
ORIGINAL PAPER

Limbic Structures Show Altered Glial–Neuronal Metabolism
in the Chronic Phase of Kainate Induced Epilepsy

Silje Alvestad Æ Janniche Hammer Æ Elvar Eyjolfsson Æ
Hong Qu Æ Ole Petter Ottersen Æ Ursula Sonnewald

Accepted: 5 July 2007 / Published online: 21 August 2007

� Springer Science+Business Media, LLC 2008

Abstract A better understanding is needed of how glu-

tamate metabolism is affected in mesial temporal lobe

epilepsy (MTLE). Here we investigated glial–neuronal

metabolism in the chronic phase of the kainate (KA) model

of MTLE. Thirteen weeks following systemic KA, rats were

injected i.p. with [1-13C]glucose. Brain extracts from hip-

pocampal formation, entorhinal cortex, and neocortex, were

analyzed by 13C and 1H magnetic resonance spectroscopy to

quantify 13C labeling and concentrations of metabolites,

respectively. The amount and 13C labeling of glutamate

were reduced in the hippocampal formation and entorhinal

cortex of epileptic rats. Together with the decreased con-

centration of NAA, these results indicate neuronal loss.

Additionally, mitochondrial dysfunction was detected in

surviving glutamatergic neurons in the hippocampal

formation. In entorhinal cortex glutamine labeling and

concentration were unchanged despite the reduced gluta-

mate content and label, possibly due to decreased oxidative

metabolism and conserved flux of glutamate through glu-

tamine synthetase in astrocytes. This mechanism was not

operative in the hippocampal formation, where glutamine

labeling was decreased. In neocortex labeling and concen-

tration of GABA were increased in epileptic rats, possibly

representing a compensatory mechanism. The changes in

the hippocampus might be of pathophysiological impor-

tance and merit further studies aiming at resolving meta-

bolic causes and consequences of MTLE.
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Introduction

Mesial temporal lobe epilepsy (MTLE) is a common type

of focal epilepsy in adults and consequently a target of

extensive research. This condition is often preceded by an

initial precipitating injury early in life, such as febrile

seizures, head trauma, or status epilepticus, followed by a

latent period of several years with no apparent seizure

activity [12]. Histopathologically, MTLE is often charac-

terized by hippocampal sclerosis, which involves extensive

neuronal death, gliosis, and reorganization of synaptic

connections by axon sprouting [13]. The mechanisms

causing MTLE are yet to be defined, but there is increasing

evidence that perturbed metabolism of glucose and amino

acid neurotransmitters play essential roles.

Glucose utilization is increased locally during epileptic

discharge and decreased interictally [9, 23, 33, 48]. Glu-

tamate, the main excitatory neurotransmitter in the brain,

can be produced from glucose involving both neuronal and

astrocytic TCA cycle. In astrocytes, glutamate is converted

to glutamine by cytosolic glutamine synthetase (GS) [35]

and released to the extracellular space. Glutamine is taken

up into neurons and deamidated to glutamate by mito-

chondrial phosphate activated glutaminase (PAG) as a link

in the glutamate–glutamine cycle [18, 26]. Glutamate is

excitotoxic and has been shown to be involved both in cell
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death and initiation and maintenance of epileptic seizures

[10]. During and Spencer [16] reported an increased

extracellular level of glutamate within the epilepto-

genic hippocampus prior to and during seizures. Others

have observed low glutamate content interictally in

the hippocampal tissue in both humans and animals

[25, 39].

Downregulation of GS and impaired glutamate–gluta-

mine cycling have been reported in the epileptogenic,

gliotic human hippocampus [17, 39]. In GABAergic

neurons glutamate is converted to the inhibitory neuro-

transmitter GABA by glutamate decarboxylase (GAD).

Both increased and decreased amounts of GABA have

been observed in biopsy material from patients with

MTLE [1, 38, 39].

