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1 Epilepsy 
 
1.1 Clinical aspects 
Epilepsy is one of the main disorders of 
the central nervous system, affecting 
almost 1% of the total global population.1 
It is not a single disorder, but rather a 
group of syndromes; numerous types 
have been described.2 In general, all 
epileptic patients suffer from recurrent 
seizures. Seizures are defined as transient 
changes in behaviour due to uncon-
trolled, excessive or synchronous neuro-
nal activity (ILAE).3 The current treat-
ment of epilepsy is essentially sympto-
matic. 
Epileptic seizures can be categorized in 
two groups; partial and generalized 
seizures. Generalized seizures arise from 
epileptic discharges that affect both 
hemispheres at the same time and have 
no evidence of a localized onset. Partial 
(or focal) seizures have a clear local onset 
in one hemisphere but may spread to 
other parts of the brain and thereby 
become secondarily generalized. They 
can be simple or complex. Complex 
seizures are accompanied by, most often 
partial, loss of consciousness.4 Depending 
on the place of onset in the brain, 
seizures may present in many forms and 
may be accompanied by loss of feeling, 
absences, muscle spasms, abnormal 
movements or loss of consciousness.  
Epilepsy has also been classified by cause 
as idiopathic or symptomatic. Idiopathic 
epilepsies have no clear ‘external’ cause, 
but genetic factors are often involved, 
whereas in symptomatic epilepsies an 
identifiable lesion in the brain triggers 
seizures. Patients with symptomatic epi-
lepsies often had a brain-damaging insult 
during  childhood,   e.g.  febrile  seizures,  

 
 
 
head trauma, brain infections, or they 
were suffering from specific diseases, 
tumors, metabolic disorders, or brain 
infections.  
 
1.2 Temporal Lobe Epilepsy 
About 80% of all complex partial 
seizures initiate in the temporal lobe.5 
This so-called temporal lobe epilepsy 
(TLE) is thereby the most common form 
of epilepsy.6 In literature it is also 
referred to as mesial temporal lobe 
epilepy (MTLE), because the mesial / 
limbic structures, such as the hippo-
campus, amygdala, parahippocampal 
gyrus, and enthorhinal cortex are often 
involved in the initiation and propa-
gation of seizures in TLE patients. TLE 
is well known as a rather pharmaco-
resistant form of epilepsy. In about 30-
40% of TLE patients, the disease be-
comes uncontrollable by anti-epileptic 
medication. Surgical resection of the epi-
leptogenic focus can then be considered 
as treatment option.6,7 The resection 
most often includes the amygdalo-
hippocampal complex with varying parts 
of the temporal neocortex. Surgical re-
section results in excellent seizure control 
in about 58-91% of patients.8-12 Resected 
epileptic tissue can be used for research 
purposes to provide insights into the 
molecular pathology of TLE. Several 
lines of evidence point to the hippo-
campus, rather than the amygdala or 
other temporal lobe regions, as a parti-
cularly important structure associated 
with TLE.7,13,14  
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2 Hippocampus  
 
2.1 Hippocampal anatomy 
The human hippocampus is located in 
the floor of the temporal horn of the 
lateral ventricle (Fig. 1) and consists of 
several distinct regions –the hippocampus 
proper (cornu Ammonis), the dentate 
gyrus, the subiculum and the entorhinal 
cortex– which are interconnected by 
specific, unidirectional pathways. The rat 
hippocampus is situated underneath the 
posterior and temporal neocortex. 
Although the brain location and 
orientation differ between human and 
rat, the basic structure is largely identical 
(Fig. 2).15,16  
 
2.1.1 Cornu Ammonis 
The cornu ammonis comprises six layers; 
from the outside to the inside of the 
hippocampus these layers are: the alveus, 
stratum oriens, stratum pyramidale, stra-
tum radiatum, stratum lacunosum and 
stratum moleculare. The most important 
layer is the stratum pyramidale, which 
contains the somata of the pyramidal 
neurons. According to the morphology of 
the pyramidal neurons, the cornu ammo-
nis is divided in four distinct regions, 
CA1 to CA4.17 The small and triangular 

pyramidal cells in area CA1 are scat-
tered, whereas the larger ovoid neurons 
in area CA2 are much more tightly 
packed. In area CA3, located on the 
curve of the cornu ammonis, CA2-like 
large pyramidal somata are present 
(though loosely assembled), as well as 
fine, non-myelinated mossy fiber pro-
jections from the dentate gyrus. The area 
CA4 contains dispersed large ovoid 
neurons.12,16 The term CA4 was dropped 
in animal models.  
 
2.1.2 Dentate Gyrus 
The dentate gyrus (DG) is arched around 
the hilus and it consists of three layers. (1) 
The granule cell layer (GCL) is the most 
distinctive part of the DG and contains 
small tightly packed neurons, called 
granule cells. (2) The molecular layer 
(ML), or supragranular layer, above the 
GCL, contains the apical dendrites of the 
granule cells and some dispersed inter-
neurons. The external 2/3 (outer ML; 
OML) receives fibers from the perforant 
path and the inner 1/3 (IML) is occupied 
with commissural fibers from the contra-
lateral hippocampus. (3) The polymor-
phic layer (PML) or hilus, located below 
the GCL, is composed of several types of 
interneurons (inhibitory) and mossy cells  
(excitatory) that receive input from the 

 
Figure 1. The human hippocampus is situated in the temporal lobe. A. Lateral view of the 
human brain. B. Coronal view of the human brain. The red circles indicate the location of the 
hippocampus (A) and the hippocampus itself (B). C. Hippocampal tissue obtained at surgery.  
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granule cell axons. The granule cell 
axons form the so-called mossy fiber 
bundle. The hilus and the area CA4 are 
often interchanged. 
 
2.1.3 Hippocampal circuitry 
The hippocampus forms a principally 
uni-directional network with the main 
input and output from and to the 
entorhinal cortex, with the subiculum as 
transfer station. Since differences in con-
nections exist among species,18 only the 
main connections are briefly described 
(Fig. 2A). 
The entorhinal cortex mainly projects to 
the granule cell dendrites in the outer 
2/3 of the molecular layer of the DG via 

the perforant path. The granule cells 
subsequently project via their mossy 
fibers to the CA3 field of the hippo-
campus and the axons of the CA3 
pyramidal neurons project to the CA1 
pyramidal neurons. The fibers in this 
trisynaptic pathway generally release glu-
tamate. The axons of CA1 are con-
sidered the major output pathway of the 
hippocampus. They project to the 
subiculum, which in turn has projections 
back to the entorhinal cortex, but also to 
numerous other external brain struc-
tures.19 
Regulatory circuits with GABAergic 
interneurons, scattered throughout the 
cornu ammonis and the DG, inhibit 

 
Figure 2. Structural comparison of the human and rat hippocampus.  A  Schematic drawing of 
the  trisynaptic  hippocampal  circuitry.  B, C  Dorsal  view  of  the  right  human (B) and rat (C)  
hippocampus showing the six layers of the cornu ammonis; A = alveus, SO = stratus oriens,  SR  
= stratum radiatum, SLM = stratum lacunosum-moleculare. The stratum pyramidale is divided  
in CA1-4 areas. The dentate gyrus (DG) consists of the granule cell layer (GCL), hilus (h), 
polymorphic layer (PML) and the inner and outer molecular layer (iml, oml). SUB = subiculum. 
Bar in B = 1500 µm, bar in C = 500 µm. 
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pyramidal neurons and granule cells and 
modulate hippocampal function.  
 
2.2 Hippocampal pathology in TLE 
About 70% of surgically removed hippo-
campi from patients with pharmaco-
resistant TLE show hippocampal scle-
rosis (HS).7 HS is characterized by neu-
ronal cell loss, accompanying astrogliosis, 
granule cell dispersion and mossy fiber 
sprouting.20 The extent of HS varies be-
tween patients and is quantified accor-
ding to the grading system of Wyler.21 
Wyler grade 0 (W0) refers to non-
sclerotic non-HS hippocampus and W4 
represents the most pronounced HS. 
Neuronal loss is most pronounced in the 
hilus and CA4, CA3, and CA1 pyramidal 
subareas, whereas granule cells in the 
DG, pyramidal cells of CA2 and neurons 
in the subiculum are mostly spared.13 
Granule cell dispersion is characterized 
by enlargement of the GCL where gra-
nule cell bodies lose their proximity to 
each other and scatter into the molecular 
layer of the DG, thereby creating an 
irregular boundary between the GCL 
and the inner molecular layer of the DG. 
The mechanism of granule cell dispersion 
is not clear; a developmental defect was 
postulated22 as well as an aberrant mi-
gration of mature granule cells, rather 
than newly generated granule cells.23,24 
Mossy fiber sprouting, the third hallmark 
of HS, is the reorganization of mossy 
fibers due to neuron loss in their primary 
innervation areas. Since many CA4 and 
CA3 pyramidal neurons are lost, mossy 
fibers lose their connections and send 
collaterals via the inner molecular layer 
of the DG, probably to themselves or to 
neighbouring granule cells. These newly 
formed synapses are part of a feed-

forward loop, which may contribute to 
the initiation and propagation of seizu-
res.25 It is unclear whether this is the 
cause or a consequence of seizures in 
TLE patients with HS.  
The exact mechanisms responsible for 
the development of HS are poorly 
understood. However, it is generally 
accepted that a genetic predisposition in 
combination with a second hit during 
infancy, e.g. febrile seizures, head 
trauma, brain infections, birth trauma, or 
status epilepticus (SE), initiates a cascade 
of pathophysiological events that, after a 
latent seizure free period, eventually lead 
to HS and TLE.26,27 
No HS is present in the remaining ~30% 
of hippocampi resected from pharmaco-
resistant TLE patients. The morphology 
in these hippocampi is comparable to 
that from normal autopsy controls. They 
are defined as non-HS hippocampi. TLE 
in these patients is associated with a 
specific lesion (e.g. tumor, dysplasia, vas-
cular malformation) outside the hippo-
campus or has no identifiable etiology.28  

 
3 Glutamate 
 
3.1 Regulation of brain glutamate 
Hippocampal function is largely deter- 
mined by the excitatory neurotransmitter 
glutamate and is mainly controlled by the 
inhibitory neurotransmitter γ-amino bu-
tyric acid (GABA). Glutamate, or gluta-
mic acid, is one of the most abundant 
amino acids and a building block of 
proteins. Glutamate is also the main 
excitatory neurotransmitter in the mam-
malian central nervous system and 
glutamate signalling plays major roles in 
normal brain functions and in brain 
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development. It is crucial that the extra-
cellular concentration of glutamate is 
kept low to allow glutamatergic signal-
ling. Moreover, sustained high levels are 
neurotoxic.29 This so-called glutamate 
excitotoxicity is thought to play a role in 
the pathogenesis of several neurological 
diseases including epilepsy, amyotrophic 
lateral sclerosis, stroke, head trauma, 
ischemia, Huntington’s disease, and Alz-
heimer’s disease.29-36 In addition, intra-
cellular glutamate is also the immediate 
precursor of the inhibitory neurotrans-
mitter GABA. 
The blood-brain barrier has a very low 
permeability to glutamate. Therefore 
most of the glutamate that is present in 
the brain is synthesized de novo by 
astrocytes.37 Glutamate can be produced 
from glucose via the tricarboxylic acid 
(TCA) cycle, associated with energy 
metabolism, from the carboxylation of 
pyruvate or the transamination of α-
ketoglutarate.38,39 However, 60 to 70% of 
neuronal glutamate is derived from 
glutamine by the glutamate-glutamine 
cycle (see below).39-41  
In human TLE hippocampus, a sustai-
ned increase in glutamate levels has been 
detected using different methods.42-44 
Elevated levels of plasma glutamate have 
also been observed in patients with 
various types of epilepsies.45,46 Further-
more, intracellular recordings from den-
tate gyrus cells showed hyperexcitaility in 
these neurons that was glutamate depen-
dent.47 These studies all suggest that the 
glutamate metabolism is altered in 
epilepsy.  
 
3.2 Glutamate-glutamine cycle 
The glutamate-glutamine cycle is the 
local pathway in which neurons and glia 

cooperate to recycle released glutamate 
and terminate the glutamatergic signal. 
In addition to making glutamate 
available as neurotransmitter, the cycle is 
also thought to provide an efficient 
mechanism for quick glutamate removal 
from the synaptic cleft, to prevent 
excitotoxicity, and to replenish neuronal 
glutamate via an efficient recycling 
system48,49 (Fig. 3).  
Synaptically released glutamate exerts its 
action by binding to ionotropic (AMPA, 
NMDA, kainate) and metabotropic glu-
tamate receptors (mGluR) until it is 
removed from the synaptic cleft by ex-
citatory amino acid transporters (EAATs) 
that are located at glial cells as well as 
pre- and postsynaptically on neurons. 
Almost 90% of extracellular glutamate is 
taken up into astrocytes by glial EAATs50 
type 1 and 2 (EAAT1 and EAAT2),29 
where the majority is converted into non-
toxic glutamine by the enzyme glutamine 
synthetase (GS).51,52 Glutamine transfer 
from astrocytes to neurons is probably 
mediated by neutral amino acid trans-
porters.49,53 In the neuron, glutamine is 
deaminated to glutamate via phosphate-
activated glutaminase (PAG),54,55 where-
after it is loaded in synaptic vesicles by 
specific vesicular glutamate transporters 
(VGLUTs).29,56 Glutamate is stored in 
these vesicles in the presynaptic nerve 
terminal, before being exocytosed into 
the synaptic cleft. The glutamate-gluta-
mine cycle is based on energy-dependent 
enzymes, thus high ATP levels are 
required for this process.  
The components of the glutamate-
glutamine cycle and the known changes 
in these components in human neuro-
logical diseases, amongst which epilepsy, 
are discussed in more detail below. 
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3.2.1 EAATs 
Excitatory amino acid transporters 
(EAATs) terminate the glutamate signal 
by reducing the extracellular concen-
trations of glutamate. Five different sub-
types of EAATs have been cloned and 
characterized57-62 that all belong to the 
solute carrier family 1 (Slc1) gene family. 
EAAT1 (GLAST in rodent models) and 
EAAT2 (GLT1 in rodent models) are 
located at glial cells, whereby EAAT1 is 
mainly expressed in the cerebellum and 
EAAT2 in the hippocampus.29,63 EAAT3 
(EAAC1 in rodent models), EAAT4, and 
EAAT5 are expressed in neurons, where-
by EAAT3 is located in the hippocam-
pus, EAAT4 mainly in the cerebellum, 

and EAAT5 only in the retina (for review 
see29).  
In the hippocampus of human TLE 
patients, changes in the expression of 
EAATs have been reported. EAAT1 
mRNA is decreased in TLE patients with 
HS,64 whereas EAAT3 expression is 
increased in individual surviving neurons 
in TLE patients with HS.64,65 EAAT2 
expression was increased in non-HS TLE 
patients and was even detected in neu-
rons, whereas it was decreased in TLE 
patients with HS.64 However, another 
group did not find changes in EAAT2 
expression in epileptic hippocampi.66  
 
3.2.2 GS 
Glutamine synthetase (GS, EC 6.3.1.2) is 
a metabolic enzyme that is present in 
almost every cell of the body, but not in 
neurons. It catalyzes the energy-depen-
dent reaction of glutamate and ammoni-
um to glutamine. It is therefore impor-
tant in both glutamate metabolism, by 
rapidly metabolizing intracellular gluta-
mate into non-toxic glutamine, and in 
nitrogen metabolism, where GS detoxi-
fies ammonium. GS converts as much as 
80% of glutamate that is transported into 
astrocytes52 and has a pure glial loca-
tion.51 In the human hippocampus, GS 
immunoreactivity is found in the mole-
cular layer of the DG and in the pyra-
midal cell layer.67 Changes in GS ex-
pression have been implicated in Alzhei-
mer’s disease,68,69 hyperammonemia70 
and spinal cord injury.71 Some animal 
studies also link changes in GS to 
epilepsy.72-75  
 
3.2.3 Glutamine transporters 
In  rat,  sodium-coupled   neutral   amino  
 

Figure 3. Schematic drawing of the hippocam-
pal glutamate-glutamine cycle showing the 
shuttling of glutamate (Glu) and glutamine (Gln) 
between neurons and astrocytes. For explana-
tion, see text (3.2).  
mGluR / IGluR = metabotropic / ionotropic 
glutamate receptor; EAAT2 = excitatory amino 
acid transporter 2; GS = glutamine synthetase; 
SNAT = sodium-coupled neutral amino acid 
transporter; ASCT2 = alanine-, serine-, cyste-
ine-preferring transporter 2; PAG = phos-
phate-activated glutaminase; VGLUT1 = vesi-
cular glutamate transporter 1. 
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acid transporters (SNATs), belonging to 
the solute carrier family 38 (Slc38) gene 
family, are implicated in the transport of 
glutamine from astrocytes to neurons. 
Several transport systems involved in the 
uptake and export of glutamine in brain 
cells have been described, each with 
different physical / chemical characteris-
tics.49  

SNAT1, SNAT2, and SNAT4 transport 
small neutral amino acids. SNAT4 is not 
expressed in brain, but SNAT1 and 
SNAT2 are expressed throughout the 
brain in glutamatergic and GABAergic 
neurons and are associated with neuronal 
uptake. SNAT3 and SNAT5 have a 
narrow substrate profile, i.e. glutamine, 
histidine and asparagine49 and are asso-
ciated with glutamine efflux from astro-
cytes. SNAT3 is expressed throughout 
the brain and is largely confined to astro-
cytes, whereas SNAT5 expression in rat 
brain is low and it recognizes glutamine 
poorly. Another neutral amino acid 
transporter, i.e. ASCT (alanine-, serine-, 
cysteine-preferring transporter) may also 
be involved in glutamine efflux from 
astrocytes. ASCT transports a wide 
spectrum of neutral amino acids49 and 
belongs to the Slc1 gene family, like the 
EAATs, However, ASCT1 is abundant 
in brain, but does not accept glutamine 
as a substrate and ASCT2 transports 
glutamine with high affinity, but the 
expression in the normal CNS is still 
under debate. It may be expressed in 
proliferating and reactive astrocytes (for 
review see49,53,76,77). 
Changes in SNAT1 and SNAT2 have 
recently been described in different rat 
models that may play a role in epilepti-
form activity.78-80 
 

3.2.4 PAG 
Phosphate-activated glutaminase (PAG, 
E.C. 3.5.1.2.) is a mitochondrial enzyme 
that catalyzes the hydrolysis of glutamine 
to glutamate and ammonia.81,82 In brain, 
it has been found both in astrocytes and 
neurons.82,83 
Changes in PAG expression are found in 
Alzheimer’s disease84,85 and schizophre-
nia86 and in experimental models for 
Huntingtons disease87 and ischemia.88,89 

 
3.2.5 VGLUTs 
Three vesicular glutamate transporter 
(VGLUT) subtypes have been identified 
that are all members of the solute carrier 
family 17 (Slc 17) gene family. They 
transport glutamate into synaptic vesicles 
with a low affinity and against a steep 
concentration gradient.56,90-96 In rat 
brain, VGLUT1 and VGLUT2 both 
stain glutamatergic axon terminals, but 
their expression pattern is largely 
complementary throughout the brain.97 
VGLUT1 is the major type in the adult 
rat hippocampus.98 VGLUT3 expression 
in brain is low, and seems restricted to a 
subset of non-glutamatergic cells.91,96,98,99 

Information on VGLUT subtype ex-
pression in human brain is limited.100-102 

It has been reported that the amount of 
VGLUTs on a vesicle determines the 
amount of glutamate released into the 
synaptic cleft,103,104 thereby indicating 
that alterations in VGLUT expression 
can underly several pathological pro-
cesses. Indeed, changes in VGLUT1 
expression have recently been shown in 
several human neurological disea-
ses,100,105-109 and have also been asso-
ciated with epilepsy.102,110  
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4 Animal models of 
 epilepsy 
 
4.1 Why animal models? 
Although human hippocampal tissue re-
sected in pharmaco-resistant TLE 
patients is invaluable to investigate 
molecular mechanisms and / or patholo-
gical changes, it is obtained after the 
patients have suffered from recurrent 
seizures for many years. Therefore, it is 
difficult to distinguish cause and conse-
quence in this tissue. To study the 
mechanisms of epilepsy and the process 
leading to epilepsy (also referred to as 
epileptogenesis), animal models are in-
dispensable. Because human TLE often 
develops after brain injury, i.e. an initial 
precipitating incident, most models in-
volve this factor (Fig. 4). Status epilep-
ticus (SE)-induced models are probably 
the most widely used models of TLE 
therefore a short summary of these 
models will be given.  

