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Summary
PURPOSE—Increased interictal concentrations of extracellular hippocampal glutamate have
been implicated in the pathophysiology of temporal lobe epilepsy (TLE) in humans. Recent
studies suggest that perturbations of the glutamate metabolizing enzymes glutamine synthetase
(GS) and phosphate activated glutaminase (PAG) may underlie the glutamate excess in TLE.
However, the molecular mechanism of the enzyme perturbations remains unclear. A better
understanding of the regulatory mechanisms of GS and PAG could facilitate the discovery of
novel therapeutics for TLE.

METHODS—We used in situ hybridization on histological sections to assess the distribution and
quantity of mRNA for GS and PAG in subfields of hippocampal formations from: (a) patients with
TLE and concomitant hippocampal sclerosis, (b) patients with TLE and no hippocampal sclerosis,
and (c) non-epilepsy autopsy subjects.

KEY FINDINGS—GS mRNA was increased by approximately 50% in the CA3 in TLE patients
without hippocampal sclerosis vs. in TLE patients with sclerosis and in non-epilepsy subjects.
PAG mRNA was increased by more than 100% in the subiculum in both TLE patient categories
vs. in non-epilepsy subjects. PAG mRNA was also increased in the CA1, CA2, CA3 and dentate
hilus in TLE without hippocampal sclerosis vs. in TLE with sclerosis. Finally, PAG mRNA was
increased in the dentate gyrus in TLE with sclerosis vs. in non-epilepsy subjects, and also
increased in the hilus in TLE without sclerosis vs. in TLE with sclerosis.

SIGNIFICANCE—These findings demonstrate complex changes in the expression of mRNAs for
GS and PAG in the hippocampal formation in TLE, and raise the possibility that both
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transcriptional and post-transcriptional mechanisms may underlie the regulation of GS and PAG
proteins in the epileptic brain.
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Astrocytes; brain; glutamine synthetase; glutamate-glutamine cycle; phosphate activated
glutaminase

Introduction
Temporal lobe epilepsy (TLE) is one of the most common types of localization related
epilepsies in humans. Many patients with TLE cannot control their seizures with current
antiepileptic drugs, and the available drugs have side effects that limit their use. Improved
therapies for TLE are therefore necessary. A better understanding of the cellular and
molecular mechanisms underlying TLE is expected to facilitate the development of more
efficacious and specific treatments for this disease.

Several studies have suggested that the brain glutamate metabolism is critically involved in
the pathophysiology of TLE. For example, systemic or intracranial administration of
glutamate or glutamate analogues to laboratory animals frequently causes seizures, neuronal
loss and glial changes (Ben-Ari 1985, Hayashi 1954, Lucas & Newhouse 1957, Olney, et al.
1986, Olney, et al. 1972). Co-administration of glutamate antagonists prevents the
behavioral seizures and many of the neuropathological features associated with these models
(Berg, et al. 1993, Eid, et al. 1995, McNamara & Routtenberg 1995). Furthermore, patients
with drug-resistant TLE have remarkably high concentrations of extracellular glutamate in
the epileptogenic vs. the non-epileptogenic hippocampal formation between seizures
(interictally) (Cavus, et al. 2005). The concentration of extracellular brain glutamate in these
patients increases six-fold above the interictal level during a seizure, and the
neurotransmitter remains elevated for at least 20 minutes after the cessation of the seizure
activity (During & Spencer 1993). A pertinent question therefore is: What causes the
glutamate excess in human TLE, and is the brain glutamate metabolism a potential
therapeutic target for this disease?

Recent findings by us and others have revealed perturbations in two key glutamate
metabolizing enzymes in the brain in patients with TLE – glutamine synthetase (GS) and
phosphate activated glutaminase (PAG) (Eid, et al. 2007, Eid, et al. 2004). GS, which
catalyzes the formation of glutamine from glutamate and ammonia (Martinez-Hernandez, et
al. 1977), is severely deficient in astrocytes in the hippocampal formation in human TLE
(Eid, et al. 2004, van der Hel, et al. 2005). This deficiency is most pronounced in patients
with TLE and concomitant hippocampal sclerosis, which is characterized by preferential
loss of neurons and proliferation of astrocytes in CA1, CA3 and the polymorphic layer of
the dentate hilus (Gloor 1991, Sommer 1880). The concentration and activity of PAG, which
catalyzes the formation of glutamate and ammonia from glutamine, appears to be increased
per neuron in the sclerotic vs. the non-sclerotic hippocampal formation in patients with TLE
(Eid, et al. 2007). The concentration of extracellular glutamate is also particularly high in the
hippocampal formation in patients with TLE and concomitant hippocampal sclerosis vs. in
patients without hippocampal sclerosis (Cavus, et al. 2008, Petroff, et al. 2004).