Spatial segregation of the enzymes PAG, GAD, and GS

to different cell types causes glutamate, GABA, and glu-

tamine to be enriched in different compartments. The

glutamatergic neurons contain the largest pool of gluta-

mate, whereas GABAergic neurons hold the GABA pool

[37, 47]. Both types of neurons contain PAG whereas only

astrocytes contain GS. By 13C magnetic resonance spec-

troscopy (13C MRS), it is possible to study the metabolic

interactions between different cellular compartments [45].

Thus incorporation of 13C in glutamate, GABA, and glu-

tamine from systemically injected [1-13C]glucose reflects

the metabolism in glutamatergic neurons, GABAergic

neurons, and astrocytes, respectively.

The role of altered glutamate homeostasis in epilepsy

needs to be clarified. Metabolic studies using 13C MRS

have been performed on whole rat brain extracts one day

and two weeks after kainic acid (KA) injections [31, 41],

but not on specific brain regions or in the chronic phase.

The present study aims at exploring whether there is an

altered glucose and glutamate metabolism in specific brain

regions of KA-treated rats in the chronic phase of epilepsy.

This animal model has been in use for decades, repro-

ducing many of the features of human MTLE [6]. KA, a

glutamate analogue, causes status epilepticus in rats when

given systemically, followed by a latent period of

approximately three to four weeks before spontaneous

recurrent seizures occur [5, 6, 22]. Similar to human

MTLE, the brain damage in the KA model is mostly

restricted to limbic areas [6], where the hippocampal for-

mation (dentate gyrus, CA1-3, subiculum) and entorhinal

cortex develop into a hyperexcitable ‘epileptic circuit’

[11]. Rats were injected systemically with either KA or

vehicle. Thirteen weeks later, after development of spon-

taneous seizures, they were subjected to systemic

[1-13C]glucose injections followed by 13C and 1H MRS of

brain extracts. Three brain regions were analyzed: the

hippocampal formation, the entorhinal cortex, and the

neocortex.

Materials and Methods

Materials

Male Sprague Dawley rats (~250 g) were obtained from

Taconic M&B (Copenhagen, Denmark). [1-13C]glucose

and D2O (99.9%) were purchased from Cambridge Iso-

topes Laboratories (Woburn, MA, USA); ethylene glycol

from Merck (Darmstad, Germany); kainic acid from Sig-

ma-Aldrich (St. Louis, MO, USA). All other chemicals

were of the purest grade available from local commercial

sources.

Animals

All animals in this study were treated in accordance with

the European Convention (ETS 123 of 1986) and all pro-

tocols were approved by the Norwegian National Animal

Research Authority. Animals were maintained under

standard laboratory conditions at room temperature of

22�C, air humidity of 66%, and a 12/12 h light/dark cycle,

with free access to food and water. The animals were

adapted to the above conditions for one week before the

experiment started. Furthermore, the animals’ weight and

general condition were monitored throughout the study

period and in case of weight loss or lack of weight gain rats

were fed with water soaked chow.

Kainic Acid Treatment

Fifteen rats were injected with KA dissolved in phosphate

buffered saline, adjusted to pH 7.0 and injected intraperi-

toneally 10 mg/kg in a volume of 10 ml/kg. Eight control

rats received the same volume of phosphate buffered sal-

ine.

The rats were placed in separate plastic cages immedi-

ately after the injections and monitored for at least 4 h for

behavioral seizure manifestation. Seizures were scored

according to the Racine score [42]: Stage 1, facial clonus;

Stage 2, nodding; Stage 3, forelimb clonus; Stage 4, fore-

limb clonus with rearing; Stage 5, rearing and falling.

Status epilepticus was defined as continuous limbic sei-

zures scored as class 4 or 5 seizures and lasting for more

than 90 min.

Animals developing status epilepticus were further

monitored for the occurrence of spontaneous recurrent

seizures, marking the transition from latent to chronic

phase. A DVD recorder device with a CCTV camera was

used and the animals were observed 8–12 h/day 7 days a

week.