4.2 Status epilepticus models 
Status epilepticus (SE) is characterized by 
continuous or rapid repeated seizure 
activity and is one of the initial pre-
cipitating incidents associated with 
human TLE. SE can be induced in 
animals by use of electrical stimulation of 
temporal lobe structures (hippocampus 
or amygdala), i.e. the kindling model, or 
by systemic administration of chemical 
convulsants, e.g. pilocarpine and kainic 
acid. Pilocarpine studies often use pre-
treatment with lithium to reduce mor-
tality and side effects (for review see111-

114). After a latent period of a few days to 
several weeks, spontaneous seizures 
appear in a large number of animals and 
hippocampal pathology (neuronal loss as 
well as synaptic reorganization) resembles 
the human situation. The latent period 
presents a pre-epileptic state that is ex-
perimentally important, because it can 
help to distinguish between cause and 
consequence of chronic epileptic seizures. 
However, depending on the model, ani-
mals may also exhibit extensive bilateral 
extra-hippocampal damage and hippo-
campal damage is inconsistent, while 
hippocampal atrophy is not appa-
rent.115,116 The mortality rate in most 
models is high, indicating that the in-
duced prolonged SE is very severe. 
Moreover, SE is mainly induced in adult 
animals, whereas in humans the initial 
incident takes place during childhood. 
Therefore, it is questionable to what 
extent the currently used animal models 
resemble the human situation. To cir-
cumvent at least one of these problems, 
epilepsy models are being developed 
nowadays in young animals of various 
developmental ages.  

 

 
Figure 4. Putative temporal sequence of events 
during the process of epileptogenesis. 
A genetic predisposition in combination with 
an initiating event during infancy (e.g. febrile 
seizures, head trauma, viral infection) 
presumably initiates a cascade of pathophysio-
logical events that, after a latent seizure-free 
period, eventually leads to chronic epilepsy.  
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4.3 Juvenile animal models  
In immature brain neuronal circuits are 
still developing, raising doubts whether 
what occurs in the mature brain after 
seizure-induced brain damage is repre-
sentative for the immature brain. Indeed, 
developing networks seem to be quite 
resistant to brain damage since several 
experimental studies show that young 
animals are less vulnerable to cell loss 
and synaptic reorganization in the hippo-
campus after prolonged seizures while 
seizures seem to be more severe.117-121 
However, since these juvenile animals do 
develop spontaneous seizures, the devas-
tating effects of the early-life prolonged 
seizures may be due to the interference 
with developmental processes rather than 
cell loss and synaptic reorgani-zation.122 
The most commonly used immature ani-
mal in epilepsy research is the rat, and 
since the vulnerability of the brain to 
seizure-induced injury is age-specific, it is 
important to correlate the timing of 
human and rat brain development. The 
first year of human life roughly corres-
ponds to a 7-14 day old rat, whereas a 
human toddler corresponds with the 
third postnatal week in rats.123 
Several relatively new experimental 
epilepsy models now try to approach 
human TLE more precisely. A few of 
these models are particularly worth men-
tioning because of their relevance to the 
human situation and because they are 
used in this thesis. Understanding the 
mechanism by which early-life epilepsy 
develops is of utmost importance, be-
cause it may open leads toward the 
design of selective preventive or inter-
ventional strategies.  

4.3.1. Juvenile SE models 
Almost all adult SE models, as described 
before, are also used in juvenile animals. 
The juvenile pilocarpine model, with or 
without a preceding lithium injection, is 
the most commonly used epilepsy model 
in immature rats. Pilocarpine-induced SE 
during the first two weeks of life does not 
produce substantial hippocampal da-
mage or spontaneous seizures.124 How-
ever, pilocarpine-induced SE in the 21 
day-old rat leads to moderate to severe 
neuronal loss and synaptic reorganiza-
tion, and to a significant percentage of 
animals developing spontaneous seizu-
res.121 Thus, the extent of damage not 
only depends on the dose of the given 
convulsant, but also on the age of the 
animals.  
 
4.3.2 Febrile seizure model 
Retrospective studies have shown that 
30-50% of TLE patients with HS have a 
history of seizures induced by fever 
(febrile seizures, FS) during the first 5 
years of life.125 FS are the most common 
form of pathological brain activity during 
development, however, short FS are 
apparently not harmful to the developing 
brain.126 Several animal models of pro-
longed FS, that trigger epileptogenesis,127 
have been developed of which the hyper-
thermia model induced by a warm-air 
stream in 10-11 day old rats128 is the 
most frequently used.  
 
4.3.3 Genetic models 
A genetic predisposition probably plays 
an important role in the development of 
epilepsy, since many humans do not 
develop epilepsy after head trauma, 
febrile seizures, SE, or  other  initial  inci- 
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dents. The importance of genetic factors 
in seizure occurrence is supported by 
twin-studies that show that monozygotic 
twins are more concordant for seizures 
than dizygotic twins.129,130 However, the 
majority of genetic epilepsy disorders 
involve multiple genetic and non-genetic 
factors making the etiology very complex 
(for review see131). 
Various laboratory animals are known to 
have an inborn susceptibility for epilepsy 
due to a single gene mutation or multi-
factorial trait.132-136 Next to these sponta-
neously occurring variations, mice can be 
genetically modified by knocking out one 
or more genes, for instance components 
of the glutamate-glutamine cycle, to 
examine the effect of these genes on 
epileptogenesis.  

 
5 Aim and outline of the 

thesis 
Several lines of evidence indicate that 
glutamate metabolism is impaired in 
epilepsy, resulting in enhanced glutamate 
transmission. However, the origin of 
excessive excitation in patients with TLE 
still remains to be elucidated. The gluta-
mate-glutamine cycle is crucial in regu-
lating glutamate levels and is therefore 
the focus of research in this thesis. Is this 
cycle impaired in TLE patients? And if 
so, does it then contribute to the epileptic 
seizures these patients suffer from? 
Investigating the different components of 
the glutamate-glutamine cycle and their 
possible contribution to epileptic seizures 
may lead to a better understanding of the 
process of epileptogenesis. The major 
aim of this thesis is to determine the role 
and contribution of components of the 

glutamate-glutamine cycle in the deve-
lopment and chronic phase of TLE. Key 
components of this cycle are glutamine 
synthetase (GS), vesicular glutamate 
transporters (VGLUTs), and glutamine 
transporters, which are therefore the 
main focus of this thesis. 
To determine the expression of gluta-
mate-glutamine cycle components in the 
human epileptic hippocampus, we first 
investigate the expression of GS, 
VGLUTs, and glutamine transporters in 
human biopsy material from epilepsy 
surgery, from both hippocampi without 
(non-HS) and with (HS) hippocampal 
sclerosis and compare this to autopsy 
control hippocampus (chapter 2, 3, 4). 
From human data however, we can not 
conclude if the changes found are a cause 
or a consequence of the recurrent sei-
zures these patients suffer from for years. 
We therefore also use animal models in 
the second part of the study (chapter 5, 
6, 7). We first use a juvenile pilocarpine 
animal model of TLE that can give infor-
mation about the temporal sequence of 
events during epileptogenesis. With this 
model, the process of epileptogenesis can 
be followed as well as the chronic phase 
of epilepsy. Thus, more insight can be 
obtained in the temporal expression pro-
file of the components of the glutamate-
glutamine cycle. By comparing this ju-
venile animal model with the human 
situation, cause and consequence may be 
deduced. Secondly, we use a knockout 
(knock-down) model to investigate the 
effect of reduced GS expression on 
seizure susceptibility. 
 
High levels of glutamate in the synaptic 
cleft should be prevented because of the 
excitotoxic properties. The enzyme that 
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has a major capacity to detoxify gluta-
mate is GS. We analyse the hippocampal 
expression and activity of GS (chapter 
2) in human material, resected during 
epilepsy surgery, from both non-HS and 
HS patients. We compare these data with 
non-epileptic autopsy controls to distin-
guish between sclerosis-related changes 
(HS versus non-HS) and seizure-related 
changes (non-HS versus autopsy con-
trols).  
After conversion of glutamate to gluta-
mine in glial cells, glutamine is trans-
ported back to the neurons by means of 
several glutamine transporters. Not much 
is known about possible glutamine trans-
porters in the human central nervous 
system and about their role in the 
glutamate-glutamine cycle. In chapter 3 
we investigate the expression of four 
putative glutamine transporters in the 
human hippocampus (autopsy control) 
and compare this with the distribution 
pattern in the rat hippocampus. More-
over, we test the hypothesis that the ex-
pression of these four possible glutamine 
transporters is changed in TLE and thus 
contributes to an impaired glutamate-
glutamine cycle in non-HS and HS TLE 
patients. 
Vesicular glutamate transporters 
(VGLUTs) are a component of the gluta-
mate-glutamine cycle that may influence 
the quantal size of glutamate, and thus 
attribute to high extracellular glutamate 
levels. Therefore, VGLUTs may play an 
important role in the onset and pro-
gression of epilepsy. We determine the 
hippocampal expression of VGLUT1 
and VGLUT2 in human autopsy control 
and rat hippocampus (chapter 4). Sub-
sequently, we compare hippocampal 
VGLUT1 expression in autopsy  controls  

with non-HS and HS TLE patients.  
To investigate the involvement of the 
glutamate-glutamine cycle during epilep-
togenesis, an animal model is used. In 
chapter 5 the juvenile pilocarpine rat 
model of TLE is described. We assess 
longitudinal changes in several compo-
nents of the glutamate-glutamine cycle 
and compare these changes with human 
hippocampi from autopsy controls and 
patients with HS.  
Once the epileptogenic process is well 
characterized in the juvenile pilocarpine 
model of TLE, it is important to be able 
to monitor epileptogenesis by non-
invasive methods, suitable for human 
application. Therefore we use magnetic 
resonance techniques that enable the 
longitudinal, in vivo, characterization of 
structural and metabolic changes in the 
hippocampus during epileptogenesis. 
Magnetic resonance spectroscopy (MRS) 
allows the measurement of cerebral con-
centrations of several metabolites and 
neurotransmitters, most importantly glu-
tamate, glutamine and GABA. MRS 
may offer a new therapeutical approach 
in the early diagnosis and monitoring of 
progression of epilepsy for patients at 
risk. In chapter 6 we use MRS to detect 
epileptogenic hippocampal changes in 
the juvenile pilocarpine model and we 
compare these data with changes in 
cellular markers, visualized by immuno-
histochemical stainings.  
 
Recently, two cases with homozygous GS 
mutations and congenital GS deficiency 
were reported. These patients died as 
neonates.137 Next to that, preliminary 
data show a ~50% reduction in GS 
mRNA in white blood cells of newly 
diagnosed children with various types of 
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epilepsy. These two findings indicate the 
importance of GS in the glutamate-
glutamine cycle. In chapter 7 a hetero-
zygote of the GS-knockout model, with 
approximately 50% reduction of GS ex-
pression, was subjected to the febrile sei-
zure model to investigate the suscep-
tibility to seizures in mice with only 50% 
of the normal GS expression. 
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Abstract 
Background: Increased levels of glutamate have been reported in the epileptogenic 
hippocampus of patients with temporal lobe epilepsy (TLE). This sustained increase, 
which may contribute to the initiation and propagation of seizure activity, indicates 
impaired clearance of glutamate released by neurons. Glutamate is predominantly 
cleared by glial cells through the excitatory amino acid transporter 2 (EAAT2) and its 
subsequent conversion to glutamine by the glial enzyme glutamine synthetase (GS).  
Methods: The authors examined the hippocampal distribution of GS, EAAT2, and glial 
fibrillary acidic protein (GFAP) by immunohistochemistry in TLE patients with (HS 
group) and without hippocampal sclerosis (non-HS group), and in autopsy controls. In 
hippocampal homogenates the authors measured relative protein amounts by 
immunoblotting and GS enzyme activity.  
Results: In the autopsy control and non-HS group GS immunoreactivity (IR) was 
predominantly found in glia in the neuropil of the subiculum, of the pyramidal cell 
layer of all CA fields, and in the supragranular layer of the dentate gyrus. In the HS 
group, GS and EAAT2 IR were markedly reduced in subfields showing neuron loss 
(CA1 and CA4), whereas GFAP IR was increased. The reduction in GS IR in the HS 
group was confirmed by immunoblotting and paralleled by decreased GS enzyme 
activity.  
Conclusions: Glial glutamine synthetase is down-regulated in the hippocampal sclerosis 
(HS) hippocampus of TLE patients in areas with severe neuron loss. This down-
regulation appears to be pathology-related, rather than seizure-related, and may be 
part of the mechanism underlying impaired glutamate clearance found in the 
hippocampus of TLE patients with HS.  
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Introduction 
Excitotoxicity caused by sustained high 
levels of extracellular glutamate1 has 
been implicated in various neuro-
degenerative disorders2-4, including tem-
poral lobe epilepsy (TLE).5 About 30% of 
TLE patients have pharmaco-resistant 
epilepsy, which often can be successfully 
treated by surgical removal of the 
epileptogenic region, in particular the 
hippocampus. The predominant patholo-
gical diagnosis in TLE is hippocampal 
sclerosis (HS), which is characterized by 
neuronal loss, gliosis, and mossy fiber 
sprouting.6,7 
A sustained increase in glutamate levels 
in human focal epileptic tissue after 
seizures has been detected with different 
methods.8,9 Synaptically released gluta-
mate is normally taken up by glial cells, 
predominantly via excitatory amino acid 
transporter 2 (EAAT2)10,11 and converted 
into glutamine by the glial enzyme 
glutamine synthetase (GS; EC 6.3.1.2). 
The nontoxic glutamine is subsequently 
transported back into neurons, which can 
reconvert it to glutamate. A decrease in 
the rate of this total process, known as 
the glutamate-glutamine cycle,12 has 
recently been found in the hippocampus 
of patients with mesial temporal sclerosis 
using in vivo MR spectroscopy.9 More-
over, altered expression of important 
components of this cycle, such as the glial 
glutamate transporters, has been des-
cribed in the hippocampus of TLE 
patients.13,14  
GS converts as much as 80% of glu-
tamate transported into the astrocyte15 
and is not expressed in neurons.16 In the 
human hippocampus prominent glial GS 
immunoreactivity (IR) is found in the 
molecular layer of the dentate gyrus and 

the pyramidal cell layer.17 Alterations in 
hippocampal GS expression have been 
linked to different pathologic states.18-21 A 
role for GS in epilepsy is indicated by 
animal studies showing reduced brain GS 
expression,22,23 induction of seizures by 
inhibiting GS activity,24 and reduction in 
brain GS activity after anti-epileptic drug 
treatment.25  
In this study we tested the hypothesis that 
a reduction in GS activity contributes to 
the impairment of glutamate clearance in 
the epileptogenic hippocampus. We 
therefore analyzed GS, GFAP, and 
EAAT2 expression in the hippocampus 
of TLE patients with (HS group) and 
without signs of HS (non-HS group) and 
in non-epileptic autopsy controls.  

 
Materials and Methods 
 
Patients  
Hippocampal tissue was obtained from patients 
who had surgical treatment for pharmaco-
resistant TLE. Using noninvasive and invasive 
techniques,26 it was determined that the 
epileptogenic focus was localized in the temporal 
lobe. The excision was based on clinical 
evaluations, interictal and ictal EEG studies 
(video EEG monitoring), MRI, and intra-
operative corticography. In all patients the 
resection included the amygdalo-hippocampal 
complex. Informed and written consent was 
obtained from the patients for using any data 
and tissue for research studies.  
The patients were divided in two groups: a non-
HS group (no signs of HS; Wyler grade 0; n=9) 
and an HS group (severe HS; Wyler grade 4; 
n=9). HS was diagnosed on cresyl violet (Nissl)-
stained sections and classified according to the 
grading system of Wyler27 by a neuropathologist. 
At the time of surgery all TLE patients received 
anti-epileptic medication. In the autopsy control 
group (postmortem delay: 17.3 ± 2.1 hours 
[mean ± SD]), cerebral haemorrhage (n=2), 
cardiovascular failure (n=1), ileus (n=1), cerebral 
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trauma (n=1), or herniation due to acute 
vascular accident (n=2), cerebral metastases 
(n=1), or cerebellar haemorrhage (n=1) was 
recorded as cause of death. Hippocampal speci-
men of the contralateral side were used in cases 
of a cerebral accident. All hippocampal speci-
men in the autopsy control group were normal 
as confirmed by neuropathological examination. 
Clinical data for autopsy controls and TLE 
patients included in this study are given in Table 
1. Multiple group comparison or χ2 tests be-
tween the autopsy control, non-HS, and HS 
group revealed only one significant difference. 
The mean age at tissue collection in the autopsy 
control group was higher than in the non-HS 
and HS group (p=0.001, ANOVA), but did not 
differ between the non-HS and HS group 
(p=0.584, post hoc LSD test). Immediately after 

resection the hippocampus was cooled in 
physiological saline and the mid-portion of the 
hippocampus was cut in two 0.5 cm slices 
perpendicular to its longitudinal axis. One slice 
was immediately frozen on dry ice and stored at 
–80°C for immunoblotting and GS activity 
determination. The other slice was immersion-
fixed in 4% phosphate-buffered formaldehyde 
(pH 7.4) overnight at 4°C and embedded in 
paraffin for immunohistochemistry. 
 
Immunohistochemistry 
Paraffin sections (7 µm) were cut in a coronal 
plane and immunostained with mouse mono-
clonal antibodies for GS (clone 6; BD 
Biosciences, Erembodegem, Belgium) and 
EAAT2 (clone 1H8; Novocastra Laboratories, 
Newcastle upon Tyne, UK) or with rabbit 

Table 1. Comparison of clinical data in the three patient groups. 