Based on the above findings, we postulated that the deficiency in hippocampal GS in TLE
would slow the metabolism of glutamate to glutamine and lead to accumulation of glutamate
in astrocytes and the extracellular space of the brain (Eid, et al. 2004, Eid, et al. 2008b). This
postulate is partly based on the known stoichiometry of glutamate transport across the glial
plasma membrane, i.e. that rapid metabolism of intracellular glutamate is a prerequisite for
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efficient glutamate clearance from the extracellular space (Otis & Jahr 1998). We further
hypothesized that the sustained extracellular glutamate excess would result in neuronal loss
and facilitate the occurrence of spontaneous recurrent seizures (Eid, et al. 2004, Eid, et al.
2008b). Recent animal studies have indeed supported the idea of GS as a causative factor in
TLE. Infusion of the GS-antagonist methionine sulfoximine (MSO) into the hippocampus in
rats leads to recurrent seizures and neuropathological changes very similar to human TLE
(Eid, et al. 2008a, Wang, et al. 2009). Whether the increased PAG in neurons in the sclerotic
hippocampus in TLE also results in glutamate excess, brain pathology and seizures, remains
to be established.

If the alterations in GS and PAG in TLE are critically involved in the pathogenesis of the
disease, then these enzymes may be exploited as novel therapeutic targets for TLE. An
understanding of the molecular mechanisms underlying the alterations of GS and PAG in
TLE could facilitate the development of such therapies. Thus, we used in situ hybridization
to assess the expression of mRNA for GS and PAG in the hippocampal formation in patients
with TLE (with and without hippocampal sclerosis) and in non-epilepsy autopsy control
subjects. We hypothesize that the perturbed expression of GS and PAG protein in TLE is
regulated at the level of gene expression, as reflected by altered expression of mRNAs for
GS and PAG.

Methods
Patient Selection, Classification, and Nomenclature

Patients with medically intractable TLE underwent phased presurgical evaluation at the
Yale-New Haven Hospital, and those selected for surgery had their hippocampal formation
resected according to established procedures (Spencer & Spencer 1991, Spencer, et al.
1984). Informed consent from each patient and institutional approval were obtained for the
use of tissue for this project.

The TLE patients were classified into two main groups based on their medical history and
examination, brain imaging, EEG, and neuropathology of the resected hippocampal
formation (Table 1 and Fig. 1; see also (de Lanerolle, et al. 1992, de Lanerolle, et al. 2003)
for details). The first group referred to as MTLE, is characterized by hippocampal sclerosis.
This pathology is recognized by an atrophic and hardened hippocampal formation with glial
proliferation and extensive (>50%) neuronal loss in CA1, CA3, and the dentate hilus (Fig.
1G – I) (Sommer 1880). Loss of hilar interneurons containing neuropeptide Y, somatostatin,
and substance P, is also a feature of MTLE, as well as sprouting of dynorphin-positive axons
to the dentate molecular layer (de Lanerolle, et al. 1989, Houser, et al. 1990). MRI typically
reveals an atrophic hippocampal formation with an increased T2 signal. Depth electrode
EEG recordings indicate that the sclerotic hippocampal formation is critically involved in
seizure generation (Mathern, et al. 1997). MTLE used by us corresponds to the
nomenclature of mTLE with hippocampal sclerosis (mTLE-HS) used by other investigators
(reviewed in (Engel, et al. 2008)). The second group referred to as non-MTLE is recognized
by modest to minimal (<25%) neuronal loss throughout all hippocampal subfields and
absence of axonal sprouting in the dentate gyrus (Table 1 and Fig. 1D – F). MRI is often
unremarkable. Some of the non-MTLE patients may have a tumor, dysplastic lesion or
vascular malformation in or near the hippocampal formation, while the rest of the non-
MTLE patients have no apparent other pathology. Non-MTLE used by us corresponds to the
nomenclature of mTLE without HS, used by other investigators (reviewed in (Engel, et al.
2008)). Non-MTLE patients are highly appropriate controls for MTLE patients because both
groups have been: (1) Subjected to a similar regimen of antiepileptic drugs, (2) exposed to
extended periods of recurrent seizures, and (3) treated with surgical resection of the
hippocampal formation under similar and standardized operative conditions. It is important
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to control for these factors because each of them may potentially interfere with the
expression of GS and PAG. Hippocampal formations obtained at autopsy from patients
diagnosed with disorders other than epilepsy were also included as additional controls
(Table 1 and Fig. 1A – C).