Only animals developing status epilepticus and two or

more spontaneous recurrent seizures were used in this

study.
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Tissue Preparation and Extraction

Thirteen weeks after saline or KA injection, seven control

and 10 epileptic animals were injected intraperitoneally

with [1-13C]glucose (5.4 mg/kg, 3 mM solution) dissolved

in saline. Fifteen minutes after injection, the animals were

decapitated and the heads were snap frozen in liquid

nitrogen and stored at –80�C until dissection. Three regions

were sampled and weighed; the hippocampal formation

(subiculum, CA1-CA3, and dentate gyrus), the entorhinal

cortex (including a small part of the piriform cortex) and

the neocortex. The tissue was homogenized with 1 ml cold

7% perchloric acid followed by centrifugation for 10 min

at 4,000 g and 4�C. The procedure was repeated with water

and the combined supernatants were neutralized with 2 M

KOH followed by centrifugation and lyophilization of

supernatants. Samples were stored at –20�C till analyses

were performed.

13C and 1H Magnetic Resonance Spectroscopy

Brain tissue extracts were dissolved in 200 ll D2O (99.9%)

containing 0.1% ethylene glycol, before neutralization (pH

6.0–7.0).

MR spectra of the larger (240–430 mg) neocortical

samples were acquired on a Bruker DRX 500 MHz

instrument whereas those of the hippocampal and entorh-

inal samples (50–200 mg) were obtained on a Bruker DRX

600 MHz instrument (BRUKER Analytik GmbH, Rhein-

stetten, Germany). Proton decoupled 13C MR spectra were

acquired with the following acquisition parameters: 30�
pulse angle, acquisition time 1.3 s, and relaxation delay

0.5 s. The number of scans was typically 20,000 (neocor-

tex), 40,000 (hippocampal formation), and 50,000 (en-

torhinal cortex). Correction factors for nuclear Overhauser

and relaxation effects were applied to the integrals of the

individual peaks.

For 1H MR spectra, the following parameters were used:

90� pulse angle, acquisition time 1.36 s, and relaxation

delay 10 s; 512 scans were accumulated for each sample.

Water suppression was achieved by applying a low-power

presaturation pulse at the water frequency.

Data Analysis

[1-13C]glucose metabolism was analyzed by integrating

peaks from relevant metabolites in the 13C MR spectra

(Fig. 1). The amounts of 13C were quantified from the area

under the curve of relevant peaks using ethylene glycol as

an internal standard. It should be noted that this 13C can

come from the 1.1% naturally abundant 13C (the rest is 12C)

or from incorporation of the label from [1-13C]glucose via

metabolic pathways. Total amounts of metabolites were

quantified from 1H MR spectra using ethylene glycol as an

internal standard. The percentage 13C enrichment in the C-4

position of glutamate and C-6 N-acetyl aspartate was cal-

culated from the amount of 13C from 13C MR spectra cor-

rected for the 1.1% natural abundant 13C and the compound

determined by 1H MRS (for details see Badar-Goffer [4]).

Percent 13C enrichment in C-6 of NAA was calculated from

the amount of 13C in the C-6 position and the total amount

calculated from the 1H MR spectra to monitor cell loss and

viability. Differences between KA and control groups were

analyzed statistically with Student’s t-test, and the signifi-

cance was set at P < 0.05. Results are given as

mean ± standard deviation (SD).

The analysis of glucose metabolism by 13C MRS is

based on knowledge of the metabolic fate of [1-13C]glu-

cose in neurons and astrocytes. Equal amounts of

[1-13C]glucose are taken up in neurons and astrocytes

[32]. Through glycolysis [1-13C]glucose is converted into

one molecule of [3-13C]pyruvate and one molecule of

unlabeled pyruvate (Fig. 2). [3-13C]pyruvate can be

converted into either [3-13C]lactate or [3-13C]alanine in

the cytosol, or be metabolized by pyruvate dehydrogenase

(PDH) to [2-13C]acetyl CoA in neuronal and astrocytic

mitochondria. [2-13C]acetyl CoA can condense with

oxaloacetate and enter the TCA cycle. [4-13C]glutamate is

formed from [4-13C]a-ketoglutarate from the first turn of

the TCA cycle. [4-13C]glutamate either adds to the pool

of metabolic constituents, or it is used as neuro-

transmitter in glutamatergic neurons. In astrocytes,

[4-13C]glutamate is converted to [4-13C]glutamine by GS,

while in GABAergic neurons it is transformed into

[2-13C]GABA by GAD.

