO methionine sulfoximine

MTLE mesial temporal lobe epilepsy

PB phosphate buffer

UV ultraviolet
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Figure 1. Overview of the temporal distribution of seizures and histopathological changes in MSO-
treated animals
Seventeen animals were recorded by continuous hippocampal depth electrode video-EEG (top
group) and 11 animals were recorded by intermittent epidural screw electrode video-EEG
(bottom group). Seizure counts are given and shown in color. Note the presence of an initial
cluster of very frequent seizures in many animals. Subsequent clusters of seizures occurred
throughout the monitoring period, which extended as far as 82 days for one of the animals. The
histopathological classification into Grades I to IV is described in detail in the legend to Fig.
6. No tissue was available for histology from animals 050207C and 050207D (indicated by
asterisks).
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Figure 2. Daily frequency of seizures during the first 7 days of MSO infusion
The daily counts of seizures in the 17 MSO-treated, depth electrode-recorded animals are
depicted by boxplots and vertical point plots (which are superimposed on the boxplots). The
seizure frequency during postsurgical day 2 was significantly higher than that during
postsurgical days 4 to 7 (p < 0.001, Kruskal-Wallis analysis followed by Dunn’s test, n = 17).
Boxes contain the 25th to 75th percentiles of the data and whiskers the 10th to 90th percentiles.
The median is indicated by the horizontal line across the box and the number below each plot.
The individual data points are also indicated by black dots.
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Figure 3. Distribution of seizure stages during the initial and later seizure clusters
The number (fractional distribution) of seizures within each seizure stage was determined by
randomized sampling for the initial cluster (A) and all of the later clusters combined (B) in the
depth-electrode implanted, MSO-treated animals. The fractional distribution of seizures at
different stages is indicated by boxplots and vertical point plots (which are superimposed on
the boxplots). Each data point (black dot) represents the average number of seizures from one
animal. The median number of Stage I seizures is significantly higher than the median number
of seizures of any other stage during the initial cluster (p < 0.001, Kruskal-Wallis analysis
followed by Dunn’s test, n = 16). See the legend to Fig. 2 for an explanation of the plots.
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Figure 4. Duration of each seizure stage during the initial and later seizure clusters
The durations (in seconds) of seizures within each seizure stage were determined by
randomized sampling for the initial cluster (A) and all of the later clusters combined (B) in the
depth-electrode implanted, MSO-treated animals. The data are indicated by boxplots and
vertical point plots (which are superimposed on the boxplots) for the initial cluster (A) and all
of the later clusters combined (B), in the depth-electrode implanted, MSO-treated animals. The
median duration of subclinical seizures is significantly shorter than the median duration of
seizures of the other stages in the later clusters (difference indicated by asterisk; p < 0.001,
Kruskal-Wallis analysis followed by Dunn’s test, n = 16). Moreover, the median duration of
Stage III seizures is shorter in the later clusters than the initial cluster (p < 0.01, Mann-Whitney
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Rank Sum test, difference not indicated by asterisk). Due to the very small number of Stage V
seizures, no such seizures were sampled in the analysis of seizure duration; hence, the absence
of data from Stage V. See the legend to Fig. 2 for an explanation of the plots.
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Figure 5. Representative traces of intrahippocampal depth electrode EEGs from MSO-treated rats
Continuous EEG traces recorded from a depth electrode in either the left or right hippocampus
are shown in A–C and from an epidural screw electrode are shown in D. Thirty seconds of
EEG is displayed in each trace. The light gray vertical lines demarcate 1-second time intervals,
and the Y axis in each figure corresponds to 5 mV (±2.5 mV). The seizures in A – D were
recorded from different animals. Seizure onset and offset are marked with arrows with the first
arrow marking seizure onset and the second arrow marking seizure offset. Two main types of
ictal EEG patterns were observed: Type I Seizures (A and B) and Type II Seizures (C and D).
Both types of seizures could begin with high-frequency EEG activity, though this was not
always observed. Then the EEG frequency decreased, while the amplitude slowly built up and
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the activity became more regular. A seizure with lack of high-frequency onset signal is seen
in A. The high-amplitude, low-frequency EEG discharges usually lasted 30 to 60 seconds,
though longer-duration Type I Seizures could also be observed (B); then the seizure stopped
and the EEG became quiet. Very low-amplitude rhythmic delta activity, which continued for
several seconds, was occasionally present after the seizure (A). Higher-amplitude postictal
delta activity was occasionally seen as well (B). The Type II Seizure (C and D) was
characterized by a third phase of ictal activity that followed a quiet period, which typically
lasted 10 to 30 seconds. This third phase of the seizure was characterized by high-amplitude
spike discharges that lasted 5 to 20 seconds.
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Figure 6. Histopathological changes of the hippocampus after chronic infusion with MSO
(A to D) Nissl-stained horizontal sections of the hippocampus from 4 representative rats treated
with continuous infusion of 0.625 µg of MSO per h and continuously recorded by video-
intracranial EEG. (E to H) High-power fields of CA1, as indicated by the rectangular boxes in
A to D, respectively. Four grades of histopathological changes were apparent: Grade I (A, E),
minimal neuronal loss (diameter, <100 µm) and gliosis around the infusion cannula track, no
patterned involvement of other hippocampal subfields; Grade II (B, F), more extensive
neuronal loss (diameter, >100 µm) around the infusion cannula track, necrosis is not present;
Grade III (C, G), large (diameter, >100 µm) necrotic lesions involving and usually extending
beyond the hippocampus; Grade IV (D, H), hippocampal sclerosis-like changes with atrophy
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of the hippocampus and loss of neurons in CA1 to CA3 and the dentate hilus, marked glial
proliferation. Abbreviations: sub, subiculum; CA1 to CA3, hippocampal subfields cornu
ammonis 1 to 3; pyr, pyramidal layer; rad, stratum radiatum. Scale bar: 1 mm in A to D; 200
µm in E to H. Asterisks in A to D indicate the position of the MSO infusion cannula.
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