The subdivisions of the hippocampal formation are in accordance with the work of Lorente
de Nó (Lorente de Nó 1934), with modifications suggested by Amaral and Insausti (Amaral
& Insausti 1990). Briefly, the hippocampal formation is divided into (a) the subiculum, (b)
the Ammon’s horn (hippocampus proper), which comprises fields CA1-3, and (c) the
dentate gyrus, which includes the molecular, granule, and polymorphic layers of the hilus.

Tissue Preparation
Immediately after surgical resection, an approximately 5 mm thick slice was cut from the
mid-anterior portion of the hippocampal formation, rapidly frozen on dry ice, and sectioned
to a thickness of 50 μm using a cryostat. The tissue sections were transferred to Fisherbrand
Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA) and stored at −80 °C
until processed for in situ hybridization. Adjacent slices of tissue were fixed by immersion
in 4% formaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 6 hours and subsequently
cut to 50 μm thick sections on a Vibratome. The fixed sections were processed for staining
with cresyl violet, anti-somatostatin-, anti-neuropeptide Y- and anti-dynorphin-antibodies, as
previously described (de Lanerolle, et al. 2003). These sections were used for disease
classification as described above.

In Situ Hybridization
Subclones for riboprobe synthesis were prepared by amplifying unique regions of GS and
PAG from a human cDNA brain library (Human Adult Brain Unamplified cDNA Library,
Edge Biosystems; Gaithersburg, MD) using Polymerase Chain Reaction (PCR). Amplified
cDNA segments were extracted (QIAquick Gel Extraction kit; Qiagen, Valencia, CA),
subcloned (Zero Blunt TOPO PCR cloning kit; Invitrogen, Carlsbad, CA), and confirmed by
nucleotide sequencing.

Riboprobes were synthesized using 100 μCi of dried [35S]UTP; 2.0 μl 5x transcription
buffer; 1.0 μl of 10 mM ATP, CTP, and GTP; 2.0 μl linearized plasmid DNA; 0.5μl RNAse
inhibitor; and 1.5 μl SP6 or T7 RNA polymerase; and incubated for 2 hr at 37 °C. After this
incubation, 1.0 μl DNAse (RNAse free) was added and the reaction mixture was incubated
again for 15 min at room temperature. The mixture was then purified with a 1 ml spin
column (Micro Bio-Spin P-30 Tris Spin Columns, Bio-Rad Laboratories; Hercules, CA).
Dithiothreitol (DTT) was added to each fraction for a final concentration of 0.01 M.

Two slides per subject were removed from −80 °C storage and placed in 4% (wt/vol)
formaldehyde at room temperature for 1 hr. The slides were washed briefly in 2X SSC (300
mM NaCl/30 mM sodium citrate, pH 7.2), and placed in 0.1 M triethanolamine, pH 8.0/
acetic anhydride, 400:1 (vol/vol) on a stir plate at room temp for 10 min. The final wash was
in 2X SSC for 10 min followed by dehydration through graded alcohols and air-drying.
Cover slips with 400 μl [35S] labeled riboprobe (5×106 cpm), 50% formamide buffer (50%
formamide, 10% dextran sulfate, 3X SSC, 50 mM Na2HPO4, pH 7.4, 1X Denhardt’s
solution, 100 μg/ml yeast tRNA), and 0.01 M DTT were placed on each slide. Slides were
positioned in a covered tray with filter paper, saturated with 50% formamide buffer, and
incubated at 55 °C overnight. Approximately 18 hours later, the coverslips were removed in
order to wash the slides in 2X SSC at room temperature for 10 min and then incubated in
RNAse A (200 mg/ml in 10 mM Tris-HCl, pH 8.0/0.5 M NaCl) at 37 °C for 30 min.
Subsequently, the slides were washed twice at room temperature accordingly: 10 min in 2X
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SSC, 10 min in 1X SSC. The last two washes were in 0.5X SSC for 60 min at 55 °C and in
0.5 SSC for 10 min at room temperature. Finally, the slides were dehydrated in graded
ethanol washes, air-dried and apposed to film.