If [4-13C]a-ketoglutarate remains in the TCA cycle,

[2-13C]- and [3-13C]oxaloacetate will eventually be

formed and can give rise to [2-13C]- and [3-13C]aspartate

or condense with acetyl CoA to give equal amounts of

[2-13C]- and [3-13C]glutamate, [2-13C]- and [3-13C]gluta-

mine or [3-13C]- and [4-13C]GABA in the second turn of

the TCA cycle. The TCA cycling ratios for glutamate and

glutamine (see Melo et al. [29]) were calculated as fol-

lows: ([3-13C]-1.1%glu or gln)/([4-13C]-1.1%glu or gln).

For GABA the expression is ([3-13C]-1.1%GABA)/

([2-13C]-1.1%GABA). These ratios for glutamate and

further glutamine or GABA give an indication of TCA

cycle activity.

In addition to PDH, astrocytes possess pyruvate car-

boxylase (PC) [44], which is not present in neurons. PC

converts [3-13C]pyruvate into [3-13C]oxaloacetate, even-

tually resulting in the formation of [2-13C]glutamate which

may be converted to [2-13C]glutamine, which again can

serve as precursor for [2-13C]glutamate and [4-13C]GABA

[30]. Label in C-2 of glutamate and glutamine (and C-4 of

GABA) can also be derived from PDH if 13C from
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[1-13C]glucose stays in the TCA cycle for a second turn,

where equal amounts of label in C-2 and C-3 positions for

glutamate and glutamine (C-3 and C-4 for GABA) are

formed as mentioned earlier (see also Melo et al. [29]).

This can be corrected for by subtraction of 13C label in the

C-3 from that in the C-2 position.

Fig. 1 A typical 13C MR spectrum of hippocampal formation extract

from control rat brain 13 weeks after saline injection. [1-13C]glucose

was injected 15 min prior to decapitation. Peak assignment; 1:

glutamate-C2; 2: glutamine-C2; 3: aspartate-C2; 4: GABA-C4; 5:

aspartate-C3; 6: GABA-C2; 7: succinate-C2/C3; 8: glutamate-C4; 9:

glutamine-C4; 10: glutamate-C3; 11: glutamine-C3; 12: GABA-C3;

13: NAA-C6; 14: lactate-C3; 15: alanine-C3; ppm: parts per million
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Fig. 2 Incorporation of label

from [1-13C]glucose into

metabolites. Via glycolysis in

cytosol of neurons and

astrocytes, [1-13C]glucose is

converted into one molecule of

[3-13C]pyruvate and one

molecule of unlabelled

pyruvate, which does not

contribute to labeling and is,

thus, omitted. [3-13C]pyruvate

can be converted into either

[3-13C]lactate or [3-13C]alanine,

or be further metabolized to

[2-13C]acetyl CoA in

mitochondria. The latter

condenses with oxaloacetate

and enters the TCA cycle

eventually forming

[4-13C]a-ketoglutarate, which

can be converted to

[4-13C]glutamate, and further to

[4-13C]glutamine, to

[2-13C]GABA, or to [2-13C]- or

[3-13C]oxaloacetate/aspartate. If

the 13C label stays in the TCA

cycle for a second turn, [2-13C]-

or [3-13C]glutamate/glutamine

and [3-13C]- or [4-13C]GABA

can be formed. As described in

‘‘Materials and methods’’

section, pyruvate carboxylation

can occur in astrocytes, but is,

for simplicity, not included in

the figure
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Results

Seizures

Following KA injection, animals developed a typical

behavioral response starting with staring spells, followed

by head nodding and periods of wet dog shakes. Within an

hour after KA injection, forelimb clonus appeared and was

later accompanied by rearing and falling. The limbic sei-

zures appeared with progressively shorter time intervals

and eventually developed into a status epilepticus with

continuous behavioral seizure activity for several hours.