 

Patients Age Sex Age of onset Epileptic Anti-epileptic drugs Neuropathological

(years) (M/F) (years) focus at surgery diagnosis

Autopsy control

1 32 F x x x Normal hippocampus

2 27 F x x x Normal hippocampus

3 74 M x x x Normal hippocampus

4 66 M x x x Normal hippocampus

5 56 F x x x Normal hippocampus

6 72 M x x x Normal hippocampus

7 54 M x x x Normal hippocampus

8 74 F x x x Normal hippocampus

9 63 F x x x Normal hippocampus

non-HS

10 22 F 12 right Oxcarbazepine, lamotrigine posttraumatic epilepsy

11 21 M 9 right Lamotrigine, phenytoin ganglioglioma

12 36 M 8 left Carbamazepine DNET

13 15 M 10 left Oxcarbazepine, lamotrigine ganglioglioma

14 23 M 20 right Carbamazepine gangliocytoma

15 36 M 20 right Carbamazepine, phenytoin posttraumatic epilepsy

16 17 F 2 right Oxcarbazepine, lamotrigine ganglioglioma

17 41 F 29 right Oxcarbazepine tumor in collateral sulcus

18 42 M 38 left Carbamazepine pilocytic astrocytoma

HS

19 32 M 12 left Carbamazepine, phenytoin Hippocampal sclerosis

20 19 F 8 right Lamotrigine, topiramate Hippocampal sclerosis

21 55 F 12 left Lamotrigine, phenytoin, oxcarbazepine Hippocampal sclerosis

22 36 F 11 left Carbamazepine, levetiracetam Hippocampal sclerosis

23 36 M 13 left Oxcarbazepine, phenobarbital Hippocampal sclerosis

24 8 F 3,5 left Carbamazepine, lamotrigine Hippocampal sclerosis

25 54 M 1,5 right Carbamazepine, lamotrigine, valproate Hippocampal sclerosis

26 38 F 14 right Carbamazepine, lamotrigine Hippocampal sclerosis

27 11 F 6 right Oxcarbazepine, lamotrigine Hippocampal sclerosis
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antiserum for GFAP (DakoCytomation, 
Glostrup, Denmark) using the avidin-biotin 
detection system (Vectastain Elite ABC Kit; 
Vector Laboratories, Burlingame, CA) with 3,3’-
diaminobenzidine tetrahydrochloride (DAB; 
Sigma Chemical Co., St. Louis, MO) as 
chromogen. To quench endogenous peroxidase 
activity all sections were pretreated with 0.3% 
H2O2 in Tris-buffered saline (100 mM Tris-HCl, 
150 mM NaCl; pH 7.5) containing 0.2% Triton 
X-100 (TBS-TX) for 30 minutes at room 
temperature. Sections to be stained for EAAT2 
were first immersed in 10 mM sodium citrate 
(pH 6.0) for 5 minutes and microwaved in the 
same solution for 7 minutes at 650W and 5 
minutes at 350W to expose immunoreactive 
sites. Non-specific binding of immunoglobulins 
(Igs) was blocked by preincubation with 3% 
normal horse (for GS and EAAT2) or goat (for 
GFAP) serum in TBS-TX for 30 minutes at 
37°C. Next the sections were incubated over-
night at 4°C with the primary antibodies diluted 
in TBS-TX with 2% normal human serum 
(Jackson Immunoresearch Laboratories, West 
Grove, PA). Optimal working concentrations 
(GS, 1:2,400; EAAT2, 1:150; GFAP, 1:6,400) 
were determined by serial dilutions on hippo-
campal autopsy tissue. Biotinylated horse anti-
mouse (diluted 1:200) and goat anti-rabbit 
(diluted 1:250) IgG (H+L) serum was obtained 
from Vector Laboratories. Per primary antibody, 
sections from all patients were stained simul-
taneously. Control experiments without the 
primary antibodies did not reveal any staining 
(not shown). 
 
Immunoblotting 
To quantify the relative amount of GS, EAAT2, 
and GFAP in the hippocampus, immunoblot was 
used in autopsy control, non-HS, and HS 
hippocampi. Hippocampal homogenates were 
prepared by homogenization in 10 volumes of 
lysis buffer (100 mM Tris-HCl, 1 mM EGTA, 1 
mM EDTA, 1 µg/ml leupeptin, 250 µM PMSF, 
1 µg/ml aprotinin, and 50 µg/ml soybean 
trypsin inhibitor). In all hippocampal specimens, 
the subiculum was removed before homo-
genization. Protein concentrations in the tissue 
homogenates were determined with the BCA 
Protein Assay Kit (Pierce, Rockford, IL) using 
bovine serum albumin as a standard. Protein 

homogenates were stored at –80°C until used for 
immunoblotting or GS activity determination. 
Homogenate proteins (10 µg per lane for GS, 1 
µg per lane for EAAT2 and GFAP) were 
separated by SDS-polyacrylamide gel electro-
phoresis on 12% (GS) or 10% (EAAT2 and 
GFAP) gels. Separated proteins were transferred 
to polyvinylidene difluoride mem-branes (1 hour, 
400 mA). Non-specific binding of Igs was 
blocked for 1 hour at room temperature in TBS 
with 0.1% Tween (TBS-T) containing 5% nonfat 
dry milk (GS) or 5% nonfat dry milk/5% normal 
goat serum (EAAT2), or, for overnight at 4°C in 
TBS-T with 5% nonfat dry milk/5% normal 
goat serum (GFAP). After washing with TBS-T, 
the blots were incubated for 16 hours at 4°C 
with mouse monoclonal anti-GS (diluted 1:1,000 
in TBS-T) or guinea pig polyclonal anti-EAAT28 
(Chemicon International, Temecula, CA; diluted 
1:20,000 in TBS-T/10% normal goat serum), 
or, for 1 hour at room temperature with rabbit 
polyclonal anti-GFAP (diluted 1:60,000 in TBS-
T/10% normal goat serum). Next the blots were 
washed in TBS-T and incubated with alkaline 
phosphatase-conjugated second layer antisera for 
1 hour at room temperature. Alkaline phos-
phatase-conjugated goat anti-mouse (diluted 
1:5,000) and anti-rabbit (diluted 1:7,500) IgG 
serum was from Promega Corporation 
(Madison, WI). Alkaline phosphatase-conjugated 
goat anti-guinea pig IgG (H+L) serum (diluted 
1:2,000) was from Jackson Immunoresearch. 
Blots were developed with enhanced chemofluo-
rescence substrate (Amersham, Buckingham-
shire, UK) and visualized by using a Fluor-S 
Multi-imager (Bio-Rad Laboratories, Hercules, 
CA). Primary antibody concentrations were in 
the linear detection range as determined by serial 
dilution curves. Control experiments without the 
primary antibodies did not show any staining 
(not shown). In preliminary experiments on 
hippocampal homogenates of two patients of 
each group we verified the apparent molecular 
weights of the immunoreactive bands using 
molecular weight markers. In the subsequent 
quantitative western blot experiments, immuno-
staining patterns for all three patient groups were 
identical to those in the preliminary experiments. 
The position of the immunoreactive bands (and 
equal protein loading) on quantitative blots was 
checked by Ponceau-S protein staining (Sigma-
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Aldrich Co., St. Louis, MO) according to the 
manufacturer’s protocol.  
 
GS enzyme activity 
GS enzyme activity was determined in 
hippocampal and neocortical homogenates of 
autopsy control, non-HS, and HS patients 
according to Levintow.28 Neocortical homo-
genates were prepared as described for hippo-
campal tissue. GS activity in tissue homo-genates 
(40 µg protein) was measured in duplo in 80 µl 
reaction mixture (200 mM L-glutamine, 0.16 
mM ADP, 25 mM NH2OH, 25 mM Na2AsO4, 
50 mM imidazole, 1.5 mM MnCl2 in a final 
volume of 20 ml) for 30 minutes at 37°C. The 
reaction was stopped by adding 200 µl stop-
solution (89 mM FeCl3, 0.6 M HCl, 0.5 M 
HClO4). Glutamyl-τ-hydroxamate ferric chloride 
complex formation was measured spectrophoto-
metrically at 490 nm after clearing the reaction 
mixture by centrifugation. Absorption was 
corrected for background in each sample. The 
amount of GS enzyme activity in the samples 
was determined using a standard curve with 
predetermined amounts of glutamyl-τ-hydroxa-
mate in the reaction buffer and expressed as 
nmol/min/mg protein. Enzyme activity in-
creased linearly with time and protein con-
centration under the assay conditions used. One 
freeze-thaw cycle did not affect GS activity 
levels. 
 
Statistical analysis 
One-way analysis of variance (ANOVA), com-
bined with a post hoc LSD test as a multiple 
comparison method, was used to test differences 
between the three patient groups (autopsy 
control, non-HS, and HS group). p<0.05 was 
considered significant. 

 
Results 
 
GS, GFAP, and EAAT2 immuno-
histochemistry  
Immunohistochemical staining of the 
glial enzyme GS in the hippocampus of 
the autopsy control and the non-HS 
group showed prominent IR of the 

neuropil in the subiculum, the pyramidal 
cell layer of all CA fields, and the supra-
granular layer of the dentate gyrus (Figs 
1D, E; 2A, B; 3A, B). In the hilus, GS IR 
was weak. GS IR was not found in the 
cell bodies of principal neurons or 
interneurons. No differences were found 
in the GS staining pattern between the 
autopsy control and the non-HS group 
(Fig. 1D, E). However, in the HS group, 
a pronounced loss of GS IR was 
apparent compared to the autopsy 
control and non-HS group (Fig. 1F). This 
loss of GS IR was most pronounced in 
those hippocampal subfields showing the 
most severe neuronal loss, i.e. CA1, CA3, 
CA4, and dentate hilus (Fig. 1C, F). In 
contrast, in subfields with relative mild 
neuronal loss, i.e. the subiculum, CA2, 
and dentate gyrus (see Fig. 1C7), the GS 
staining pattern in the HS group was 
similar to that in the autopsy control and 
the non-HS group (Fig. 1F; compare with 
Fig. 1D, E). Strikingly, a sharp demar-
cation in GS IR delineated areas with 
and without neuronal loss in the HS 
group (see Figs 1F, 3C). The reduction in 
GS expression was found in all HS 
patients, but the degree of loss showed 
some variability between patients.  
Since GS is known to be a glial enzyme, 
we subsequently compared the GS 
staining pattern with that of the glial 
marker GFAP. In line with earlier 
published data7 GFAP IR in the autopsy 
control and the non-HS group was 
predominantly found in the hilus (Figs 
1G, H; 2D, E; 3D, E). In this area 
numerous astrocytic cell bodies were 
stained, with some processes branching 
in the granule cell layer. GFAP-
immunoreactive processes were also seen 
in the stratum lacunosum-moleculare. In 
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contrast to GS IR, GFAP IR was weak in 
the pyramidal cell layer of all CA fields, 
the subiculum, and the supragranular 
layer of the dentate gyrus (Fig. 2D, E). 
No GFAP IR was found in neuronal cell 

bodies. In the HS group, a more diffuse 
staining pattern was found than in the 
autopsy control and non-HS group (Fig. 
1I). Increased diffuse GFAP IR was 
observed in the pyramidal cell layer of all 

 Figure 1. Photomicrographs of Nissl-, GS, GFAP-, and EAAT2- stained adjacent sections from an 
autopsy control (A, D, G, J), a non-HS (B,E,H,K), and an HS hippocampus (C, F, I, L). Note the 
difference in localization between GS- and GFAP-IR (most apparent in the subiculum, CA1–CA4 
pyramidal cell layer, and dentate gyrus) in all three groups. Asterisk in B marks hemorrhage caused 
by the operation. Arrow in E, H, and K indicates a scar due to a depth electrode. DG = dentate 
gyrus; h = hilus. Bar = 900 µm. (for colour figure see: www.neurology.org/cgi/reprint/64/2/326) 
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hippocampal CA areas and in the hilus 
(Figs 1I, 3F), indicating an increase in the 
number of astrocytic processes. In the 
polymorphic layer a high density of 
GFAP-immunoreactive cell bodies was 
detected (see Fig. 1F). Interestingly, like 
in the autopsy control and non-HS 
group, the subiculum displayed weak 
GFAP IR, forming a sharp demarcation 
with the CA1 region (Fig. 1I). Thus, 
overall, the GFAP and GS staining 
patterns appear to be largely comple-
mentary. 
Subsequently, we tested whether the 
observed decrease in GS IR in the HS 
group is paralleled by changes in 
EAAT2, the major glial glutamate 
transporter in the hippocampus. In the 
autopsy control group, EAAT2 IR was 
found in the cell bodies and branches of 
individual astrocytes, resulting in a 

characteristic ‘patchy’ immunoreactive 
pattern as described earlier (Figs 1J, 2G 
and 3G.13,29). Neuropil rich areas 
displayed prominent EAAT2 IR whereas 
neuronal cell bodies were devoid of 
staining. Confirming our previous ob-
servations13, we found that in the non-HS 
group EAAT2 IR was increased in neu-
ropil rich areas, particularly in CA1, 
CA2 (Figs 1K, 3H) and the supra-
granular layer of the dentate gyrus (Fig. 
2H), as compared to the autopsy control 
group (Figs 3G, 2G). In these areas 
individual immunoreactive astrocytes 
were no longer visible. In the HS hippo-
campus, an overall loss of EAAT2 IR was 
observed in almost all sub-areas when 
compared to the non-HS hippocampus 
(Figs 1K, L; 2H, I; 3H, I). Interestingly, 
in the HS hippocampus EAAT2 IR was 
retained in areas with neuronal survival 

 

 

Figure 2. 
Photomicrographs of GS-, 
GFAP-, and EAAT2-
stained adjacent sections 
showing the dentate gyrus 
of an autopsy control (A, 
D, G), a non-HS (B, E, H), 
and an HS (C, F, I) 
hippocampus. Both GS- 
and EAAT2-IR are pre-
dominantly found in the 
supragranular layer (SGL), 
whereas GFAP-IR is almost 
exclusively found in the 
polymorphic layer (PML). 
GCL = granule cell layer. 
Bar = 100 µm. 
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such as CA2 (Figs 1L, 3I) and the supra-
granular layer of the dentate gyrus (Fig. 
2I). This staining pattern is similar to that 
found for GS (compare Figs 1F and L; 
and 3C and I). 
 
GS, GFAP, and EAAT2 immuno-
blotting 
To quantify the relative amount of GS, 
GFAP, and EAAT2 proteins in autopsy 
control, non-HS, and HS hippocampi, 
blots were loaded with equal amounts of 
hippocampal homogenate proteins and 
probed with antibodies. In preliminary 
experiments on two patients of each 
group the blots for GS revealed a single 
immunoreactive band migrating at the 
position of the 45 kDa molecular weight 
marker.30 The EAAT2 blots showed a 
single band just above the 67 kDa 
marker, consistent with its molecular 
weight of 70 kDa.13 As expected the 
GFAP blots showed a major band at 
about 50 kDa and a number of smaller 
breakdown products, which were in-

cluded in the quantitative analysis. 
Consistent with our immunohisto-
chemical data, GS IR was significantly 
reduced in the HS compared to the 
autopsy control and non-HS group (Fig. 
4). GFAP expression was significantly 
increased in the HS compared to the 
autopsy control and non-HS group (Fig. 
4), thus confirming gliosis in the HS 
hippocampus. In line with our immuno-
histochemical data and previous 
findings13, we found a significant increase 
in EAAT2 protein in the non-HS 
compared to the autopsy control and the 
HS group (see Fig. 4). 
 
GS enzyme activity 
To establish whether the reduction in GS 
IR, which was found in the HS 
hippocampus by immunohistochemistry 
and immunoblotting, has functional 
consequences, we measured GS activity 
in hippocampal homogenates of the three 
patient groups. GS activity in hippo-
campal homogenates from HS hippo-

 

Figure 3.  
Photomicrographs of GS-, 
GFAP-, and EAAT2- 
stained adjacent sections 
showing the transition be-
tween CA1 and CA2 in an 
autopsy control control (A, 
D, G), a non-HS (B, E, H), 
and an HS (C, F, I) hippo-
campus. There is no neuro-
nal loss in the autopsy con-
trol, and non-HS hippo-
campus. The HS hippo-
campus is characterized by 
severe pyramidal cell loss in 
CA1. Both GS- and 
EAAT2-IR are predomi-
nantly found in areas with 
neuronal survival. Bar = 
100 µm. 
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campi was significantly lower (about 
35%) than in the autopsy control and 
non-HS group (Fig. 5). GS activity in 
neocortical homogenates of the same 
patients did not differ significantly 
between the three patient groups (not 
shown). 

 
Discussion 
Different lines of evidence have im-
plicated impaired glutamate clearance in 
the mechanisms of seizure generation 
and maintenance in the hippocampus of 
patients with TLE.8,9,13,14 Previously, 
others and we have shown alterations in 
EAAT2 expression in the hippocampus 
of TLE patients.13,14 However, the 
functional consequences of these changes 
in EAAT2 expression for glial glutamate 
clearance were not determined. In the 
present study, we focused on the enzyme 
GS, another glial component of the 
glutamate-glutamine cycle, of which the 
activity can be determined in biopsy 
homogenates.28 We tested the hypothesis 
that down-regulation of glial GS ex-
pression and activity contributes to the 
impaired glutamate clearance in TLE 
patients with HS.  
Using immunohistochemistry, we found 
a marked reduction in GS expression in 
the hippocampus of TLE patients with 
severe HS compared to autopsy controls 
and TLE patients without HS. This 
reduction was not due to differences in 
anti-epileptic drug medication or age, 
because these parameters did not differ 
between the HS and the non-HS group. 
Reduced GS expression was most 
pronounced in CA1, CA3, and CA4; 
hippocampal subfields showing severe 
neuronal loss. The GS expression pattern 

in the subiculum and CA2 was found to 
be normal. These areas only show 

 
Figure 4. Quantification of hippocampal GS, 
GFAP, and EAAT2 protein content. Top: 
Representative immunoblots loaded in duplo 
with hippocampal homogenate proteins from the 
autopsy control (C), non-HS, and HS group 
stained for GS (~45 kDa), GFAP (~48 kDa), and 
EAAT2 (~70 kDa). Bottom: Quantification of 
GS, GFAP, and EAAT2 band intensities from 
the autopsy control (grey bars), non-HS (white 
bars), and HS (black bars) group. Band 
intensities are expressed as relative optical 
density in arbitrary units. *p<0.05; **p<0.01. 