Slides were apposed to Kodak XAR film (Eastman Kodak Company, Rochester, NY) for 15
days (GS) or 10 days (PAG). The film was developed and images analyzed (Scion Image
Beta 3b for PC), as previously described (Clinton, et al. 2003, Ibrahim, et al. 2000). Images
were captured, and grayscale values were obtained for the subiculum (SUB), the
hippocampal subfields CA1, CA2, and CA3, the dentate molecular and granule cell layers
(DG), and the polymorphic layer of the hilus (H). For each region, background readings
from the tissue were subtracted from the grayscale values. Grayscale values were converted
to optical density and subsequently averaged, providing one value per region per subject for
each probe. Optical density values were then converted to units of bound radiation from a
standard curve generated from a [14C] microscale standard (Amersham Life Sciences,
Amersham UK) placed on each piece of film (Downs & Williams 1984, Williams 1982).
The transcript concentration, was ultimately determined from the amount of bound radiation,
the specific activity of each batch of [35S]uridine triphosphate, and the number of uracil
residues contained in each probe sequence. The data were expressed as femtomoles mRNA
per gram tissue (fmol/g).

We tested 12 specific a priori hypotheses (two dependent measures in 6 discrete brain
regions) using ANOVA, and where indicated, ANCOVA. Using correlation analyses, we
probed for associations between our dependent measures and postmortem interval, age, and
tissue pH. Factors found to be associated were used, where indicated, as covariates in our
primary analyses. Post-hoc analysis was performed, when appropriate, with Tukey’s HSD
(honestly significant difference) test. A P-value of 0.05 was regarded as statistically
significant.

Results
We first assessed the overall labeling pattern for GS mRNA on hippocampal sections from
autopsy subjects (Fig. 2A) and patients classified as non-MTLE (Fig. 2C) and MTLE (Fig.
2E). Visual inspection of the scanned films from the in situ hybridization experiments
revealed finely granular labeling for GS in the hippocampal formation in all patient
categories (Fig. 2A, C, E). The labeling was particularly pronounced in areas of high
neuronal (perikaryal) density such as the pyramidal cell layers of the hippocampal formation
in autopsy and non-MTLE specimens (Fig. 2A,C). Weaker labeling was present in white
matter areas, particularly in autopsy and MTLE hippocampal formations (Fig. 2A, E). In
areas of neuronal loss such as the CA1 and CA3 in MTLE, the labeling was less intense than
in areas of neuronal preservation, such as the subiculum in the same patients (Fig 2E).
Interestingly, the labeling in neuron-dense areas appeared stronger in non-MTLE and MTLE
hippocampal formations (Fig. 2C, E) than in autopsy controls (Fig. 2A). Densitometric
quantitation of the labeling revealed significantly increased GS mRNA in the CA3 in non-
MTLE hippocampal formations vs. autopsy and MTLE hippocampal formations (Fig. 3).