Thirteen out of 15 rats experienced status epilepticus

exceeding 90 min of duration. Of these, 11 rats developed

spontaneous recurrent seizures, and were defined as epi-

leptic. Ten animals were used for the 13C experiments.

Concentrations of Metabolites

We used 1H MRS to measure the concentration (lmol/g

brain tissue) of total (labeled and unlabeled) glutamate,

glutamine, GABA, aspartate, NAA, lactate, and alanine

(Fig. 3 and Table 1) in the hippocampal formation, en-

torhinal cortex, and neocortex of epileptic and control rats.

As shown in Fig. 3A and B (lower panels), the concen-

trations of glutamate and aspartate were decreased within

the hippocampal formation and the entorhinal cortex of

epileptic rats, while no significant changes were found in

the concentrations of GABA and glutamine. In the neo-

cortex, however, an increase in GABA was seen in epi-

leptic rats, combined with decreased concentration of

aspartate (Fig. 3C, lower panel). The epileptic animals

showed a decreased concentration of NAA in all regions,

but no change in lactate and alanine (Table 1).

13C Labeling of Metabolites

We performed 13C MRS to obtain more detailed informa-

tion about the amino acid metabolism in neurons and as-

trocytes, and the interaction between the different cellular

compartments. In most rats, metabolites were successfully

labeled by [1-13C]glucose as seen in the typical spectrum of

a control rat brain extract of the hippocampal formation in

Fig. 1. As shown in Fig. 3A and B (upper panels), the

amounts of [4-13C]glutamate and [3-13C]aspartate were

decreased within the hippocampal formation and the en-

torhinal cortex of epileptic rats. Decreased labeling was also

observed in the C-2 and C-3 positions of glutamate and C-2

position of aspartate (data not shown). In the hippocampal

formation there was a decreased amount of [4-13C]gluta-

mine as well, but no decrease in labeling of the C-2 and C-3

positions (data not shown). The neocortex differed from the

other regions by showing a significant increase in the

amount of [2-13C]GABA in epileptic rats (Fig. 3C, upper

panel).

Percent 13C enrichment (more than the naturally present

1.1%) of glutamate (C-4) was significantly decreased in the

hippocampal formation of KA animals compared to con-

trols, 0.6% ± 0.2 and 1.1% ± 0.2 (P < 0.02), respectively.

No such difference was detected in the entorhinal cortex or

the neocortex. 13C enrichment of NAA (C-6) was detected

in entorhinal cortex and neocortex, while no differences

were observed between control and epileptic animals in

these regions. In the hippocampal formation, only naturally

abundant 13C was detected (results not shown).

Labeling of lactate and alanine was not changed in most

parts of the brain of epileptic animals, with the exception of

neocortex, where lactate labeling was increased. Cycling

ratios for glutamate, glutamine and GABA are presented in

Table 2. Glutamate and GABA had similar ratios in all

areas, while in the entorhinal cortex the cycling ratio for

glutamine was decreased in KA injected animals compared

to control.

Discussion

The data presented suggest changes in neuronal metabo-

lism and astrocyte–neuron interactions in the brain of

KA-injected rats in the chronic phase. A complex picture

emerges of mitochondrial dysfunction of glutamatergic

neurons in the hippocampal formation, reduced entry of

glutamate into the astrocytic TCA cycle in entorhinal

cortex, and increased synthesis of GABA in the neocor-

tex.

The adult mammalian brain depends on glucose and

oxygen for energy and metabolite production. After gly-

colysis, [3-13C]pyruvate is converted to [3-13C]lactate by

lactate dehydrogenase in the cytosol, or to [3-13C]alanine

via alanine aminotransferase in the cytosol and mitochon-

dria. In hippocampal formation and entorhinal cortex of the

KA-treated rats, the amount and labeling of lactate and

alanine were not altered, compared to control. However,

glycolysis could well have been reduced in these areas, as

decreased labeling of glutamate, aspartate and glutamine is

suggestive of a reduced acetyl CoA formation from

[1-13C]glucose. In neocortex no decrease was observed in

the concentration or labeling of the above mentioned

metabolites, or in the concentration of lactate, indicating

unchanged glycolysis.