 
Figure 5. GS enzyme activity in hippocampal 
homogenates from the autopsy control (grey 
bars), non-HS (white bars), and HS (black bars) 
group. GS activity was determined as described 
in Materials and Methods and is expressed as 
nmol/min/mg protein. A 35% reduction in GS 
activity is found in the HS compared to the 
autopsy control group. *p<0.05; **p<0.01. 
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minimal neuronal loss despite HS.7 The 
GS expression pattern in the hippo-
campus of TLE patients without sclerosis 
was similar to autopsy controls. Thus, in 
the HS group down-regulation of GS 
expression was closely associated with 
neuron loss.  
The decrease in GS expression was 
independently confirmed by immuno-
blotting of hippocampal homogenates 
from the same patient groups. This 
reduction in GS IR was paralleled by a 
decrease in hippocampal GS activity in 
the HS compared to the autopsy control 
and non-HS group — a reduction that 
was specific for the hippocampus, 
because neocortical GS levels did not 
significantly differ between the three 
patient groups. This reduction in GS, 
which was recently found in another 
study in TLE patients,30 appears to be 
pathology related rather than seizure 
related, because it was only found in 
TLE patients with HS.  
GS IR in the human hippocampus was 
found in astrocytes, but not all astrocytes 
were GS-positive. Adjacent hippocampal 
sections from autopsy control brains 
revealed striking differences in the 
distribution of GFAP and GS IR. In the 
dentate gyrus, GS IR was found pre-
dominantly in the supragranular layer, 
whereas GFAP IR was confined to the 
polymorphic layer. In the CA areas, GS 
IR was most pronounced in the neuropil 
of the pyramidal cell layer, which was 
almost devoid of GFAP IR. Thus, 
although GS and GFAP are both found 
in glial cells, it appears that they are 
expressed in different subsets. This 
difference in expression is even more 
evident when comparing GFAP and GS 
staining in the HS group. Areas with 

strong astrogliosis, such as CA1 and 
CA4, show strong GFAP IR, but reduced 
GS IR. In fact, in the HS group severe 
gliosis, as shown by immunohisto-
chemistry and immunoblotting for 
GFAP, is accompanied by a reduction in 
GS IR. Apparently, reactive astrocytes 
hardly express GS. Likewise, observa-
tions in the rat show that GS expression 
levels in astrocytes increase with matu-
ration.31,32 In the rat hippocampus, 
GFAP-negative, GS-positive astrocytes 
have been described.33 Whether GS and 
GFAP in the human hippocampus are 
expressed in different types of astrocytes, 
or in astrocytes in different stages of 
development or activation, needs to be 
further investigated. 
The reduction in GS IR in areas with 
neuronal loss is paralleled by a reduction 
in expression of the major glial glutamate 
transporter EAAT2 as shown by immu-
nohistochemistry. This reduction in 
EAAT2 expression confirms our previous 
findings.13 These data indicate that in the 
HS hippocampus reduced GS and 
EAAT2 expression are closely associated. 
A reduction in glial EAAT2 levels was 
not found in a recent study also com-
paring EAAT2 and GS expression in 
non-HS and HS patients.30 This appa-
rent discrepancy is most likely due to 
differences in the sensitivity of the metho-
dology, such as the EAAT2 antibodies 
used and the immunocytochemical pro-
cedure. Moreover, we found that both 
GS and EAAT2 levels in the hippo-
campus of TLE patients may vary 
depending on the degree of neuron loss 
in a particular hippocampal subfield. In 
our western blot analysis we increased 
the sensitivity of the assay by removing 
the subiculum prior to hippocampal 
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homogenization.  
GS and EAAT2 are highly expressed in 
dense neuropil regions surrounding 
glutamatergic terminals.21,34 Interestingly, 
several reports indicate a tight coupling 
in the regulation of GS and EAAT2 
expression.35,36 Both GS and EAAT2 are 
major glial components of the glutamate-
glutamine cycle and a reduction in their 
activity would provide an explanation for 
the impaired clearance of glutamate 
found in the HS hippocampus.8,9 These 
data are in line with our recent ob-
servation showing impaired release and 
uptake of glutamate in the hippocampus 
of TLE patients.37 Most likely the 
reduced expression of glial GS and 
EAAT2 is caused by alterations in the 
interaction between neurons and glia. 
Glutamate is known to stimulate GS 
expression.38 Because increased levels of 
glutamate have been found in the HS 
hippocampus of TLE patients8,9 it is 
unlikely that glutamate is involved in the 
down-regulation of GS expression. Other 
factors regulating glial GS expression 
include neurotrophic factors39, glucocor-
ticoids40 and direct neuronal contact.38 
Animal studies and cell culture experi-
ments are required to investigate altera-
tions in neuron / glia interaction, to elu-
cidate the cause of the reduction in GS 
and EAAT2 expression and to determine 
to what extent other components of the 
glutamate-glutamine cycle are affected in 
the sclerotic hippocampus. 
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Abstract 
Background: Neutral amino acid transporters mediate the transport of glutamine from 
astrocytes to neurons and constitute an important component of the glutamate-
glutamine cycle. Impairments in this cycle have been associated with temporal lobe 
epilepsy (TLE). Here we investigated the nature and expression of putative glutamine 
transporters in the hippocampus of autopsy controls and TLE patients.  
Methods: Expression of neutral amino acid transporters SNAT1, 2, 3, and ASCT2 was 
assessed by immunohistochemistry. Expression in human autopsy control and rat 
hippocampus was compared with that of glutamine synthetase (GS), the enzyme that 
converts glutamate into glutamine, vesicular glutamate transporter 1 (VGLUT1) which 
transports glutamate into presynaptic vesicles, and glial marker glial fibrilairy acidic 
protein (GFAP). Subsequently, hippocampal expression patterns in autopsy controls 
were compared with those in TLE patients without (non-HS) and with (HS) 
hippocampal sclerosis.  
Results: In rat and human hippocampus the neuronal transporters SNAT1 and SNAT2 
showed a somatodendritic localization. In non-HS hippocampi, SNAT1-immuno-
reactivity (IR) was decreased and SNAT2-IR was unchanged compared to autopsy 
contols. In HS hippocampi SNAT1- and SNAT2-IR were decreased in areas with 
neuron loss. The SNAT3-IR pattern in human autopsy controls was completely 
different from that in rat. SNAT3-IR was increased in non-HS and even more in HS 
hippocampi compared to autopsy controls. SNAT3-IR pattern resembled that of 
GFAP, but not that of GS. ASCT2-IR was not detected in human hippocampi in any 
of the groups. 
Conclusions: The distribution of SNAT1- and SNAT2-IR in the human hippocampus is 
consistent with their putative role in neuronal uptake of glutamine. The reduction in 
SNAT1 expression in the non-HS hippocampi may contribute to impairments in the 
glutamate-glutamine cycle. The reduction in SNAT1 and SNAT2 expression in HS 
patients appears to be associated with neuron loss. The expression pattern of SNAT3 
and the absence of ASCT2-IR strongly argue against a role of these transporters in 
glutamine efflux from glial cells and suggest the involvement of other not yet identified 
glutamine transporters in the human hippocampal glutamine-glutamate cycle. 
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Introduction 
The glutamate-glutamine cycle is respon-
sible for the efficient recycling of gluta-
mate and involves both neurons and 
glia.1,2 After glial uptake of exocytosed 
glutamate and conversion into glutamine, 
glutamine is transported back to neurons. 
The transporters responsible for gluta-
mine transport over the glial and neuro-
nal membrane remain elusive. Several 
transport systems, involved in the uptake 
and export of glutamine in brain cells 
(e.g. system A, N, ASC) have been 
described, each with different physical 
/chemical characteristics.2 System N has 
been associated with glutamine efflux 
from astrocytes (sodium-coupled neutral 
amino acid transporters (SNATs) 3 and 
5) and system A (SNAT1 and 2) appears 
to be involved in glutamine uptake in 
neurons. Both systems also carry other 
neutral amino acids.2 Recent studies 
implicate these SNATs, members of the 
solute carrier gene family 38 (Slc38), in 
glutamine transport in rats.3-5 
SNAT1 (aka GlnT, SAT1, ATA1, or 
SA2;6-8) expression in rat is predomi-
nantly confined to brain, retina, placenta 
and heart. In the rat central nervous 
system SNAT1 expression is widespread 
and localized to neurons and their 
proximal dendrites.9,10 SNAT2 (aka 
SAT2, ATA2, or SA1;11-13) expression is 
found in most rat tissue, including 
brain.14 In rat brain and human cortex, 
SNAT2 expression is restricted to somata 
and dendrites.15-17 The glutamine affinity 
of SNAT2 appears to be lower than 
SNAT1.11  
SNAT3 (aka SN1;8,18,19) is mainly 
implicated in glutamine efflux from 
astrocytes,18 a process in which SNAT5 
(aka SN2;20) may also be involved. 

SNAT3 expression in rat brain is largely 
confined to astrocytes, but it is also 
abundant in other rat tissue. SNAT5 
expression in rat brain is low, but it is 
expressed at higher levels in several other 
rat tissues.20 SNAT5 recognizes gluta-
mine poorly.20  
ASCT2, a system ASC sodium-coupled 
neutral amino acid transporter that 
belongs to the solute carrier gene family 
1 (Slc1), has also been identified as an 
important glial glutamine transporter in 
cultured astrocytes that exhibit features 
of reactive astrocytes.21-23  
Several neurological diseases, including 
temporal lobe epilepsy (TLE), have been 
associated with a dysfunction in the 
glutamate-glutamine cycle.24-27 Patients 
with TLE are often refractory to medi-
cation. Surgical treatment may then be 
the therapy of choice. Temporal lobe 
resection usually includes the hippocam-
pus. This unique tissue has previously 
been used to reveal pathologic changes in 
the expression of several components of 
the glutamate-glutamine cycle.28-33 
So far nothing is known about the 
distribution pattern of putative glutamine 
transporters in the human hippocampus. 
The aim of the present study is to 
characterize SNAT1, 2, 3 and ASCT2 
protein expression. We first examined 
their expression in human autopsy con-
trols and rat hippocampi by immuno-
histochemistry. Subsequently, these ex-
pression patterns were compared with 
TLE patients with and without hippo-
campal sclerosis.  
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Material and methods 
 
Rats 
Male Wistar rats (± 300 g) (Charles River 
Laboratories, Schulzfeld, Germany) were housed 
in a temperature and humidity controlled room 
with lights on between 7AM and 7PM with tap 
water and standard rat chow freely available. 
Animals were sacrificed by intraperitoneal 
injection of 300 mg/kg pentobarbital and 
perfused transcardially with 100 ml of saline 
containing 500 U of heparin (Leo Pharma-
ceutical Products, Weesp, The Netherlands), 
followed by 200-250 ml of 4% (w/v) phosphate 
buffered paraformaldehyde (pH 7.4). Brains 
were dissected and post-fixed overnight at 4˚C, 
dehydrated and embedded in paraffin.  
Experimental procedures were approved by the 
Ethical Committee for Animal Experiments of 
the Utrecht University.  
 
Patients 
Human hippocampal tissue was obtained from 
pharmaco-resistant TLE patients who had 
undergone surgical treatment. The localization 
of the epileptogenic focus in the temporal lobe 
was determined with noninvasive and invasive 
techniques.34 In all patients, the resection, which 
included the amygdalo-hippocampal complex 
and a varying part of the temporal lobe, was 
based on clinical evaluations, interictal and ictal 
EEG studies, MRI, and intra-operative cortico-
graphy. All patients gave informed consent to 
use their data and tissue for research purposes.  
Hippocampal tissue was collected, fixed and 
embedded as described before.31 Representative 
paraffin sections (7 µm) were stained with cresyl 
violet (Nissl) for neuropathological evaluation. 
Hippocampal sclerosis (HS) was diagnosed and 
classified according to Wyler.35 Only tissue from 
non-HS (Wyler grade 0; n=6) and severe HS 
(Wyler grade 4; n=7) cases was used. For the 
control group (n=12) hippocampi were obtained 
at autopsy and from the Amsterdam Brain Bank 
and processed as described for surgical resection 
samples.31 Autopsy hippocampi did not show 
any sign of hippocampal aberrations as clinically 
confirmed by a neuropathologist. Postmortem 
delay ranged between 6.25 and 35.5 hours (16.5 
± 2.7 [mean ± SEM]). Table 1 shows clinical 

parameters of all patients and controls. Multiple 
group comparison or χ2 tests between the 
autopsy control, non-HS, and HS group 
revealed only one significant difference. The 
mean age at tissue collection in the autopsy 
control group (57.9 ± 4.7) was higher than in the 
non-HS (25.5 ± 3.5) and HS group (34.7 ± 6.5) 
(p = 0.001, ANOVA), but did not differ between 
the non-HS and HS group (p = 0.309, post hoc 
LSD test). 
 
Immunohistochemistry 
Coronal sections (7 µm) from rat and human 
hippocampal paraffin material were stained with 
rabbit anti-SNAT1 (1:500), rabbit anti-SNAT2 
(1:250) (both crude antisera directed against a 
GST fusion protein with the N-terminal cyto-
plasmic domain, raised by H. Varoqui and J.D. 
Erickson, Louisiana State University, New 
Orleans, LA), goat anti-SNAT3 (1:200; Santa-
Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA), rabbit anti-ASCT2 (1:250; Chemicon 
International Inc., Temecula, CA, USA), rabbit 
anti-VGLUT1 (1:16,000; Synaptic Systems, 
Göttingen, Germany), mouse anti-GS (1:2,400; 
BD Biosciences, Erembodegem, Belgium), rabbit 
anti-GFAP (1:6,400; Dako Cytomation, Glos-
trup, Denmark), and mouse anti-vimentin 
(1:400; Dako) according to the avidin-biotin-
complex (ABC) method with 3,3’-diamino-
benzidine tetrahydrochloride (DAB; Sigma-
Aldrich, St. Louis, MO, USA) as chromogen.31 
Optimal working concentrations were deter-
mined by serial dilutions on rat and human 
hippocampal tissue. All sections were subjected 
to microwave treatment (7 minutes 650W, 5 
minutes 350W) for antigen retrieval. Non-
specific binding was blocked for 30 minutes at 
room temperature with 0.3% H2O2 in 
phosphate-buffered saline (0.01M, pH7.4) 
containing 0.2% Triton-X100 (PBS-TX) and 
then in PBS-TX with 3% normal goat serum 
(NGS) (SNAT1, SNAT2, VGLUT1), 3% fetal 
calf serum (GS, GFAP), 3% normal horse serum 
(SNAT3, vimentin), or 2% NGS and 1% BSA 
(ASCT2) for 1 hour at 37˚C. Biotinylated rabbit 
anti-goat (1:200) and goat anti-rabbit (1:250) 
serum was obtained from Dako and horse anti-
mouse (1:200) and horse anti-goat (1:200) serum 
from Vector Laboratories (Burlingame, CA). 
Human hippocampal sections stained for 
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SNAT3 were counterstained with haematoxylin 
for two minutes. A few autopsy control samples 
did not stain for SNAT3 and were excluded 
from the study. To test specificity of the SNAT1, 
SNAT2 and SNAT3 antisera preadsorption 
experiments were carried out with a five- to fifty-
fold excess of antigen at 4°C for 24 hours. 
Preadsorption abolished the hippocampal 
staining (Fig. 1A, D, G). Staining was also absent 
when primary antibodies were omitted (not 
shown).  
Rabbit anti-ASCT2 was also tested on juvenile 
human testis as positive control (paraffin mate-
rial; 7 µm, dilution range 1:30 to 1:480) with 5% 
normal goat serum for preincubation. 
Stability of SNAT1-, SNAT2-, and SNAT3-
immunoreactivity (IR) was assessed in human 
neocortical tissue subjected to autopsy-like con-
ditions for various times (0, 12, 24 hours at room 

temperature).36 SNAT1-, SNAT2-, and SNAT3-
IR were stable for at least 24 hours postmortem 
(not shown). 

 
Results  
 
SNAT1 and SNAT2 expression in 
rat and normal human hippo-
campus 
In rat, prominent SNAT1-IR was de-
tected in granule cells and their pro-
cesses, as well as in pyramidal neurons in 
all CA fields, which is in agreement with 
literature.9,10 We did not find enrichment 
of SNAT1-IR in CA3 pyramidal neu-
rons, as reported by Mackenzie et al..10 

 

Table 1. Comparison of clinical data in the three patient groups. 

Patients Age Sex Age of onset Epileptic Anti-epileptic drugs Neuropathological

(years) (M/F) (years) focus at surgery diagnosis

Autopsy control

1 32 F x x x Normal hippocampus

2 27 F x x x Normal hippocampus

3 74 M x x x Normal hippocampus

4 66 M x x x Normal hippocampus

5 72 M x x x Normal hippocampus

6 54 M x x x Normal hippocampus

7 74 F x x x Normal hippocampus

8 51 M x x x Normal hippocampus

9 53 F x x x Normal hippocampus

10 61 F x x x Normal hippocampus

11 53 M x x x Normal hippocampus

12 78 F x x x Normal hippocampus

non-HS

1 22 F 12 right Oxcarbazepine, lamotrigine posttraumatic epilepsy

2 21 M 9 right Lamotrigine, phenytoin ganglioglioma

3 36 M 8 left Carbamazepine DNET

4 15 M 10 left Oxcarbazepine, lamotrigine ganglioglioma

5 23 M 20 right Carbamazepine gangliocytoma

6 36 M 20 right Carbamazepine, phenytoin posttraumatic epilepsy

HS

1 19 F 8 right Lamotrigine, topiramate Hippocampal sclerosis

2 55 F 12 left Lamotrigine, phenytoin, oxcarbazepine Hippocampal sclerosis

3 36 F 11 left Carbamazepine, levetiracetam Hippocampal sclerosis

4 36 M 13 left Oxcarbazepine, phenobarbital Hippocampal sclerosis

5 8 F 3,5 left Carbamazepine, lamotrigine Hippocampal sclerosis

6 54 M 1,5 right Carbamazepine, lamotrigine, valproate Hippocampal sclerosis

7 35 F 1 left Carbamazepine, valproate Hippocampal sclerosis
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Interneurons were heavily stained 
throughout the rat hippocampus. Neuro-
pil staining was weak in the molecular 
layer of the dentate gyrus (DG) and 
moderate in the stratum lacunosum-
moleculare (SLM) (Fig. 1B). In human 
hippocampus the SNAT1-IR pattern was 
comparable to that in rat, but less 
intense. The neuronal cell bodies in the 

CA2-3 subfields were stained most 
intensely (Figs 1C, 2B). At higher mag-
nification, the granule cell layer (GCL) 
and CA fields showed a punctate staining 
in the cytoplasm of neuronal cell bodies 
and proximal dendrites, which was 
weaker in the CA1 area (Fig. 2A-C).  
SNAT2-IR was found in all principal 
neurons in the GCL as well as in the 

 
Figure 1. Photomicrographs of SNAT1-, SNAT2-, and SNAT3-IR in rat (B, E, H) and 
normal human (C, F, I) hippocampus. Specificity of SNAT1-, SNAT2-, and SNAT3-IR was 
tested by preadsorption experiments that abolished the hippocampal staining (A, D, G). In B 
and C the cornu ammonis areas (CA1-4) are indicated, the subiculum (SUB) and the diffe-
rent hippocampal layers; SR = stratum radiatum, SLM = stratum lacunosum-moleculare. 
The dentate gyrus consists of the granule cell layer (GCL), polymorphic layer (PML) and the 
molecular layer (ML). Bar in B = 500 µm, bar in C = 1800 µm. 
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pyramidal cell layers of all CA fields of 
the rat hippocampus. Interneurons were 
sporadically stained and neuropil staining 
was absent (Fig. 1E). In human hippo-
campus, SNAT2 expression was compa-
rable to rat, but less intense. Magnifi-
cation showed uniform SNAT2-IR inten-
sity in the cytoplasm of all principal 
neuron cell bodies and proximal den-

drites in the GCL and the pyramidal cell 
layers of all CA fields (Fig. 2D-F). Some 
SNAT2-IR fibers were seen traversing 
the GCL and the molecular layer of the 
DG (Fig. 2D).  
SNAT1- and SNAT2-IR were compared 
with VGLUT1-IR, the presynaptic neu-
ronal transporter in the glutamate-
glutamine cycle. VGLUT1-IR was ab-
sent in neuronal cell bodies, but showed a 
punctate staining around neuronal cell 
bodies, axons, and dendrites in the pyra-
midal cell layer of all CA subfields, the 
subiculum and the inner molecular layer 
of the DG (Fig. 3G-I). Thus, VGLUT1 
showed a completely different locali-
zation to neurons than SNAT1 and 
SNAT2. 

 
SNAT1 and SNAT2 in human TLE 
hippocampus 
In both non-HS and HS hippocampi 
SNAT1-IR was moderate to weak in all 
principal neurons, in contrast to the 
more intense staining in autopsy control 
hippocampi (Fig. 3A-C). In the epileptic 
patients some CA1 neurons were devoid 
of SNAT1-IR. In HS hippocampi 
SNAT1-IR was lost in hippocampal sub-
fields with neuronal loss (i.e. CA1, 4) or 
very weak (GCL). Hippocampal subfields 
with more neuronal survival (i.e. CA2-3 
pyramidal subfield and the subiculum) 
were moderately stained (Fig. 3C). 
The IR pattern of SNAT2 in non-HS 
and HS hippocampi was comparable 
with autopsy controls (Fig. 3D-F), al-
though the expression of SNAT2-IR in 
HS hippocampi was decreased conco-
mitant with neuron loss (CA1, 4 and the 
hilus of the DG). Intensity of neuronal 
staining in HS hippocampi was com-
parable with autopsy controls.  