We next assessed the expression of PAG and observed a more defined labeling pattern than
with GS (Fig. 2B, D, F). The labeling for PAG was particularly prominent over areas of high
neuronal (perikaryal) density, such as the pyramidal cell layers of the subiculum and CA-
fields, the polymorphic layer of the hilus, and the granule cell layer of the dentate gyrus
(Fig. 2B, D, F). White matter areas had very low expression of PAG and the demarcation
between labeled and minimally labeled areas was more pronounced with PAG than with GS.
In areas of neuronal loss, such as the CA1 and CA3 in MTLE, the expression of PAG was
clearly diminished (Fig. 2F). As with GS mRNA, the labeling for PAG mRNA appeared
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stronger in neuron-dense areas in non-MTLE and MTLE hippocampal formations (Fig. 2D,
F) than in autopsy controls (Fig. 2B). Quantitation of the labeling revealed statistically
significant increases in PAG mRNA in the CA1, CA2, CA3 and the dentate hilus in non-
MTLE than in MTLE (Fig. 4). There were also significant increases in PAG mRNA
expression in the subiculum of non-MTLE and MTLE vs. autopsy specimens, in the dentate
gyrus in MTLE vs. autopsy specimens, and in the hilus of non-MTLE vs. autopsy specimens
(Fig. 4).

Discussion
We have demonstrated for the first time that mRNA for GS and PAG are differentially
expressed in the hippocampal formations among non-epilepsy (autopsy) subjects, MTLE
patients and non-MTLE patients. While some of the differences in mRNA expression
correlate with the previously reported patterns of GS protein expression (Eid, et al. 2004),
several discrepancies are evident between the expression of mRNAs and its corresponding
protein.

Prior investigations of GS in the hippocampal formation have revealed significant decreases
in GS protein and enzyme activity in patients with MTLE vs. patients with non-MTLE and
non-epilepsy autopsy control subjects (Eid, et al. 2004, van der Hel, et al. 2005). The
decrease in GS protein is particularly pronounced in areas of significant neuronal loss, such
as the CA1, CA3 and the dentate hilus in MTLE. Thus, the observation that mRNA for GS
is significantly reduced in CA3 in MTLE vs. non-MTLE could, in part, explain the reduction
in GS protein and enzyme activity in this region.

However, there is no significant reduction in GS mRNA in the CA1 or in the dentate hilus in
MTLE vs. non-MTLE, nor is there any difference in GS mRNA between hippocampal
formations from MTLE patients and non-epilepsy (autopsy) subjects. The lack of decrease
in GS mRNA between MTLE and autopsy is unexpected because the hippocampal
formation in autopsy subjects is strongly immunoreactive for GS protein throughout all
subfields of the structure, whereas GS protein is severely deficient in CA1, CA3 and the
dentate gyrus in MTLE (Eid, et al. 2004). Because the expression of GS mRNA does not
consistently match that of GS protein, it is likely that mechanisms other than reduced
synthesis of mRNA underlie the loss of GS protein in MTLE.

Studies have suggested that posttranscriptional modification of GS occurs in epilepsy.
Protein nitration, oxidative stress, and brain deposits of amyloid β-peptide may play
important roles in this process. Bidmon and colleagues recently reported that GS protein
becomes nitrated and reduces its activity in the pentylentetrazole rat model of epilepsy
(Bidmon, et al. 2008). The propensity for GS to undergo posttranscriptional modification
with loss of enzyme activity is also evident in Alzheimer’s disease patients, who have an
excess of oxidized and hence, less active GS in their brain (Castegna, et al. 2002). Injection
of amyloid β-peptide into the brain of laboratory animals causes oxidation of GS (Boyd-
Kimball, et al. 2005). Interestingly, amyloid β-precursor protein accumulates in the temporal
lobe and hippocampal formation in patients with TLE (Sheng, et al. 1994); thus, providing a
possible mechanistic link among oxidative stress, amyloid β-peptide, downregulation of GS,
and the development of recurrent seizures. In addition to their effect on proteins, oxidative
and nitrosative stress may prolong the half-life of some mRNAs (Gasch, et al. 2000, Ikeda,
et al. 1995, Mochizuki, et al. 2012). It is possible that a similar mechanism may operate in
the epileptic hippocampus, thereby resulting in increased mRNA without a corresponding
increase in protein.
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The observation that GS mRNA is more abundant in non-MTLE than in autopsy
hippocampal formations is also unexpected because the expression of GS protein appears
very similar in both subject categories (Eid, et al. 2004). It is possible that the discrepancy
between GS protein and mRNA is due to the same posttranscriptional and transcriptional
regulatory mechanisms postulated to occur in MTLE. After all, the hippocampal formations
from non-MTLE and MTLE patients have been subjected to unique, common exposures that
are not typically encountered in non-epilepsy autopsy patients, such as years of antiepileptic
drugs and numerous recurrent seizures. It should also be noted that autopsy tissue is
influenced by several factors such as postmortem interval, tissue pH, agonal status, manner
of death, and freezer storage (McCullumsmith & Meador-Woodruff 2011). While these
factors could theoretically affect the stability of tissue mRNA, a recent study did not detect a
significant effect of these factors on the expression of mRNA for GS and PAG in autopsy
brain tissue from human subjects (Bruneau, et al. 2005). Thus, it is unlikely that the changes
in GS and PAG mRNA expression between TLE and autopsy subjects are caused by
postmortem alterations.