Hippocampal Formation

In the hippocampal formation, both the amount of

[4-13C]glutamate and concentration of total glutamate were

decreased in the epileptic rats. A major pool of glutamate

Neurochem Res (2008) 33:257–266 261
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Fig. 3 Concentrations of 13C

labeled metabolites (nmol/g

tissue) derived from

[1-13C]glucose are shown in

(A–C) upper panels.

Concentrations of total

metabolites (lmol/g tissue) are

shown in the lower panels.

Results were obtained by 13C

and 1H MRS analyses of brain

extracts of hippocampal

formation, entorhinal cortex and

neocortex from controls and

chronically epileptic animals

13 weeks after kainic acid (KA)

injection. All animals (control

n = 6, KA n = 7–10) were

injected with [1-13C]glucose

15 min before decapitation.

White bars represent saline

treated control animals, grey

bars represent KA-treated

animals. Values are given as

mean ± standard deviation.

*Significantly different from

control group using Student’s

t-test, P < 0.05
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in the brain is located in glutamatergic neurons [37, 47],

and changes in glutamate labeling in C-4 and concentration

are likely to reflect alterations in these cells. It has been

shown that there is a reduced metabolism of glucose in

epileptogenic hippocampal formation of humans and ani-

mals [15, 19], and that there is a reduced glutamate content

in human epileptogenic hippocampus in the interictal phase

[38]. A reduced glutamate concentration and an analogous

decrease in the amount of labeled glutamate would occur if

there was an extensive loss of glutamatergic neurons. In-

deed, the hippocampal subfields CA1, CA3 and the dentate

hilus display pronounced cell loss both in the KA model

and in humans with MTLE [6]. A decrease in the con-

centration of NAA, a marker for neuronal death, was ob-

served in the epileptic rats, consistent with neuronal loss in

the hippocampal formation. However, the decreased NAA

and the reduced glutamate labeling could also reflect

mitochondrial dysfunction of the remaining glutamatergic

neurons, not merely cell loss. To address this question, we

measured the percent 13C enrichment in glutamate C-4 (see

‘‘Methods’’ section). The amount of glutamate derived

from [1-13C]glucose within the 15 min from injection to

decapitation of the rat is a measure of mitochondrial

activity, as the precursor of this glutamate ([4-13C]gluta-

mate) is the TCA cycle intermediate [4-13C]a-ketogluta-

rate. The reduction in the amount of [4-13C]glutamate was

greater than the decrease in the total amount of glutamate

in this brain area and thus it is clear that loss of neurons

(measured as the decrease in the total amount of glutamate

and NAA) was smaller than the decrease in glutamate C-4

labeling (decreased % 13C enrichment in glutamate C-4),

indicating mitochondrial dysfunction in the remaining

glutamatergic neurons.

Glutamate released from neurons is taken up into as-

trocytes and converted to glutamine by the astrocytic en-

zyme glutamine synthetase [35]. Glutamine is transported

back to neurons and converted to glutamate, as a part of the

glutamate–glutamine cycle [8]. Accordingly, when both

[4-13C]glutamate labeling and glutamate concentration are

reduced, a reduced [4-13C]glutamine labeling is expected.