 
 
 
 
 
 

Figure 2. Photomicrographs showing details 
of IR for neuronal transporters SNAT1, 
SNAT2, and VGLUT1 in the granule cell 
layer (GCL) of the DG (A, D, G) and the CA2 
(B, E, H) and CA1 (C, F, I) subfields of the 
pyramidal cell layer. Note that IR of both 
neuronal glutamine transporters SNAT1 and 
SNAT2 is located to neuronal cell bodies, 
whereas IR of the neuronal vesicular 
transporter VGLUT1 is present in areas 
surrounding neuronal cell bodies and axon 
terminals. Bar = 25 µm. 
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Thus, in the human TLE hippocampus, 
SNAT1-IR is decreased and SNAT2-IR 
is unchanged compared with autopsy 
controls. 
 
SNAT3 and ASCT2 expression in 
rat and normal human hippo-
campus 
In line with earlier published data,37 
prominent SNAT3-IR was found in the 
rat hippocampus in the outer molecular 
layer (OML) of the DG, the pyramidal 
cell layer of all CA fields, and, to a lower 
degree, in the stratum radiatum (SR) and 
the SLM. SNAT3-IR was weak in the 
GCL and the polymorphic layer (PML) 
of the DG and SNAT3-IR was absent in 
the cell bodies of principal neurons and 
interneurons (Fig. 1H). The SNAT3-IR 
pattern in the human hippocampus was 
completely different from that in rat (Fig. 
1I). In the human hippocampus intense, 

punctate SNAT3-IR was detected in the 
GCL, PML, hilus, as well as in the pyra-
midal cell layer of the CA4 and CA3 sub-
fields. Sporadic SNAT3-IR was found in 
the inner molecular layer of the DG (Figs 
1I, 5A). SNAT3-IR was absent in the 
pyramidal CA2 and CA1 subfields and in 
the subiculum. Cell bodies of principal 
neurons and interneurons were devoid of 
SNAT3-IR (Fig. 1I).  
Antibodies against human ASCT2 did 
neither detect ASCT2 in rat nor human 
brain.  
 
SNAT3 and ASCT2 in human TLE 
hippocampus 
In non-HS hippocampi prominent 
SNAT3-IR was detected in the PML, the 
hilus and the pyramidal cell layer of CA4 
and CA3 subfields, a pattern comparable 
with autopsy controls (Fig. 4A, B). 
However, SNAT3-IR was also pro- 

 
Figure 3. Photomicrographs of SNAT1- and SNAT2-IR in adjacent sections from an 
autopsy control (A, D), non-HS (B, E) and HS (C, F) hippocampus. SNAT1-IR is decreased 
in non-HS hippocampi compared to autopsy control, whereas IR of both SNAT1 and 
SNAT2 is decreased in HS hippocampi in areas with neuron loss. Bar = 1800 µm. 
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nounced in the molecular layer of the 
DG and in the SLM. The pyramidal cell 
layer of CA2 and CA1 subfields, the subi-
culum and all cell bodies of principal 
neurons were devoid of SNAT3-IR. One 
patient with a lesion in the hippocampus 

due to a depth electrode showed SNAT3-
IR in this damaged region (Fig. 4B). HS 
hippocampi showed diffuse SNAT3-IR 
in the entire hippocampus except for the 
subiculum. The intensity of the punctate 
staining was comparable with non-HS 

 
Figure 4. Photomicrographs of putative glial glutamine transporters SNAT3- and ASCT2-
IR and vimentin-IR in adjacent sections from an autopsy control (A, D, G, J), non-HS (B, 
E, H, K), and HS (C, F, I, L) hippocampus. ASCT2-IR is completely absent in all three 
groups, whereas ASCT2-IR on human paraffin embedded testis (positive control) shows 
clear ASCT2-IR (F, inset). Vimentin-IR marks reactive glia in non-HS (H, K) and even 
more in HS hippocampi (I, L). In autopsy control hippocampus vimentin-IR is only found 
near blood vessels (G, J). The boxed regions in G-I indicate the enlargements of J-L. ML = 
molecular layer; GCL = granule cell layer. Bar in A = 1800 µm, bar in J = 100 µm.  
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and autopsy control hippocampi (Fig. 
4C). 
ASCT2-IR was not found in any of the 
three groups (Fig. 4D-F). The ASCT2 
antibody was subsequently tested on 
human juvenile testis (paraffin material) 
as positive control.38 In testis ASCT2-IR 
was localized in the cytoplasm of epi-
thelial cells, showing that the antibody 
worked on human paraffin material (Fig. 
4F, inset).  

To assess whether SNAT3- or ASCT2-
IR is associated with reactive glia we 
analysed vimentin-IR.39 In autopsy con-
trols vimentin-IR was only present in the 
vicitinty of blood vessels, as expected 
(Fig. 4G, J). In the non-HS group 
vimentin-IR was found in the molecular 
layer of the DG and to a lower degree in 
the hilus (Fig. 4 H, K). In the HS group 
vimentin-IR was prominent in astrocyte-
like cells in the molecular layer of the 

 
Figure 5. Photomicrographs of SNAT3-, GS-, and GFAP-IR in adjacent sections showing 
the dentate gyrus of an autopsy control (A, D, G), non-HS (B, E, H), and HS (C, F, I) 
hippocampus. Note that the IR-pattern for SNAT3 and GS are almost complementary in 
autopsy control hippocampus (compare A and D). SNAT3-IR and GFAP-IR patterns are 
similar, except for in the molecular layer (ML) of the dentate gyrus in non-HS and HS 
hippocampus. GCL = granule cell layer; PML = polymorphic layer. Bar = 100 µm. 
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DG, the hilus, SLM, and stratum radia-
tum (Fig. 4I, L). Diffuse vimentin-IR was 
also seen in all pyramidal CA areas (not 
shown). In conclusion, neither SNAT3- 
nor ASCT2-IR is associated with reactive 
gliosis. 
Since SNAT3 is proposed to extrude glu-
tamine from glial cells, we subsequently 
compared SNAT3–IR with glutamine 
synthetase (GS)-IR and GFAP-IR. In a 
previous study, we showed that the GS 
and GFAP staining patterns in the 
human hippocampus were largely com-
plementary.31 GS-IR was prominent in 
the subiculum, the pyramidal cell layer of 
CA1, 2, 3, and in the molecular layer of 
the DG of autopsy control and non-HS 
hippocampi. GS-IR was absent or weak 
in the PML, the hilus and the pyramidal 
cell layer of CA4,31 areas that show 
pronounced SNAT3-IR (Figs 4A, B and 
5A, B). In HS hippocampi, GS-IR is 
decreased in areas with severe neuron 
loss, i.e. CA4 and CA1 (compared to 
autopsy control and non-HS) and 
unaffected in the subiculum,31 which is in 
contrast with SNAT3-IR (Fig. 4C). Thus, 
overlap between GS- and SNAT3-IR 
was only observed in the pyramidal cell 
layer of CA3 in autopsy controls and 
non-HS patients, as well as in the mole-
cular layer of the DG in non-HS and HS 
hippocampi (compare Figs. 5B and E, 5C 
and F). 
As described previously, GFAP-IR was 
predominantly located in astrocytes in 
the PML of the DG and in the SLM in 
autopsy control and non-HS hippo-
campi. In HS hippocampi, increased 
diffuse GFAP-IR was found in the pyra-
midal cell layer of all CA subfields.31 
GFAP and SNAT3 were both strongly 
expressed in astrocyte cell bodies in the 

PML of the DG in all three groups (com-
pare Figs. 5A-C with 5G-I) and in the 
pyramidal cell layer of all CA subfields in 
HS hippocampi. In contrast, a comple-
mentary pattern between GFAP-IR and 
SNAT3-IR was found in the molecular 
layer of the DG in TLE patients (com-
pare Figs. 5B and H, 5C and I). Thus, 
the SNAT3-IR pattern most resembled 
GFAP staining instead of GS-IR.  

 
Discussion 
In this study, the expression of four pu-
tative glutamine transporters, SNAT1, 2, 
3, and ASCT2, was examined in rat and 
in human hippocampal material from 
autopsy controls and TLE patients. Our 
results show that the neuronal glutamine 
transporters SNAT1 and SNAT2 have a 
somatodendritic expression in both rat 
and human, and that SNAT1-IR is de-
creased in the hippocampus of TLE 
patients. The main glial glutamine trans-
porter in rat, SNAT3, shows a comple-
tely different IR pattern in the human 
hippocampus. ASCT2-IR is not detec-
table in the human hippocampus. 
 
SNAT1- and SNAT2-IR patterns were 
similar in rat and human hippocampus 
and IR was found in neurons. The 
neuronal SNAT1- and SNAT2-IR was 
distinct from that of VGLUT1, the pre-
synaptic vesicular glutamate transporter 
in the glutamate-glutamine cycle, indica-
ting that these transporters are not in 
close proximity to the presynaptic gluta-
matergic terminal. Interestingly, SNAT1-
IR appears to be particularly localized 
near the axon hilus. This finding needs to 
be further investigated by confocal 
microscopy.  
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The intensity of SNAT1-IR was de-
creased in non-HS hippocampi com-
pared to autopsy controls. Assuming 
SNAT1 is indeed involved in the 
glutamate-glutamine cycle, this decrease 
in SNAT1-IR in non-HS hippocampi, 
possibly in concert with the increase in 
VGLUT1 expression found earlier33 may 
contribute to the increase in extracellular 
glutamate concentrations and the com-
plex pathophysiology of TLE. In HS 
hippocampi both SNAT1- and SNAT2-
IR were decreased in areas with neuron 
loss. Only two previous studies reported 
on a potential role of SNAT1 and 
SNAT2 in epilepsy. In a post-trauma 
model of epilepsy Tani et al.5 presented 
evidence indicating that experimental 
modulation of glutamine levels affects 
epileptic activity in damaged tissue, 
possibly associated with an increase in 
SNAT1 and SNAT2 expression. An ele-
gant study3 demonstrates that in hippo-
campal slices or neuronal cultures inhi-
bition of glutamine production or trans-
port at different steps of the glutamate-
glutamine cycle, for instance with system 
A transport inhibitor methylamino-
isobutyric acid, results in inhibition of 
epileptiform activity.3 Although both 
studies emphasize a role of glutamine 
transport in epilepsy, it is difficult to 
extrapolate the data to the human TLE 
hippocampus. Our data are consistent 
with a role of SNAT1 and SNAT2 in 
glutamine uptake into neurons in the 
human hippocampus. 
 
In rat hippocampus the SNAT3 ex-
pression pattern we found is similar to 
that reported in literature.37 The SNAT3 
antibody we used was raised against the 
N-terminus of human SNAT3, which is 

highly homologous with rat. Surprisingly, 
the SNAT3-IR pattern in the human 
autopsy control hippocampus was com-
pletely different from rat. In the rat 
hippocampus SNAT3-IR was prominent 
in the OML of the DG, the pyramidal 
cell layer of all CA fields, and, to a lesser 
degree, in the SR and the SLM. In rat 
SNAT3-IR was weak in the GCL and 
the PML of the DG, areas in which 
SNAT3-IR was prominent in the human 
hippocampus. SNAT3-IR was absent in 
the pyramidal CA2 and CA1 subfields of 
the human hippocampus. 
Previous immunohistochemical and 
transport studies in rat brain indicate that 
SNAT3 is one of the main glutamine 
transporters in the glutamate-glutamine 
cycle.18,37 However, this may not be the 
case in human hippocampus: (1) SNAT3-
IR is not widely distributed in the human 
hippocampus; (2) SNAT3-IR is not 
found in the proximity of glutamatergic 
synapses (as indicated by VGLUT1-IR) 
and the pattern does not resemble that of 
GS, a major astrocytic component of the 
glutamate-glutamine cycle; (3) SNAT3-
IR is not decreased in areas with neuron 
loss, previously shown to have a down-
regulation of many components of the 
glutamate-glutamine cycle.28-33 Taken 
together our data indicate that SNAT3 is 
not a major glutamine transporter in the 
glutamate-glutamine cycle in the human 
hippocampus. 
The localization of SNAT3 in autopsy 
control and HS hippocampus suggests 
that SNAT3 may be associated with the 
mossy fiber pathway. In HS hippocampi, 
mossy fiber sprouting (MFS) is evident in 
the molecular layer of the DG,40 the area 
that also shows increased SNAT3-IR. Of 
course the increase in SNAT3-IR in the 
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molecular layer of the DG in non-HS 
hippocampi can not be related to mossy 
fiber sprouting, as this does not occur in 
these patients.40 Comparison of SNAT3-
IR with that of the glial marker GFAP 
indicates that SNAT3 up-regulation in 
the molecular layer of the DG may be 
related to gliosis. Whether this up- 
regulation of SNAT3-IR reflects in-
creased transport of glutamine or possi-
bly of other neutral amino acids, e.g. 
histidine18 needs to be further investi-
gated. Histidine has been reported to 
enhance the anticonvulsant effects of 
anti-epileptic drugs41 and has anti-
convulsant properties in animal models 
of epilepsy.42,43 To the best of our 
knowledge there is no data on histidine 
concentrations in the human epileptic 
hippocampus. Transport studies will be 
required to assess the functional conse-
quences of altered SNAT3 expression. 
Taken together, our results support 
earlier data that SNAT3 is a glial trans-
porter in rat hippocampus,18 but also 
suggest that SNAT3 is not the main glial 
glutamine transporter in the glutamate-
glutamine cycle in the human hippo-
campus.  
ASCT2-IR was not detectable in human 
hippocampus, but the antibody readily 
detected ASCT2 in human testis, thus 
confirming the activity and specificity of 
the antibody. Data on ASCT2 expression 
in brain are hardly available and 
somewhat conflicting.23,44 ASCT2 
appears to be expressed in cultured rat 
astrocytes, which exhibit features of 
reactive astrocytes.2,21,22 Reactive glia 
cells were detected in non-HS and even 
more in HS hippocampi (as shown by 
vimentin-IR), but these were devoid of 
ASCT2-IR. Thus, ASCT2 is not 

expressed in reactive glia cells in human 
hippocampus. In conclusion, ASCT2 can 
not be a major glutamine transporter in 
the human hippocampus and does not 
play a significant role in TLE.  
 
Our results indicate that SNAT1 and 
SNAT2 may be involved in glutamine 
transport into neurons, whereas SNAT3 
and ASCT2 seem not to be involved in 
glutamine transport from astrocytes to 
the extracellular space in the human 
hippocampus. This leads to the question 
whether there are other glutamine 
transporters, which mediate the transport 
of glutamine from astrocytes to neurons 
in the human hippocampus. Possible 
candidates are SNAT5, a system N 
transporter highly homologous to 
SNAT320,45 and y+LAT2, a system y+L 
transporter.2 However, SNAT5 recog-
nizes glutamine poorly and its expression 
level in brain is low.20 y+LAT2 has the 
highest affinity for arginine, not for 
glutamine.46 It is therefore likely that 
other –yet unidentified – glutamine trans-
porters are responsible for glutamine 
transfer in the human hippocampus.  
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Abstract 
Background: Vesicular glutamate transporters (VGLUTs) are responsible for loading 
synaptic vesicles with glutamate, determine the phenotype of glutamatergic neurons 
and have been implicated in regulation of quantal size and presynaptic plasticity. We 
analyzed VGLUT subtype expression in normal human hippocampus and tested the 
hypothesis that alterations in VGLUT expression may contribute to long-term changes 
in glutamatergic transmission reported in patients with temporal lobe epilepsy (TLE). 
Methods: VGLUT immunohistochemistry, immunofluorescence, in situ hybridisation, 
Western blotting and qPCR were performed on biopsies from TLE patients without 
(non-HS) and with hippocampal sclerosis (HS) and compared to autopsy controls and 
rat hippocampus. VGLUT1 expression was compared with synaptophysin, NPY, and 
Timm’s staining.  
Results: VGLUT1 was the predominant VGLUT in human hippocampus and 
appeared to be localized to presynaptic glutamatergic terminals. In non-HS hippo-
campi VGLUT1 protein levels were increased compared to control and HS 
hippocampi in all subfields. In HS hippocampi VGLUT1 expression was decreased in 
subfields with severe neuronal loss, but strongly up-regulated in the dentate gyrus, 
characterized by mossy fiber sprouting.  
Conclusions: VGLUT1 is used as marker for glutamatergic synapses in the human 
hippocampus. In HS hippocampi VGLUT1 up-regulation in the dentate gyrus 
probably marks new glutamatergic synapses formed by mossy fiber sprouting. Our 
data indicate that non-HS patients have an increased capacity to store glutamate in 
vesicles most likely due to an increase in translational processes or up-regulation of 
VGLUT1 in synapses from afferent neurons outside the hippocampus. This up-
regulation may increase glutamatergic transmission, and thus contribute to increased 
extracellular glutamate levels and hyperexcitability. 
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Introduction 
Glutamate, the major excitatory neuro-
transmitter in the brain, is loaded in 
synaptic vesicles by specific vesicular 
glutamate transporters (VGLUTs), which 
co-determine the glutamatergic pheno-
type in neurons.1,2 Three VGLUT sub-
types have been identified, all members 
of the solute carrier family 17 (Slc17).1-8 
VGLUT1 and VGLUT2 are brain-
specific, highly expressed in axon 
terminals of glutamatergic neurons, and 
display a complementary distribution 
pattern throughout the rat brain.9 In rat, 
VGLUT1 is the major type in the adult 
hippocampus.10 VGLUT2 is mostly 
present in diencephalon and lower brain 
stem fields.11,12 VGLUT3 expression in 
brain is low and seems restricted to 
specific subsets of non-glutamatergic 
cells.4,8,10,13 Information on VGLUT 
subtype distribution in human brain is 
limited.14-16 
It has been suggested that regulation of 
VGLUT expression may affect quantal 
size17-20 and may contribute to pre-
synaptic plasticity.21 Thus, changes in 
VGLUT expression may affect glutamate 
release under physiological, but also 
pathological conditions. Several lines of 
evidence indicate that impairments in 
glutamatergic transmission play a key 
role in the etiology and progression of 
temporal lobe epilepsy (TLE)22-25, a 
serious neurological disorder characte-
rized by spontaneous recurrent seizures. 
Data from animal models for epilepsy 
show increased VGLUT expression26-28 

that was reduced by anti-epileptic drug 
treatment concomitant with reduced 
seizure activity. These data indicate that 
VGLUT may be important in the initia-
tion and / or maintenance of seizures.29 

In this study we first determined the 
normal distribution of VGLUT1 and 
VGLUT2 in the human and rat hippo-
campus. Subsequently, we compared 
hippocampal VGLUT1 expression in 
autopsy controls with TLE patients with 
and without hippocampal sclerosis. 