The reduction in PAG mRNA in MTLE vs. non-MTLE is likely to result from the loss of
neurons especially in CA1, CA3 and the dentate hilus in MTLE. The preferential
distribution of PAG mRNA to areas of high density of neuronal perikarya, such as the
pyramidal and dentate granule cell layers, suggests that PAG mRNA is predominantly found
in neurons. Neuronal localization of PAG mRNA is consistent with prior
immunohistochemical and immunogold electron microscopic studies of the distribution of
PAG protein (Eid, et al. 2007, Laake, et al. 1999, Svenneby 1970).

We had concluded in prior studies that PAG protein is increased per neuron in the
hippocampal formation in patients with MTLE vs. non-MTLE (Eid, et al. 2007) and had
proposed that the increase might contribute to the glutamate excess in MTLE. However, the
present study shows a significant decrease in PAG mRNA in MTLE vs. non-MTLE in CA1,
CA2, CA3 and the dentate hilus. It is important to note that these findings do not rule out the
possibility that PAG mRNA is increased in subpopulations of surviving neurons in the
MTLE hippocampal formation. Unfortunately, the in situ hybridization method used here
does not have the resolving power to properly address this issue. Future studies using high-
resolution mRNA expression imaging are therefore warranted.

Similar to GS mRNA, there is also increased PAG mRNA in the hippocampal formations in
non-MTLE and MTLE patients vs. autopsy controls, especially in the subiculum and the
dentate gyrus/hilus. The difference in PAG mRNA expression between epileptic and non-
epileptic hippocampal formations are not known, but may involve upregulation of PAG
mRNA due to recurrent seizures, antiepileptic drugs or other changes associated with TLE.
Further investigations are necessary to fully understand these discrepancies.

It is important to note that the glutamate excess in human TLE could be due to mechanisms
other than alterations in GS and PAG. Alternative mechanisms include perturbations in
high-affinity glutamate transporters (Mathern, et al. 1999, Proper, et al. 2002, Tanaka, et al.
1997, Watanabe, et al. 1999), alterations of the glutamate/cystin exchange system (Albrecht,
et al. 2010), downregulation of presynaptic metabotropic glutamate receptors (Iserhot, et al.
2004, Molinari, et al. 2012), reduced currents through inwardly rectifying potassium
channels (Kir 4.1) (Bordey & Sontheimer 1998, Hinterkeuser, et al. 2000), and disrupted
polarization of the aquaporin-4 (AQP4) dystrophin complex (Binder, et al. 2012, Binder, et
al. 2004, Eid, et al. 2005, Lee, et al. 2004). Finally, the perturbations of GS and PAG
proteins in the hippocampal formation in MTLE (Eid, et al. 2007, Eid, et al. 2004) are also
likely to affect the homeostasis of other metabolites, particularly ammonia and GABA, both
of which can influence neuronal excitability. A more comprehensive discussion of the
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effects of GS and PAG perturbations in TLE can be found in recent reviews on the topic
(Eid, et al. 2012, Eid & Coulter 2012, Eid, et al. 2008b).