A decrease in [4-13C]glutamine was indeed apparent in the

epileptic rats. This decrease could be secondary to a re-

duced release of glutamate from the neurons, but alterna-

tively it could be due to a reduced capacity for glutamine

synthesis in the astrocytes. Notably, a previous study of

surgically resected hippocampi from patients with MTLE

Table 1 Concentrations of metabolites (lmol/g brain tissue) and amounts of 13C (nmol/g brain tissue) in different brain regions of control and

KA-treated rats injected with [1-13C]glucose

Hippocampal formation Entorhinal cortex Neocortex

Control KA Control KA Control KA

NAA 7.3 ± 1.0 5.3 ± 1.1* 8.8 ± 0.8 5.4 ± 1.1* 9.3 ± 0.6 7.2 ± 0.8*

Lactate 8.1 ± 1.2 8.1 ± 1.4 8.5 ± 1.3 7.8 ± 1.4 6.5 ± 1.5 6.9 ± 0.7

Alanine 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1

[3-13C]lactate 164 ± 25 152 ± 43 175 ± 46 170 ± 47 124 ± 39 170 ± 29*

[3-13C]alanine 12 ± 6 13 ± 2 16 ± 8 14 ± 2 9 ± 3 14 ± 6

Concentration of metabolites were measured by 1H MRS and amounts of 13C measured by 13C MRS, 13 weeks after saline or kainic acid

treatment (controls n = 6, KA n = 7–10). For details see ‘‘Materials and methods’’ section

Data represent means ± standard deviation

* Significantly different from corresponding control group, P < 0.05

Table 2 Cycling ratios of glutamate (Glu), glutamine (Gln), and GABA in different brain regions of control and KA-treated rats injected with

[1-13C]glucose

Hippocampal formation Entorhinal cortex Neocortex

Control KA Control KA Control KA

Glucycl 0.7 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 0.6 ± 0.1

Glncycl 1.1 ± 0.2 0.9 ± 0.4 1.3 ± 0.2 1.1 ± 0.2* 1.1 ± 0.3 1.0 ± 0.2

GABAcycl 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.3 0.6 ± 0.1

Ratios were calculated from amounts of metabolite in brain extract measured by 13C MRS, 13 weeks after saline or kainic acid treatment (control

n = 6, KA n = 7–10)

Abbr.: cycl, cycling ratio. For details see ‘‘Materials and methods’’ section

Data represent means ± standard deviation

* Significantly different from control group, P < 0.05
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showed decreased expression and activity of GS [17]. A

reduced flux of glutamate through GS (due to reduced

availability of glutamate or reduced GS activity) is con-

sistent with the finding that the glutamine level is main-

tained in the present study, in the face of an increased

number and/or size of astrocytes [2, 24, 43, 46].

GABA labeling and concentration was unaltered in the

hippocampal formation, in contrast to the situation in the

pilocarpine model which shows a decreased GABA label-

ing [29]. The GABA synthesizing enzyme GAD is reduced

during the acute phase following KA injection, but then

recovers after one month [27, 46]. This is consistent with

the present findings. Additionally, the number of GAD-

immunoreactive neurons is unchanged in the human epi-

leptogenic hippocampus [3].

The 13C labeling and the concentration of aspartate were

also decreased in the hippocampal formation of epileptic

rats. Aspartate is present both in GABAergic and gluta-

matergic neurons [37], but the decrease in aspartate can

probably be attributed to the changes that occur in gluta-

matergic neurons. Thus the decrease in aspartate parallels

the decrease in glutamate (Fig. 3A). A coupling of aspar-

tate and glutamate metabolism has been demonstrated in

previous studies [36].

Entorhinal Cortex

Entorhinal cortex is one of the structures involved in the

epileptic circuitry, but has gained less attention than the

hippocampal formation. In kainic acid-treated rats, the

neuronal loss in entorhinal cortex is largely restricted to

layer III [14], but in the present material the entorhinal

cortex has been sampled together with parts of the exten-

sively degenerated piriform cortex. The entorhinal cortex

and hippocampal formation display many of the same

metabolic changes, but differences are also apparent. As

for the hippocampal formation, both 13C labeling and

concentration of total glutamate were decreased in the

entorhinal cortex of epileptic rats. This decrease is con-

sistent with the cell loss in these regions, as indicated by

the reduced NAA concentration. Furthermore, it is known

that there is extensive cell loss in the piriform cortex [7,

34]. Hence, the small contamination from this region in the

entorhinal samples may contribute to the observed reduc-

tion in glutamate and NAA. The percent 13C enrichment of

both glutamate and NAA was unchanged, indicating nor-

mal TCA cycle activity of the remaining neurons in the

entorhinal cortex.