 
Materials and Methods 
 
Patients  
Hippocampal tissue was obtained from 
pharmaco-resistant TLE patients with complex 
partial seizures who had surgical resective 
treatment. The amygdalo-hippocampal complex 
and a varying part of the temporal lobe were 
removed, based on clinical evaluations, interictal 
and ictal EEG studies, MRI, and intra-operative 
corticography. Patients were selected for surgery 
according to criteria of the Dutch Epilepsy 
Surgery Program.30 Informed and written 
consent was given by the patients for using any 
data and tissue for research studies.  
Hippocampal tissue was collected as described 
before.31 Tissue samples for immunohisto-
chemistry were immersion-fixed in 4% 
phosphate-buffered formaldehyde (pH 7.4) 
overnight at 4˚C and embedded in paraffin. 
Samples for immunoblotting were immediately 
frozen on dry ice and stored at -80˚C until 
further use. All hippocampi were removed 
because they contributed to the epileptogenic 
activity. For neuropathological evaluation repre-
sentative paraffin sections (7 µm) were stained 
with cresyl violet (Nissl). Hippocampal sclerosis 
(HS) was diagnosed and classified according to 
Wyler.32 Only tissue from non-HS (Wyler grade 
0; n=17) and severe HS (Wyler grade 4; n=19) 
cases was used. Control hippocampi (n=9) were 
obtained at autopsy and processed as described 
for surgical resection samples.31 Average post-
mortem delay was 17.3 ± 2.1 hours (mean ± 
SEM). All hippocampal specimens were normal 
as confirmed by neuropathological examina-
tion.31 None of the non-HS patients had lesions 
in the hippocampus. Clinical data and statistics 
on all patients are given in Table 1. Multiple 
group   comparison   or    χ2   tests   revealed   no  
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Patients Age Sex Age of Epileptic Anti-epileptic drugs Neuropathological Cause of death Timm

(y) (M/F) onset (y) focus at surgery diagnosis stain

Autopsy control

1 32 F x x x Normal hippocampus herniation*

2 27 F x x x Normal hippocampus cerebral trauma#

3 74 M x x x Normal hippocampus cardiovascular failure

4 66 M x x x Normal hippocampus cerebellar hemorrhage

5 56 F x x x Normal hippocampus cerebral hemorrhage#

6 72 M x x x Normal hippocampus herniation*

7 54 M x x x Normal hippocampus cerebral metastases#

8 74 F x x x Normal hippocampus cerebral hemorrhage#

9 63 F x x x Normal hippocampus ileus +

non-HS

10 22 F 12 right Oxcarbazepine, lamotrigine posttraumatic epilepsy x

11 21 M 9 right Lamotrigine, phenytoin ganglioglioma x

12 36 M 8 left Carbamazepine DNET x

13 15 M 10 left Oxcarbazepine, lamotrigine ganglioglioma x

14 23 M 20 right Carbamazepine gangliocytoma x

15 36 M 20 right Carbamazepine, phenytoin posttraumatic epilepsy x

16 17 F 2 right Oxcarbazepine, lamotrigine ganglioglioma x

17 41 F 29 right Oxcarbazepine tumor in collateral sulcus x

18 42 M 38 left Carbamazepine pilocytic astrocytoma x

19 39 M 20 left Carbamazepine, lamotrigine astrocytoma x

20 22 F 10 left Oxcarbazepine ganglioglioma x

21 46 M 16 right Carbamazepine, valproate, posttraumatic epilepsy x

levetiracetam

22 40 M 13 right Carbamazepine mesiotemporal tumour x +

23 41 F 23 left Oxcarbazepine vascular malformation x +

24 23 F 15 right Valproate, phenytoin mesiotemporal tumour x +

25 51 F 37 left Oxcarbazepine vascular malformation x +

26 3 M 2 left Vigabatrin, lamotrigine hippocampal tumour x +

HS

27 32 M 12 left Carbamazepine, phenytoin Hippocampal sclerosis x

28 19 F 8 right Lamotrigine, topiramate Hippocampal sclerosis x

29 55 F 12 left Lamotrigine, phenytoin, Hippocampal sclerosis x

oxcarbazepine

30 36 F 11 left Carbamazepine, levetiracetam Hippocampal sclerosis x

31 36 M 13 left Oxcarbazepine, phenobarbital Hippocampal sclerosis x

32 8 F 3,5 left Carbamazepine, lamotrigine Hippocampal sclerosis x

33 54 M 1,5 right Carbamazepine, lamotrigine, Hippocampal sclerosis x

valproate

34 38 F 14 right Carbamazepine, lamotrigine Hippocampal sclerosis x

35 11 F 6 right Oxcarbazepine, lamotrigine Hippocampal sclerosis x

36 38 F 30 left Carbamazepine, gabapentine Hippocampal sclerosis x

37 37 F 29 right Lamotrigine, topiramate Hippocampal sclerosis x

38 35 F 12 right Levetiracetam Hippocampal sclerosis x

39 22 F 5 right Phenytoin Hippocampal sclerosis x +

40 23 M 0 left Carbamazepine, valproate Hippocampal sclerosis x +

41 24 F 3 right Carbamazepine Hippocampal sclerosis x +

42 25 F 12 left Vigabatrin Hippocampal sclerosis x +

43 34 F 28 left Carbamazepine Hippocampal sclerosis x +

44 14 M 7 right Carbamazepine, lamotrigine Hippocampal sclerosis x +

45 41 M 25 left Carbamazepine Hippocampal sclerosis x +

* due to acute vascular accident. # contralateral side was used. Patients used for Timm's staining are indicated with '+'

Table 1. Comparison of clinical data in the three patient groups. 
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significant differences except for the mean age at 
tissue collection in the autopsy control group as 
compared to the non-HS and HS (p=0.0001, 
ANOVA). The non-HS and HS did not differ 
for the mean age at tissue collection (p=0.979, 
post hoc LSD test). 
Stability of VGLUT1-immunoreactivity (IR) in 
post-mortem material was tested in human neo-
cortical tissue subjected for various times (0, 12, 
24 hours storage) to autopsy-like conditions.33 
VGLUT1-IR was stable for at least 24 hours 
postmortem (data not shown). 
 
Immunohistochemistry and Timm stain 
Coronal paraffin sections (7 µm) were stained 
with commercial antisera against VGLUT1, 
VGLUT2, synaptophysin, and neuropeptide Y 
(Table 2; n=6, 9, 10 for autopsy controls, non-
HS, and HS hippocampi respectively) following 
standard procedures using the avidin-biotin-
complex method with 3,3’-Diaminobenzidine 
(DAB; Sigma ChemicalCo, St. Louis, MO) as 
chromogen.31 Sections to be stained for 
VGLUT2 and NPY were submitted to micro-
wave treatment (7 minutes 650W and 5 minutes 
350W). Non-specific binding was blocked for 30 
minutes at room temperature with 0,3% H2O2 in 
phosphate-buffered saline (PBS) containing 0.2% 
Triton-X100 (PBS-TX) and then in PBS-TX 
with 3% (v/v) normal goat serum (NGS) 
(VGLUT1 and VGLUT2), 10% normal rabbit 
serum (NRS) (synaptophysin) or with 5% non-fat 
dry milk powder in PBS-TX (NPY) for 30 
minutes. Sections stained for VGLUT2, 
synaptophysin, and NPY were counterstained 
with haematoxilline. VGLUT2 staining on rat 
tissue was performed as described for human 
sections, but without counterstaining.  
In each essay, relevant samples of both autopsy 
control and epileptic tissue were stained 

simultaneously under identical circumstances. 
Optimal working concentrations of antisera were 
determined on hippocampal autopsy tissue by 
serial dilutions. Specificity of the VGLUT1 
antiserum was tested by preadsorbtion with a 
ten-fold excess of antigen (fusion protein amino 
acids 523-560 of rat VGLUT1, Synaptic 
Systems, Göttingen, Germany) at 4˚C for 24 
hours and completely abolished VGLUT1 
staining (Fig. 3A). Staining was also absent when 
primary antibodies were omitted (not shown). 
VGLUT1-IR was assessed by optical density 
measurements using ImageJ (Image processing 
and analysis in Java, public domain, NIH, 
Bethesda, USA). Hippocampal subfields were 
selected by free-hand drawing. Average grey 
values were determined and corrected for 
background.  
Timm’s staining was performed as previously 
descrided34 in a different population of patients 
(see Table 1; n=1, 5, 7 for autopsy controls, non-
HS, and HS hippocampi respectively) as it 
cannot be performed on paraffin-embedded 
tissue. 
 
Immunofluorescence 
For double immunofluorescence labeling, 7 µm 
hippocampal paraffin sections were stained with 
a mixture of antibodies against VGLUT1 and 
glial fibrillary acidic protein (GFAP) (Table 2). 
All sections were subjected to microwave 
treatment (7 minutes 650W and 5 minutes 
350W). Pre-incubation and washing steps were 
performed with a combination of NGS and 
normal donkey serum (NDS; Jackson Immuno-
research Laboratories, West Grove, PA). To 
reduce background staining sections were finally 
incubated for 5 minutes in 1% Sudan Black di-
luted in 70% methanol, washed in distilled H2O, 
and coverslipped with DABCO/mowiol (Calbio-

(1) = Synaptic Systems, Göttingen, Germany; (2) = Santa Cruz Biotechnology, Santa Cruz, CA; (3) Peninsula Laboratories Inc., USA; (4) 
= DakoCytomation, Glostrup, Denmark; (5) Jackson Laboratories, West Grove, PA. 

Table 2. Information about the antibodies used. 

Primary antibody Dilution Secondary antibody Dilution Tertiary antibody Dilution

rabbit anti-VGLUT1 (1) 1:16,000 biotinylated goat anti-rabbit (4) 1:250 Cy2-conjugated Streptavidin (5) 1:1,000

rabbit anti-VGLUT2 (1) 1:2000 biotinylated goat anti-rabbit (4) 1:250 x

goat anti-synaptophysin (2) 1:50 biotinylated rabbit anti-goat (4) 1:400 x

rabbit anti-NPY (3) 1:1,000 biotinylated goat anti-rabbit (4) 1:250 x

mouse anti-GFAP (4) 1:400 donkey anti-mouse Cy3 (5) 1:500 x
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chem, San Diego, California, USA). Sections 
were examined with a Zeiss LSM 510 META 
confocal microscope using dual excitation of 488 
nm (Argon Laser) and 561 nm (Yellow Diode 
Laser (DPSS)). 
 
Immunoblotting 
To assess relative amounts of VGLUT1 protein, 
homogenates were prepared from hippocampi 
without subiculum31 and subjected to Western 
blot analysis (n=6, 7, 7 for autopsy controls, non-
HS, and HS hippocampi respectively). Proteins 
(5 µg per lane) were separated by electrophoresis 
on 11% SDS-polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride membranes 
(1 hour, 400 mA). Protein loading was checked 
by Ponceau-S staining. Non-specific binding was 
blocked for 1 hour at room temperature in Tris-
buffered saline with 0.1% Tween (TBS-T) 
containing 5% skim milk and 5% NGS. After 
washes with TBS-T membranes were incubated 
overnight in anti-VGLUT1 (1:20,000) diluted in 
TBS-T containing 10% NGS, washed again in 
TBS-T and incubated with alkaline-phospha-
tase-conjugated goat-anti-rabbit (1:7,500; Pro-
mega Corporation, USA) for 1 hour at room 
temperature. Membranes were developed and 
visualized as previously described.31 Densities 
were measured in duplicate under conditions of 
signal linearity. Relative optical densities 
corrected for background were averaged per 
patient.  
Substitution with preadsorbed antibody-antigen 
complex showed a faint non-specific band at 
apparent Mr of 50 kDa (Fig. 5B).  
 
In situ hybridisation 
Radiolabeled sense and antisense riboprobes 
were synthesized using human VGLUT1 cDNA 
as template. Nucleotides 2333-2719 were 
subcloned with a forward (2333; 
5’TCCAGGGATTGATTCTCACC3’) and a 
reverse primer (2719; 
5’ACACAACAAATGGCCACTGA3’), which 
resulted in a 386-nucleotide sequence. Partial 
cDNA was inserted in a p-GemT easy vector 
and verified by digestion with restriction enzyme 
NCO1. Riboprobes were synthesized using T7 
and SP6 RNA polymerase and labeled with 
[α33P] UTP (ICN Biomedicals, Irvine, CA, 
USA).  

In situ hybridisation (ISH) was performed on 7 
µm paraffin sections (n=6, 6, 4 for autopsy 
controls, non-HS, and HS hippocampi res-
pectively) as described before.35 Dehydrated air-
dried slides were exposed to X-ray film (Kodak 
Bio-Max MR) for 10 days with 14C microscales 
(Amersham Pharmacia Biotech, UK). VGLUT1 
sense strand probes showed minimal signal (not 
shown). Quantification of mRNA expression was 
performed by compu-terized densitometry with 
ImageJ. Hippocampal subfields were selected by 
free-hand drawing. Average grey values were 
measured, corrected for background and 
calibrated to the microscale.  
 
Quantitative RT-PCR 
Total RNA was isolated from four 50-µm-
hippocampal cryo-sections, purified and checked 
for quality by bioanalyser (Agilent technologies, 
Amstelveen, NL). RNA quality of all patient and 
autopsy samples was highly comparable. 
VGLUT1 primers were designed as described 
before.36 Gene expression was calculated as 
normalized ratio and normalized to reference 
gene DEAD (Asp-Glu-Ala-Asp) box polypeptide 
48 (DDX48). All samples were analyzed in 
duplicate.  
 
Statistical analysis 
Data are reported as mean ± standard error of 
the mean (SEM). One-way analysis of variance 
(ANOVA) was used combined with a post hoc 
LSD test for multiple comparisons. p<0.05 was 
considered significant.  
 

Results 
 
VGLUT1 and VGLUT2 distribution 
in human and rat hippocampus 
VGLUT1-IR was highly expressed in 
human autopsy controls in subfields 
receiving glutamatergic input, whereas 
VGLUT2-IR was undetectable (Fig. 1A, 
C). Thus, VGLUT1 is the predominant 
VGLUT in the human hippocampus. In 
rat hippocampus overall VGLUT2-IR 
was also low, but could be detected in the 
outer rim of the granular cell layer (GCL) 
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and the inner molecular layer (IML) (Fig. 

Figure 1. Photomicrographs of VGLUT1- and VGLUT2-IR in human (A, C) and rat (B, D) 
hippocampus. Note that VGLUT2-IR in human autopsy control hippocampus (C) is completely 
absent. In the hippocampus proper, the cornu ammonis fields are indicated (CA1-4), the 
subiculum (SUB) and the different layers; SR = stratum radiatum, SLM = stratum-lacunosum-
moleculare, SL = stratum lucidum. The dentate gyrus consists of the granule cell layer (GCL), 
hilus (h), polymorphic layer (PML) and the inner and outer molecular layer (iml, oml). Bar in C 
= 1500 µm, bar in D = 500 µm. 
 

 

 

 
Figure 3. Magnifications of VGLUT1-IR without (A) and with (B) blocking peptide (BP) and in 
the CA4 (C) and CA3 (D) field of the human hippocampus. Bar = 30 µm. E-J. Doublelabeling 
of VGLUT1 (green) with GFAP (red) in the CA4 (E-G) and CA3 (H-J) field of the human 
hippocampus shows no co-localization of VGLUT1 in glial cells. Bar = 20 µm. 
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and the inner molecular layer (IML) (Fig. 
1D), in agreement with literature.9 
VGLUT1-IR in the rat hippocampus 
was highly similar to previously published 
patterns.2,9  
In human hippocampus, VGLUT1-IR 
was most prominent in the neuropil of 
subiculum and stratum pyramidale of all 
hippocampal CA fields (Figs 1A, 2D). 
The IML of the dentate gyrus (DG), the 
stratum radiatum (SR) and the stratum 
lucidum (SL) exhibit weaker, but still 
intense IR. IR in the stratum lacunosum-
moleculare (SLM) and the outer molecu-

lar layer (OML) of the DG was very weak 
(Figs 1A, 2D). Neuronal cell bodies were 
devoid of VGLUT1-IR. Interestingly, 
VGLUT1-IR in the human hippocam-
pus was much weaker than in the rat in 
the SR, the SLM and the OML of the 
DG (compare Fig. 1A, B). 
At higher magnification, human hippo-
campal CA fields show strong punctate 
staining around neuronal cell bodies in 
the CA3 and CA4 field and in the CA3 
field also alongside axons (Fig. 3C, D). In 
other CA fields, punctate structures were 
very small and not heavily stained (not 

 
Figure 2. Typical examples of Nissl-, VGLUT1- and synaptophysin- immunostained adjacent 
sections from an autopsy control (A, D, G), non-HS (B, E, H) and HS hippocampus (C, F, I). Note 
that both VGLUT1- and synaptophysin-IR are very pronounced in the molecular layer of the DG 
in the HS hippocampus. Asterisk in B marks haemorrhage caused by the operation. Arrow in E and 
H indicate a scar due to a depth electrode. Bar = 1500 µm. 
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shown). We found no co-localization of 
VGLUT1 with the glial marker GFAP in 
any hippocampal subfield (Fig. 3E-J). 
VGLUT1-IR resembled that of general 
synaptic marker synaptophysin (Fig. 2G), 
except in the SR and OML of the DG, 
most likely revealing a difference between 
glutamatergic synapses and the total 
number of synapses.  
 
VGLUT1 immunohistochemistry 
in human epileptic hippocampus 
The IR pattern in the non-HS hippo-
campus was similar to autopsy controls, 
but staining was more intense in the 
neuropil in subiculum and stratum pyra-
midale of all hippocampal CA fields (Fig. 
2D, E). In the polymorphic layer (PML) 
more dense punctate structures were 
labeled and even in the GCL some 
punctate structures were visible (Fig. 4A, 
B). In the HS hippocampus VGLUT1-
IR was decreased in all CA fields with 
severe neuronal loss (CA4, CA1; Fig. 2F). 
In contrast, up-regulation of VGLUT1-
IR was found in the IML, OML and 
dispersed GCL of the DG (Figs 2F, 4C). 
VGLUT-IR in the subiculum was similar 
in HS and non-HS hippocampi (Fig. 2E, 
F). 
Quantification of VGLUT1-IR revealed 
a pronounced up-regulation in all sub-
fields of the non-HS hippocampus com-
pared to autopsy controls (Fig. 5A). In 
the HS hippocampus a clear loss of 
VGLUT1-IR was found in all hippo-
campal subfields compared to the non-
HS hippocampus, except for the subi-
culum and molecular layer of the DG. 
The latter showed a pronounced increase 
in all HS hippocampi compared with 
both non-HS and autopsy controls (Fig. 
5A). The subiculum also showed an 

increase in VGLUT1-IR in the HS 
hippocampus compared with autopsy 
controls (Fig. 5A). 
Synaptophysin-IR in the non-HS hippo-
campus resembled autopsy controls, but 
was decreased in the HS hippocampus in 
subfields with neuronal loss (CA4 and 
CA1), which is in accordance with litera-
ture.34 Synaptophysin-IR was increased 
in the molecular layer of the DG in the 
HS hippocampus. 
 