Conclusions
We have demonstrated complex changes in the expression of mRNAs for GS and PAG in
the hippocampal formation in TLE. Firstly, downregulation of mRNA can only partly
explain the deficiency in GS protein in the hippocampal formation in MTLE (Eid, et al.
2004). Secondly, posttranscriptional mechanisms, such as protein oxidation or nitrosylation,
are likely to contribute to the deficiency in GS protein in MTLE. Investigations of mRNA
stability and posttranslational modifications of GS are justified to better understand how the
protein is regulated in TLE. Thirdly, the reduction in PAG mRNA in the MTLE vs. the non-
MTLE hippocampal formation probably reflects the loss of hippocampal neurons in MTLE;
however, the possibility that PAG mRNA is upregulated in subpopulations of surviving
neurons in MTLE cannot be entirely ruled out. High-resolution (emulsion) in situ
hybridization methods may be used to address this issue by assessing the expression of PAG
mRNA at the cellular level. A clear understanding of how GS and PAG are regulated in the
epileptic brain is important because such information could lead to novel antiepileptic
therapies targeting key enzymes in the brain glutamate homeostasis.
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Figure 1.
Nissl-stained coronal sections of hippocampal formations obtained from representative
patients diagnosed with: medical conditions other than epilepsy (autopsy, A–C), non-MTLE
(D–F) and MTLE (G–I). Low-power images are shown in the left column (A, D, G), and
high power fields from the hilus (polymorphic layer) of the dentate gyrus (framed areas in
A, D, G) and CA1 (framed areas in A, D, G) are shown in the middle (B, E, H) and right
columns (C, F, I) respectively. The cytoarchitecture of the hippocampal formation is similar
in autopsy (A–C) and non-MTLE (D–F) with numerous neurons present in all subfields,
including the polymorphic layer of the hilus (arrows in B and E) and pyramidal layer of
CA1 (arrows in C and F). In contrast, the hippocampal formation in MTLE is shrunken (G)
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and there is considerable loss of neurons with proliferation of glial cells in CA1 (arrowheads
in H), CA3, and the polymorphic layer of the hilus (arrowheads in I). These pathological
findings are hallmarks of hippocampal sclerosis. Scale bars: 1 mm in A (same magnification
of D and G), 500 μm in B and C (same magnification of E, H and F, I).
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Figure 2.
In situ hybridization for GS mRNA (A, C, E) and PAG mRNA (B, D, F) in hippocampal
formations (coronal sections) from representative patients diagnosed with: medical
conditions other than epilepsy (autopsy, A, B), non-MTLE (C, D) and MTLE (E, F).
Adjacent Nissl-stained sections were used to delineate the hippocampal subfields indicated
in A and B, and densitometric measurements of the in situ hybridization signals were
obtained from each subfield (see Figures 3 and 4 for details). Note the more diffuse labeling
for GS mRNA vs. PAG mRNA, which is predominantly observed in areas of high neuronal
density, suggesting that PAG mRNA is confined to neurons. Note the relative loss of
labeling for GS mRNA in CA3 and CA1 in MTLE (arrows in E) vs. non-MTLE (C). A
similar pattern is seen for PAG (arrows in F vs. D). The labeling for GS and PAG mRNAs
appears to be increased in several subfields in non-MTLE and MTLE vs. autopsy (see
Figures 3 and 4 for quantitative data and statistical assessments). Abbreviations: H,
polymorphic layer of the hilus. Asterisks in F indicate artificially increased labeling due to a
fold in the tissue section. This and other staining artifacts were excluded from the
densitometric analyses.
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Figure 3.
Expression of GS mRNA in different subfields of the hippocampal formation. Bars indicate
the mean optical density of GS mRNA expression in the following 6 hippocampal subfields:
subiculum (SUB), CA1, CA2, CA3, molecular and granular layer of the dentate gyrus (DG),
polymorphic layer of the dentate hilus (H). Patient categories with number of patients
included in the analysis are indicated below each bar. Statistical significant differences are
indicated with asterisks. We only had anatomically intact areas of the hilus from two
autopsy subjects for the analysis of GS mRNA; thus, the measurements from this area could
not be used for statistical analysis. Error bars = standard error of the mean.
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Figure 4.
Expression of PAG mRNA in different subfields of the hippocampal formation. Bars
indicate the mean optical density of PAG mRNA expression in the following 6 hippocampal
subfields: subiculum (SUB), CA1, CA2, CA3, molecular and granular layer of the dentate
gyrus (DG), polymorphic layer of the dentate hilus (H). Patient categories with number of
patients included in the analysis are indicated below each bar. Statistical significant
differences are indicated with asterisks. Error bars = standard error of the mean
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