As stated above, a decreased amount of [4-13C]gluta-

mine is expected when both [4-13C]glutamate labeling and

concentration of total glutamate are reduced. In contrast to

the situation in the hippocampal formation, the amount of

[4-13C]glutamine in entorhinal cortex was unaltered in the

epileptic rats. One possible explanation is that the astro-

cytes respond to decreased glutamate supply by increasing

their PC activity. PC refills the astrocytic TCA cycle with

oxaloacetate by carboxylating pyruvate, and is essential for

de novo synthesis of glutamine, glutamate, GABA, and

aspartate. However, there was no evidence of increased PC

activity in this region (results not shown).

Alternatively, the fact that the glutamine labeling is

unaffected by the decreased availability of glutamate could

be explained by a shift in the routing of glutamate within

astrocytes. More specifically, the glutamine labeling could

be maintained if the proportion of glutamate that is con-

verted into glutamine (by glutamine synthetase) is increased

at the expense of the proportion of glutamate that is fun-

neled into the TCA cycle. The extent to which these path-

ways are active can be calculated from the TCA cycling

ratio for glutamine (Hassel et al. [21]; for details see

‘‘Methods’’ section). The cycling ratio for glutamine was

reduced in entorhinal cortex, indicating that more glutamine

was formed from neuronal glutamate directly. Thus, astro-

cytes in entorhinal cortex could compensate for reduced

glutamate availability by decreasing entry of the carbon

skeleton into the TCA cycle and conserving flux through

GS. This would be in line with the histological analysis of

the entorhinal cortex which indicated that astrocyte mor-

phology was well preserved (unpublished results).

Similar to the hippocampal formation, metabolism in

GABAergic neurons was unaltered and labeling and amount

of aspartate were reduced in the same manner as glutamate.

Neocortex

The neocortex is not involved in the generation of seizures

in KA-treated rats, but rather in their spreading, and

showed few metabolic changes in this study. An increase in

both GABA labeling and concentration was observed. In

agreement with this finding, GAD activity has been found

to increase in the frontal cortex one month after KA

injection [27], and in all cortical areas after six months [5].

The GABA shunt connects GABA with the TCA cycle

resulting in succinate and subsequently oxaloacetate for-

mation [28]. The latter can be transaminated with gluta-

mate to give aspartate. In the present study, the

concentration of total aspartate was decreased in neocortex.

Since glutamate labeling was normal, the decreased con-

centration of aspartate might reflect a down regulation of

GABA-transaminase (GABA-T) which will cause increase

in GABA and decrease in aspartate. Indeed, both types of

change were observed in the present study. GABA-T is a

component of the GABA shunt and a target for antiepi-

leptic treatment [49]. If GABA-T is downregulated in the

KA-treated rats, this might be viewed as a compensatory

mechanism.
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Poor seizure control is associated with low brain GABA

content [40], and antiepileptic drugs enhancing GABAer-

gic transmission have proven effective in reducing seizures

[20]. Hence, we suggest that the elevated GABA labeling

and concentration in the neocortex of KA-treated rats may

represent an endogenous antiepileptic mechanism, sup-

pressing spread of interictal discharge beyond the hippo-

campal–entorhinal circuitry.

Conclusions

The reduced conversion of glucose to glutamate in hippo-

campal formation and entorhinal cortex of epileptic rats

reflects cell loss, but also involves TCA cycle dysfunction

in the surviving neurons of the hippocampal formation. In

the entorhinal cortex, our data suggest that astrocytes re-

spond to decreased glutamate availability by decreasing its

conversion via the TCA cycle and maintaining flux of

glutamate through glutamine synthetase. This compensa-

tory mechanism was not operative in the hippocampal

formation. The reason for TCA cycle dysfunction needs to

be explored further in order to develop pharmacological

strategies to prevent the progressive neurodegeneration

seen in MTLE.
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