VGLUT1 immunohistochemistry 
and mossy fiber sprouting 
VGLUT1-IR was strong in the IML and 
the dispersed granule cell layer of HS 
hippocampi in intensely labeled small 
punctate structures and reduced in the 
PML (Fig. 4C) compared to autopsy 
control and non-HS hippocampus (Fig. 
4A, B). To compare VGLUT1-IR with 
mossy fiber sprouting, Timm’s staining 
was performed and revealed normal 
mossy fiber projection areas in the non-
HS and autopsy control hippocampus (34; 
Fig. 4G, H). All seven HS hippocampi 
showed loss of mossy fibers in the hilus 
and a dense band of mossy fibers sprouts 
in the IML of the DG, which paralleled 
VGLUT1-IR (compare Fig. 4C and I). 
As Timm’s staining could not be per-
formed in sections used for VGLUT1 
staining (PFA fixed and paraffin em-
bedded tissue), we confirmed mossy fiber 
sprouting by NPY staining on adjacent 
sections. Although NPY is not a specific 
marker for mossy fibers, it is often used to 
stain sprouting NPY containing axons in 
the area of mossy fiber terminals.37,38 The 
NPY-IR pattern we detected was similar 
as described before.37,39 In autopsy con-
trol hippocampus some interneurons and 
fibers were stained in the hilus and many 
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fibers and puncta were seen in the OML 
of the DG (Fig. 4F). Because the IML 
showed hardly any fibers and puncta, a 
clear border was visible between the 
OML and IML. In the non-HS hippo-
campus more IR axons were found in the 
OML and some fibers and puncta were 
seen in the IML. However, the border 
between OML and IML was still distinct 
(Fig. 4G). The HS hippocampus showed 
loss of interneurons in the hilus. The IR 
axon pattern was uniformly distributed 
over the OML and IML. Compared to 
autopsy control and non-HS hippocampi 
fewer fibers were detected in the OML 
but more fibers were found in the IML, 
in mossy fiber-like structures. Thus, in 
HS hippocampi the border between 
OML and IML was not visible (Fig. 4H) 
reminiscent of strong mossy fiber sprou-
ting and consistent with our Timm 
staining results.  
 
Quantification of VGLUT1 in 
hippocampal homogenates 
As expected, Western blots of all 
hippocampal homogenates revealed a 
VGLUT1-IR band at Mr 60 kDa (Fig. 
5B), which disappears after preadsorption 
of the antibody with the antigen. The 
faint 50-kDa band could not be removed 
by preadsorption of the antibody and is 
therefore considered non-specific. 
VGLUT1-IR was significantly higher in 
the non-HS group than in autopsy 
controls and HS patients, confirming the 
neuroanatomical data. VGLUT1-IR in 
the HS group was significantly lower 
than in the autopsy controls (Fig. 5C). 

VGLUT1 in situ hybridisation and 
qPCR 
ISH revealed a distinct labeling pattern 
in DG granule cells and pyramidal 
neurons (Fig. 6A), in accordance with 
studies in human hippocampus.14,15 
Labeling was most intense in the GCL 
and the pyramidal cell layers in CA2 and 
CA3. VGLUT1 mRNA levels were 
significantly reduced in all hippocampal 
subfields of the non-HS hippocampus 
compared to autopsy controls (Fig. 6B). 
In the HS group, a significant decrease in 
hippocampal VGLUT1 mRNA was 
found in subfields with severe neuronal 
loss (CA4, CA3, CA1) compared with 
autopsy controls (Fig. 6B). VGLUT1 
mRNA labeling in the GCL was similar 
in HS and autopsy control hippocampi. 
To verify VGLUT1 mRNA levels qPCR 
was performed on independent autopsy 
control and patient groups. A significant 
decrease was found in VGLUT1 mRNA 
levels in both non-HS and HS hippo-
campi compared with autopsy controls 
(~40% and 60%, respectively), as well as 
between non-HS and HS hippocampi 
(33%) (Fig. 6C). 

 
Discussion 
 
VGLUT1 distribution in the 
normal human hippocampus 
Expression of VGLUTs, specific gluta-
mate transporters on the membrane of 
glutamatergic vesicles, is crucial for the 
glutamatergic phenotype of a neuron.1,2 
Here we report that VGLUT1 is highly 
expressed in the human hippocampus, 
especially in regions rich in glutamatergic 
synapses. In contrast to the rat, the 
human hippocampus hardly expresses 
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VGLUT2. Thus, VGLUT1 is the pre-
dominant VGLUT in the human hippo-
campus.  
VGLUT1-IR was located as punctuated 

structures surrounding neuronal cell 
bodies, axons and dendrites and was 
absent in neuronal cell bodies confirming 
data from rat hippocampus.2 In contrast 
to rat, in the human hippocampus 
VGLUT1-IR was hardly detectable in 
the OML, SLM and the SR.2 The 
difference in VGLUT1-IR pattern 
between the two species indicates a 
difference in connectivity.  
VGLUT1-IR was not found in 
astrocytes, neither in autopsy controls 
nor in TLE patients. The VGLUT1 
expression found by others40,41 in cul-
tured or acutely isolated human astro-
cytes may relate to in vitro conditions. 
VGLUT1 mRNA was concentrated in 
dentate granule cells and pyramidal 
neurons of all CA fields, which is in 
agreement with two human14,15 and 
several rodents studies.10 
 
VGLUT1 distribution in TLE 
patients 
In non-HS patients hippocampal 
VGLUT1-IR, determined by immuno-
histochemistry and Western blotting, was 
significantly increased compared with 
autopsy controls and HS patients. 
VGLUT1 mRNA levels, however, deter-
mined by ISH and qPCR, were de-
creased compared with autopsy controls. 
This was found in all non-HS patients, 
independent of their type of pathology. 
The discrepancy between VGLUT1-IR 
and mRNA is puzzling, but has also been 
reported in human schizophrenic brain 
material42,43 and in an animal model for 
epilepsy44 indicating it is a common as-
pect of VGLUT1 expression under 
pathological conditions. It most likely 
reflects translational regulation and in 
some hippocampal subfields upregulation 

 
Figure 4. Photomicrographs of VGLUT1, 
NPY, and Timm’s stained sections of the dentate 
gyrus all show aberrant axonal sprouting in the 
inner molecular layer (IML) of HS hippocampi 
(C, F, I) compared with autopsy control (A, D, 
G) and non-HS (B, E, H) hippocampi. The 
haematoxilline counterstaining (D, E, F) shows 
the dispersed granule cell layer in HS hippo-
campus. OML = outer molecular layer, GCL = 
granule cell layer, PML = polymorphic layer. 
Bar = 100 µm. 
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of VGLUT1 protein in synapses from 
afferent neurons outside the hippocam-
pus may contribute to the discrepancy. 
The increased VGLUT1-IR in non-HS 
patients indicates increased vesicular glu-
tamate storage capacity, assuming that 
IR represents functional protein. This 
increased capacity most likely reflects 
more vesicles per synapse or more trans-
porters per vesicle, since we have pre-
viously shown that the total number of 
synapses, as measured by synaptophysin 
staining, does not differ between autopsy 
controls and non-HS patients in any of 
the hippocampal subfields (Fig. 2;34). EM 
studies will be required to distinguish 
between the latter possibilities. 

In HS patients, VGLUT1 protein and 
mRNA was decreased in subfields with 
severe neuron loss (CA4 and CA1) but 
less affected in subfields more resistant to 
death (CA2, subiculum), as has been des-
cribed for other key components of the 
glutamate-glutamine cycle, such as the 
glial components glutamine synthetase 
and excitatory amino acid transporter 
2.31,35,45 Reduced VGLUT1-IR was also 
found in epileptic peritumoral neocortex 
in fields with neuronal loss and gliosis.16 
The reduced VGLUT1-IR indicates loss 
of glutamatergic synapses in these 
affected subfields, a finding which is in 
line with the reduction in total synapses 
found in these HS patients before.34 

 

Figure 5.  
Quantification of hippocampal VGLUT1 protein 
content from autopsy control (n=6, grey bars), 
non-HS (n=9, white bars), and HS (n=10, black 
bars) hippocampi. A. VGLUT1 immunohisto-
chemistry expressed as relative optical density 
(ROD) in arbitrary units. VGLUT1 is signi-
ficantly increased in all hippocampal subfields in 
the non-HS compared to autopsy control hippo-
campi. Note the increase in VGLUT1 in the 
molecular layer (ML) of the dentate gyrus in the 
HS hippocampi compared to both autopsy con-
trol and non-HS hippocampi. B. Representative 
immunoblots loaded in duplo with hippocampal 
homogenate proteins from autopsy control (n=6), 
non-HS (n=7) and HS (n=7) patients stained for 
VGLUT1 (~60 kDa). Preadsorption of the 
primary antibody with blocking protein (+ bp) 
completely abolishes the 60-kDa VGLUT1-IR 
band, but a faint non-specific 50-kDa band re-
mains. mw = molecular weight marker at 52 
kDa. C. Quantification of VGLUT1-IR band 
shows a 52% increase in non-HS compared to 
autopsy control hippocampi, and 122% increase 
compared to HS hippocampi. VGLUT1-IR was 
decreased by 31% in HS compared to autopsy 
control hippocampi. VGLUT1-IR is expressed as 
ROD in percentages of the maximal OD (%). * 
p<0.05, ** p<0.01  
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In HS hippocampi we detected up-
regulation of VGLUT1-IR in the IML of 
the DG, the layer with mossy fiber sprou-
ting (Fig. 4;34,37). Increased VGLUT1-IR 
in the IML has also been reported in 
patients with schizophrenia46 and in the 
molecular layer in a rat model for 
hypoxia-induced seizures.26 Our data 
indicate that in HS hippocampi new 
glutamatergic synapses are formed, most 
likely representing mossy fiber sprouts. 
Such new glutamatergic synapses could 
be part of a feed-forward loop, which 
may contribute to the initiation and 
propagation of seizures.47 Alternatively, 
increased VGLUT1 expression may be 

indicative of more VGLUT1 per existing 
synapse.  
In the GCL, VGLUT1 mRNA levels in 
HS patients and autopsy controls are 
similar, whereas protein levels (at least in 
the molecular layer) are increased in the 
HS group. Unaltered mRNA levels 
probably result from a reduced ex-
pression due to loss of granule cells, 
granule cell dispersion and loss of mossy 
fibers projecting to the CA3, but an 
increased expression in surviving granule 
cells forming more VGLUT1 per synapse 
or new synapses reflecting mossy fiber 
sprouting. As this occurs in a limited 
zone,   this    may    explain    high    local  

Figure 6.  
Quantification of hippocampal VGLUT1 
mRNA by in situ hybridisation and qPCR 
from autopsy controls (grey bars), non-HS 
(white bars), and HS (black bars) patients. 
A. Representative photomicrographs of 
VGLUT1 ISH. Bar = 1500 µm. B. 
Quantification of VGLUT1 ISH in 
different hippocampal subfields, expressed 
in µCi/g. VGLUT1 mRNA is decreased in 
all subfields in the non-HS (n=6) compared 
to the autopsy control hippocampi (n=6). 
Note the increase in VGLUT1 mRNA in 
the GCL of HS patients (n=4). C. 
Quantification of hippocampal VGLUT1 
by qPCR (n=4 for all groups) (expressed as 
normalized ratio (Rn)) shows a significant 
decrease (~39% in non-HS and ~60% in 
HS hippocampi) compared to autopsy 
controls and a 33% decrease in HS 
compared to non-HS hippocampi. * 
p<0.05, ** p<0.01 
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VGLUT1 protein levels in the GCL. 
It is unlikely that changes in VGLUT1 
expression found in epileptic compared 
to autopsy control tissue are due to post-
mortem delay, since we showed stability 
of epitopes in postmortem control ex-
periments. The stability and quality of 
our mRNA in and from autopsy control 
samples has been shown previously.36 
Moreover, we found no correlation be-
tween VGLUT1 expression and post-
mortem delay in autopsy controls and 
also the discrepancy between VGLUT1 
protein and mRNA levels makes effects 
of postmortem delay unlikely. Since all 
TLE patients were on similar treatment 
with anti-epileptic drugs (AEDs), diffe-
rences between TLE groups cannot be 
caused by AEDs, but we cannot exclude 
that AED treatment itself affected 
VGLUT1 expression. Only Valproic 
Acid (valproate) and Riluzole are known 
to reduce VGLUT1-IR in experimental 
epilepsy models,29 AEDs which were part 
of the treatment in only two non-HS and 
two HS patients in our study. 
The TLE patients used in this study had 
seizures for many years. Thus, we do not 
know whether the changes in VGLUT1 
expression are a cause or a consequence 
of the disease. However, the up-regu-
lation of VGLUT1 protein only in non-
HS patients may suggest causality in this 
group. Regulation of VGLUT1 ex-
pression has been implicated in scaling 
quantal size and may affect synaptic 
plasticity.17-19 Therefore up-regulation of 
VGLUT1 may lead to an increased glu-
tamatergic transmission, possibly contri-
buting to a sustained increase in extra-
cellular glutamate levels and hyper-
excitability. 
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Abstract 
Background: Mesiotemporal sclerosis (MTS), the most frequent form of pharmaco-
resistant temporal lobe epilepsy, often develops after an initial precipitating injury (IPI) 
affecting the immature brain. To analyse early processes in epileptogenesis we used the 
juvenile Li+/pilocarpine model to study longitudinal expression of glutamate-
glutamine cycle key components, which are affected in hippocampal tissue resected 
from MTS patients.  
Methods: Status epilepticus (SE) was induced by pilocarpine-injection in 21-day old 
(P21) rats. Animals were sacrificed 2, 4, 8, and 19 weeks later. Hippocampal protein 
expression was analysed by immunohistochemistry, neuron damage by FluoroJade 
staining. Rat data were compared with data from MTS patients and autopsy controls.  
Results: Spontaneous recurrent behavioural seizures occurred in 44% of animals 15-18 
weeks after SE. Neuron damage was most pronounced in the hilus. No principal 
neuron loss was detected, whereas a progressive loss in parvalbumin-positive neurons 
was found. Immunoreactivity for vimentin was increased. Glutamine synthetase (GS)-
immunoreactivity in the hilus progressively decreased. Immunoreactivity for excitatory 
amino-acid transporters (EAAT1-3), vesicular glutamate transporter 1 (VGLUT1) and 
glial fibrillary acidic protein (GFAP) was unaffected. About 70% of the MTS patients 
suffered from an identified IPI, predominantly febrile seizures (52%) and viral 
infections (27%). MTS hippocampi showed reduced GS-, EAAT2-, and VGLUT1-
immunoreactivity, especially in areas with neuron loss, whereas vimentin- and GFAP-
immunoreactivity were increased.  
Conclusions: Our data show that SE induced at P21 is associated with a reduction in GS 
and increase in vimentin expression, effects in glia cells also prominent in MTS 
patients. These results emphasize the importance of GS and (reactive) glia in early 
epileptogenesis. 
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Introduction 
One of the most common forms of 
pharmaco-resistant epilepsy is mesial 
temporal lobe epilepsy (TLE). The main 
pathological feature of TLE is mesio-
temporal sclerosis (MTS), i.e. hippo-
campal sclerosis, characterized by neuro-
nal loss, extensive glial proliferation and 
mossy fiber sprouting.1,2 Surgical removal 
of the sclerotic hippocampus most often 
ameliorates the seizures patients suffer 
from3 emphasizing the importance of this 
structure in the generation and propa-
gation of seizures. Early in life, MTS 
patients often experienced an initial 
precipitating injury (IPI), such as febrile 
seizures, brain infections, head trauma, 
status epilepticus (SE), or birth trauma.4,5 
After a latent, seizure-free period sponta-
neous recurrent seizures (SRS) occur. 
The length of this latent period varies 
considerably with a median of seven 
years.4,6 It is thought that an IPI during a 
critical period of brain development plays 
a crucial role in initiating epileptogenesis, 
the complex process of molecular and 
cellular changes eventually leading to 
MTS. The temporal sequence of events 
during epileptogenesis is still poorly 
understood. One of the prevailing hypo-
theses is that epileptogenesis involves an 
increase in excitatory and/or a reduction 
in inhibitory neurotransmission (reviewed 
by7,8). Indeed, studies in hippocampal 
tissue resected from TLE patients re-
vealed that the expression of several key 
components of pathways involved in 
GABAergic9,10 and glutamatergic trans-
mission9,11-15 are affected. Several compo-
nents of the glutamate-glutamine cycle, 
the pathway in which neurons and glia 
closely cooperate to metabolize and 
recycle   extracellular  glutamate,16,17  ap- 

 
pear to be affected. Among these are (1) 
the excitatory amino acid transporters 
(EAATs) 1, 2, and 3.9,11 EAAT2 is the 
main glial glutamate transporter in the 
hippocampus. EAAT3 is neuron specific 
(for review see18). (2) The glial enzyme 
glutamine synthetase (GS)12,13 that con-
verts glutamate into glutamine.19 (3) 
phosphate activated glutaminase (PAG)14 
that deaminates glutamine in the neuron 
back to glutamate.20 (4) vesicular gluta-
mate transporters (VGLUTs)15 that 
transport glutamate into synaptic vesicles 
which is released in the synaptic cleft.18 

VGLUT1 is the main VGLUT in the 
hippocampus.15,21 Several studies indicate 
that expression levels of VGLUTs regu-
late the quantal size of its neurotrans-
mitter.22,23 
The temporal sequence of events leading 
to MTS is mostly studied in adult animal 
models for epilepsy (e.g.24-26). Only a few 
of these studies describe expression 
changes in the glutamatergic system. 
These include effects on various gluta-
mate receptors27-29 and on transporters.30-

32 A recent study shows that 7 days after 
SE newly generated astrocytes have a 
reduced expression of GS.33  
To study early events in epileptogenesis 
following an IPI, several experimental 
models have been developed in young 
animals (e.g.34-36). Characteristic for these 
juvenile models is that the IPI is elicited 
in the immature brain, does not induce 
massive neuron loss and gliosis, and have 
a longer latent period before SRS occur. 
One of these models is the Li+/pilocar-
pine (Li+/pilo) model, which resembles 
several important clinical, develop-
mental, and neuropathological features of 
human MTS.37 Interestingly, the effects 
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of Li+/pilo-induced SE are age-depen-
dent. In adult rats the intensity of SE and 
the subsequent damage are most pro-
nounced,34,38 whereas Li+/pilo-induced 
SE during the first two weeks of life does 
not produce substantial hippocampal 
damage or SRS.34 Li+/pilo-induced SE 
at postnatal day 21 (P21), an age com-
parable to a human toddler,39 elicits mo-
derate neuronal damage and SRS.40-42  
The contribution of components of the 
glutamate-glutamine cycle to early 
epileptogenesis has not yet been studied. 
We therefore performed a longitudinal 
immunohistochemical study in the P21 
rat Li+/pilo model to assess early changes 
in key elements of the glutamate-gluta-
mine cycle. We compared these animal 
data with immunohistochemical stainings 
of human hippocampal tissue resected 
during surgery to treat TLE with MTS. 
This comparison may help to distinguish 
between causes and consequences of 
MTS.  

 
Materials and Methods 
 
Patients 
A retrospective study was performed in patients 
operated to treat TLE in the University Medical 
Centre Utrecht (Utrecht, The Netherlands) 
between June 1997 and June 2007. The 
amygdalo-hippocampal complex was resected 
en-bloc and MTS was diagnosed on cresyl-violet 
stained 7 µm hippocampal sections by a neuro-
pathologist according to the grading system of 
Wyler.43 Wyler stage 3 (W3) and W4 indicate 
gliosis with more than 50% neuronal loss and is 
also referred to as MTS. The history of MTS 
patients was analysed for the occurrence of an 
IPI before the onset of chronic epilepsy. 
Hippocampal tissue from six surgical MTS 
patients and from six autopsy control patients, 
who died from non-neurological diseases, was 
collected, fixed, paraffin-embedded and section-

ed (7 µm) as described before.13 Informed and 
written consent was given by the patients for 
using any data and tissue for research studies. 
 
Animals 
Male Wistar rats (Charles River Laboratories, 
Schulzfeld, Germany) arrived at postnatal day 
eight (P8) in litters of ten pups with a foster 
mother. Rats were weaned and housed indi-
vidually at P21. Animals were housed in tem-
perature and humidity controlled rooms with 
lights on between 7AM and 7PM with tap water 
and standard rat chow freely available. The 
experimental procedures were approved by the 
Ethical Committee for Animal Experiments of 
Utrecht University.  
 
Li+/pilocarpine-induced SE 
At P20, rats (n=68) were injected intra-
peritoneally (i.p.) with lithium-chloride (Merck, 
Darmstadt, Germany) 3 mmol/kg to potentiate 
pilocarpine treatment. At P21, 18-20 hours after 
Li+ treatment, animals were injected i.p. with 
methyl-scopolamine (1 mg/kg, Sigma, St Louis, 
MO, USA) to reduce peripheral side effects of 
pilocarpine. Rats were placed individually in 
high plastic cages for behavioral observation. 
Thirty minutes later pilocarpine (40 mg/kg, 
Sigma, St. Louis, MO, USA) was administered 
subcutaneously. Rat behavior was observed and 
classified in six stages according to Racine.44 
After one hour of SE rats were injected with 
diazepam (4 mg/kg i.p., Centrafarm Services 
BV, Etten-Leur, The Netherlands) to suppress 
seizures and reduce mortality rate. Control 
animals (–PC, n=32) received full treatment 
except that pilocarpine injections were replaced 
by an equal volume of saline. Animals were daily 
video-monitored for one hour and handled 
several times a day to detect seizures. 
 
Tissue collection and processing 
At 2 (n=6), 4 (n=6), 8 (n=6) or 19 (n=10) weeks 
after Li+/pilo-induced SE, animals were 
sacrificed by i.p. injections of 300 mg/kg pento-
barbital and perfused transcardially with 100 ml 
of saline containing 500 U of heparin (Leo 
Pharmaceutical Products, Weesp, The 
Netherlands), followed by 200-250 ml of 4% 
(w/v) phosphate buffered paraformaldehyde (pH 
7.4). Brains were dissected and postfixed 
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overnight at 4˚C, dehydrated and embedded in 
paraffin.  
For Timm stain, animals were decapitated at 19 
weeks after Li+/pilo-induced SE (–PC: n=8; 
+SE: n=8). Brains were dissected, immediately 
frozen and stored at -80˚C until used. 
 
Histology 
Rat paraffin sections (7 µm) were cut in a coronal 
plane. General histology was assessed after 
Cresylviolet (Nissl) staining. FluoroJade (FJ) 
staining was performed to identify damaged 
neurons.45 Briefly, deparaffinated and hydrated 
sections were immersed in 0.06% KMnO4 
(Merck KGaA, Damstadt, Germany) for 15 
minutes on a shaker table and incubated in 
0.001% FJ staining solution (Histo-Chem, Inc. 
Jefferson, Arkansas, USA) for 30 minutes. Slices 
were washed three times in distilled water, dried 
in air, cleared by immersion in xylene and 
coverslipped with DPX (BDH laboratories, 
Poole England). 
 
Immunohistochemistry 
Immunostaining was performed on 7 µm adja-
cent sections with commercially available 
antibodies for vimentin, GS, GLAST (rat 
sequence of EAAT1), GLT1 (rat sequence of 
EAAT2), EAAC1 (rat sequence of EAAT3), 
GAD65/67, and parvalbumin (PV) or rabbit 
antiserum for GFAP and VGLUT1 (Table 1) 
using the avidin-biotin detection system 
(Vectastain Elite ABC Kit; Vector Laboratories, 
Burlingame, CA) with 3,3’-diaminobenzidine 

tetrahydrochloride (DAB; Sigma Chemical Co., 
St. Louis, MO) as chromogen.13 Human hippo-
campal sections were stained with the same 
antibodies as described for rat (Table 1). Optimal 
working concentrations were determined with 
serial dilutions on control rat and human brain 
sections. 
Each rat slide contained three adjacent sections, 
which were stained for either vimentin, GS and 
GFAP, or GLAST, GLT1, EAAC1, or PV, 
GAD and VGLUT1.  
All sections were subjected to microwave treat-
ment (7 minutes 650W, 5 minutes 350W) for 
antigen retrieval. Comparisons were made under 
identical conditions within the same experiment. 
Non-specific binding was blocked for 30 minutes 
at room temperature with 0.3% H2O2 in 
phosphate-buffered saline (0.01M, pH7.4) 
containing 0.2% Triton-X100 (PBS-TX) and 
then in PBS-TX with 3% normal horse serum 
(vimentin, GAD65/67, PV), 3% fetal calf serum 
(GS, GFAP), 3% normal goat serum (VGLUT1, 
EAAC1), or 5% low fat dry milk (GLAST, 
GLT1) for 1 hour at 37˚C. Control experiments 
without the primary antibodies did not reveal 
any staining (not shown).  
Immunohistochemistry was analyzed by visual 
inspection by two independent observers 
unaware of the experimental design. For each 
hippocampal subregion, sections were ranked 
according to staining intensity. Immunoreactivity 
(IR) for GS and GAD was quantified by 
computerized densitometry using ImageJ (Image 
processing and analysis in Java). Relative optical 

(1) = Dako Cytomation, Glostrup, Denmark; (2) = BD Biosciences, Erembodegem, Belgium; (3) = Chemicon Int. Inc. Temecula, 
CA; (4) = Biotrend Chemicals, Cologne, Germany; (5) = Synaptic Systems, Gottingen, Germany; (6) = Santa Cruz Biotechnology, 
Santa Cruz, CA; (7) = Sigma, St. Louis, MO; (8) = Brunschwig Chemie, Amsterdam, Holland; (9) = Jackson Laboratories Inc, 
Cambridgeshire, UK. 

Table 1. Information about the antibodies used. 
 

Primary antibody Dilution rat Dilution human Secondary antibody Dilution

mouse anti-Vimentin (1) 1:400 1:400 horse-anti-mouse (8) 1:200

rabbit anti-GFAP (1) 1:6,400 1:6,400 goat-anti-rabbit (1) 1:250

mouse anti-GS (2) 1:3,200 1:2,400 horse-anti-mouse (8) 1:200

guinea pig anti-GLAST (3) 1:1,000 - goat-anti-guinea pig (9) 1:500

guinea pig anti-GLT1 (3) 1:1,000 1:150 goat-anti-guinea pig (9) 1:500

rabbit anti-EAAC1 (4) 1:600 - goat-anti-rabbit (1) 1:250

rabbit anti-VGLUT1 (5) 1:16,000 1:16,000 goat-anti-rabbit (1) 1:250

goat anti-GAD65/67 (6) 1:75 - horse-anti-goat (8) 1:250

mouse anti-Parvalbumin (7) 1:4,000 - horse-anti-mouse (8) 1:200
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densities (RODs) for the hilar area of the right 
hippocampus were measured and normalized to 
the age-matched control group. RODs were 
expressed as mean ± standard error of the mean 
(SEM) and differences in RODs between the 
four groups were used for statistical analysis. The 
loss of PV-positive neurons was quantified, 
counting all PV-positive neuronal cell bodies in 
the dentate gyrus (DG) and hilus of the right 
hippocampus of each animal. Data from –PC 
animals were pooled since they did not differ 
between the four time points.  
Statistical significance was assessed with one-way 
analysis of variance (ANOVA) combined with a 
post-hoc LSD test. p<0.05 was considered 
significant. 
 
Timm stain 
Cryosections (25 µm) from the hippocampi of 
19-week –PC (n=8) and +SE (n=8) animals were 
cut in a coronal plane, mounted on slides (Super-
Frost plus, Menzel-gläser, Braunschweig, Ger-
many) and subjected to Timm’s staining as pre-
viously described.46 Mossy fiber sprouting was 
determined using a scoring system for the degree 
of staining intensity in the inner molecular layer 
(IML) of the DG by two blinded observers. The 
highest score identified in this study (according 
to47) was a score of two, thus evident mossy fiber 
sprouting (score 3-5) was not seen. 

 
Results 
 
Patients 
Between June 1997 and June 2007, 408 
patients underwent a resection of the 
amygdalo-hippocampal complex to treat 
drug-resistant TLE. The hippocampi of 
215 patients were diagnosed as Wyler 
grade 0-2 (non-MTS) and 193 patients 
were diagnosed as Wyler grade 3-4 
(MTS). Of the MTS patients 128 (66.3%) 
had an identified IPI before the onset of 
epileptic seizures, whereas eight (4.1%) 
had a tumor located in the parahippo-
campal gyrus, one (0.5%)  had an arterio- 

vascular malformation, one patient 
(0.5%) showed tuberous sclerosis and in 
55 patients (28.5%) the etiology was 
unknown (Fig. 1A). Only 41 non-MTS 
patients (19.1%) had an IPI before the 
onset of epileptic seizures. In this group 
127 patients had a tumor near the 
hippocampal region (59.1%) (Fig. 1A). 
Neither the mean age at seizure onset nor 
that at surgery differed between the 
patient groups. At the time of surgery all 
patients received anti-epileptic medica-
tion. 
The frequency of the occurrence of five 
different types of IPI’s in MTS patients is 
depicted in figure 1B: febrile seizures, 
viral infections (meningitis, encephalitis), 
headtrauma, birth trauma or a combina-
tion of these factors.  
 

Figure 1. Overview of human data. A. Com-
parison of data between non-MTS (W0-2) and 
MTS (W3-4) patients. B. Frequency of the 
different initial precipitating injuries that 
preceded epileptic seizures in 193 MTS 
patients.  

 



CHAPTER 5   

 86 

Li+/pilocarpine-induced seizures 
After pilocarpine injections, rats almost 
immediately showed wet-dog shakes, 

followed within minutes by mouth and 
facial movements. This progressed within 
15 minutes to head nodding and forelimb 

 
Figure 2. Overview of affected brain areas with Nissl (A, B) and FluoroJade (C, D) stain. A. control 
(–PC) animal and B. +SE animal 2 weeks after Li+/pilo-induced SE. The numbers indicated in A 
represent the areas that are enlarged and show a FluoroJade stain in C. 1 = hippocampal area (hilus 
(h) and granule cell layer (GCL)); 2 = thalamus (thal); 3 = cortex (cx); 4 = amygdala (amygd). D. 
FluoroJade stain showing a temporal profile of neuron damage in +SE animals in the hilus of the 
hippocampus. 
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clonus. These partial seizures became 
more generalised after 30-45 minutes 
(rearing and falling) and eventually (after 
1.5 hours) resulted in loss of postural 
control. Animals had intermitted periods 
of generalized seizures for one hour 
before sedation with diazepam.  
From the 68 Li+/pilo-treated animals, 48 
animals reached stage six seizures44 
(71%, +SE group), whereas 20 animals 
did not (29%, –SE group). Thirteen 
animals died (19%) during SE or within 
three days after treatment (12 +SE, 1 –
SE). The 19 –SE animals (n=3 at 2, 4, 
and 8 weeks, and n=10 at 19 weeks) all 
reached Racine’s stage 2-5 (3.8 ± 0.2). 
Behavioral SRS were not seen within 15 
weeks after SE induction. In the +SE 
group sacrificed after 19 weeks 8/18 
animals developed SRS (44%), in the 
corresponding –SE group only 1/10 
(10%). 

Hippocampal morphology after SE 
Cresylviolet staining revealed no gross 
morphological alterations or neuron loss 
comparing –PC and +SE animals (Fig. 
2A, B) at any of the four time points. 
However, FJ staining revealed damaged 
neurons in amygdala, thalamus, parts of 
the cortex and the hilus of the hippo-
campus of +SE animals. FJ staining in all 
these areas was most intense 2 weeks 
after SE (Fig. 2C). The number of FJ-
positive neurons as well as the intensity of 
FJ staining progressively decreased in 
time (shown in the hippocampus; Fig. 
2D). At 19 weeks after SE only 1/10 
animals showed moderate FJ staining in 
the hilus and 3/10 showed staining in the 
amygdala, whereas cortex and thalamus 
were devoid of staining. Brains of all –PC 
animals were devoid of FJ staining at all 
time points (Fig. 2C). 

 
Figure 3. Photomicrographs of vimentin-IR (A-E), GS-IR (F-J). GAD-IR (K-O), and PV-IR (P-T) 
in the hippocampus of a control animal (–PC) at the 2-week time point and 2, 4, 8, and 19 weeks 
after induction of SE (+SE). Note the changes are all found in the hilus (h) of the hippocampus. 
Arrows in I and J mark the reduction in GS-IR in the hilus 8 and 19 weeks after induction of SE. 
Bar = 500 µm. 
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Vimentin-IR (indicating reactive glia;48) 
was detected in all +SE animals in the tip 
of the hilus and in the stratum 
lacunosum-moleculare (SLM). It was 
most pronounced 2 and 4 weeks after SE 
(Fig. 3B, C). At 8 weeks after SE some 
vimentin-IR cells could still be detected 
(only at higher magnification, not shown). 
Although the number of vimentin-IR 
cells was further decreased 19 weeks after 
SE (Fig. 3E), they were still detectable in 
all ten +SE animals. As expected, –PC 
animals only showed vimentin-IR in the 
wall of blood vessels at all time points 
(Fig. 3A).  
GFAP-IR was detected in numerous 
astrocytic cell bodies and their processes 
all over the hippocampus, some of them 
branching in the granule cell layer and 
the pyramidal cell layers (Fig. 4A, B). 
Prominent GFAP-IR was found in the 
neuropil of the hilus and SLM. Neuronal 
cell bodies were devoid of staining. No 
difference in GFAP-IR could be observed 
between –PC and +SE animals at any 
time point. 
Mossy fiber sprouting was analysed by 
Timm stain of a separate –PC and +SE 
group 19 weeks after SE. The pattern of 
mossy fibers in the –PC and +SE animals 
was identical (not shown), even though in 
the +SE group 5/8 animals developed 
SRS. Thus, no evidence was found for 
mossy fiber sprouting. 
 
Proteins in the glutamate-
glutamine cycle 
IR for the glial enzyme GS was found in 
the neuropil of all hippocampal areas 
(Fig. 3F-J). Astroglial cell bodies and 
processes were stained throughout the 
hippocampus. Neurons were devoid of 
GS-IR. The +SE animals showed a 

dramatic decrease in GS-IR in the tip of 
the hilus 2 (-15.0 %, p=0.006) and 4 
weeks (-11.2%, p=0.027) after SE, which 
was even more pronounced 8 (-32.4%, 
p<0.001) and 19 weeks (-33.5%, 
p<0.001) after SE (Figs. 3F-J, 5A). The 
reduction in GS-IR increased with time 
after SE (8 weeks vs. 2 weeks, p=0.009; 8 
weeks vs. 4 weeks, p=0.001; 19 weeks vs. 
2 weeks, p=0.013; 19 weeks vs. 4 weeks, 
p=0.002). No changes in GS-IR were 
detected in other hippocampal areas.  
The    staining    pattern   for    the    glial  

 
Figure 4. Photomicrographs showing GFAP-, 
EAAT1, EAAT2, EAAT3-, and VGLUT1-IR 
in a control (–PC) and a +SE animal 4 weeks 
after induction of SE. None of these proteins 
changed after SE induction in the juvenile 
Li+/pilo model. Bar = 500 µm. 
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glutamate transporters EAAT1 (GLAST) 
and EAAT2 (GLT1), the neuronal 
glutamate transporter EAAT3 (EAAC1), 
and the vesicular glutamate transporter 
VGLUT1 was comparable to that 
described in literature49,50 and did not 

differ between –PC and +SE animals 
(Fig. 4C-J). Thus, GS seems to be the 
only component of the glutamate-gluta-
mine cycle that is affected by Li+/pilo-
treatment. 
 
Markers of GABAergic neurons  
To examine effects on GABAergic 
interneurons we used antibodies against 
GAD67/65 (a general marker for 
GABAergic neurons) and PV (a marker 
for a subpopulation of GABAergic inter-
neurons, which is vulnerable to SE.25,26 
GAD-IR was highly concentrated within 
the pyramidal cell layer of the hippo-
campus and around the outer part of the 
granule cell layer of the DG. Neuropil 
staining was most pronounced in the 
outer molecular layer (OML) of the DG 
and the SLM. The hilus of the DG 
showed some punctated staining (Fig. 
3K-O). Surprisingly, +SE animals 
showed an up-regulation of GAD-IR in 
the hilus, which was most pronounced 2- 
and 4-weeks after SE and decreased in 
time (Figs 3L, M, and 5B; 83% at 2 
weeks; p<0.001, 71% at 4 weeks; 

 

Figure 5.  
Quantification of the relative optical density 
(ROD) of GS-IR (A) and GAD-IR (B) in the 
hilus of the hippocampus and PV-positive neu-
rons in the hilus and DG of the hippocampus 
of –PC (grey bars) and +SE (black bars) 
animals. GS-IR and GAD-IR are normalized 
to the age-matched –PC animals. A. A signi-
ficant reduction in GS-IR of 32.4% at 8 weeks 
and 33.5% at 19 weeks was found in +SE 
animals compared with controls. B. GAD-IR 
was significantly increased in 2- and 4-week 
+SE animals compared with controls (83% and 
71%). C. The number of PV-positive neurons 
was significantly decreased in +SE animals at 
all time points compared with controls (45.2% 
at 2 weeks; 44.7% at 4 weeks; 70.2% at 8 
weeks; 64.4% at 19 weeks). 
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p=0.002). After 8 weeks 2/6 +SE 
animals and after 19 weeks 4/10 +SE 
animals still showed GAD-IR up-
regulation upon visual inspection, but 
this up-regulation could no longer be 
detected by densitometry.  
PV-IR was observed in neuronal cell 
bodies, dendrites and neuropil of the 
pyramidal cell layer of all CA areas, and 
in cell bodies and dendrites in the hilus 
and granule cell layer of the DG (Fig. 3P-
T). The total number of PV-positive 
neurons in the hilus and DG was 
significant reduced in the +SE group 

compared with –PC animals at all time 
points (Fig. 5C; -45.2% at 2 weeks, 
p<0.001; -44.7% at 4 weeks, p<0.001; -
70.2% at 8 weeks, p<0.001; -64.4% at 19 
weeks, p<0.001).  
 
Effects in –SE animals 
Interestingly, all rats which failed to 
reach Racine’s stage six seizures after 
Li+/pilo-treatment (–SE rats) showed 
similar changes as +SE animals in FJ 
staining, vimentin-IR, GAD-IR, and PV-
IR. However, these changes were first 
detectable after 4 weeks, thus 2 weeks 

 
Figure 6. Photomicrographs of FluoroJade (FJ) stain (A-D), vimentin-IR (E-H), GS-IR (I-L). 
GAD-IR (M-P), and PV-IR (Q-T) in the hippocampus of –SE animals 2, 4, 8, and 19 weeks after 
induction of SE. Note the changes are all found in the hilus (h) of the hippocampus, not before 4 
weeks after induction of SE. Bar in A = 100 µm, bar in E = 500 µm. 
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later than in +SE animals (Fig. 6B, F, N, 
R). These changes were still present in 
1/3 –SE animals after 8 weeks (Fig. 6C, 
G, O, S). GS-IR down-regulation in the 
hilus was only detected after 19 weeks in 
5/10 –SE animals (Fig. 6L).  

 
Markers for the glutamate-
glutamine cycle in human MTS 
To allow direct comparison of our 
animal data with human MTS patients, 
we used the same antibodies on human 
hippocampal material from autopsy 
controls and MTS patients. In autopsy 
controls vimentin-IR was only found in 
the wall of blood vessels throughout the 
hippocampus (Fig. 7A). In MTS hippo-
campi vimentin-IR was also found in 
glial cell bodies and processes, especially 
in the molecular layer of the DG and 
pyramidal cell layer of all CA fields (Fig. 
7B). The dispersed granule cell layer 
showed long vimentin-positive processes, 
which is in accordance with literature.51  
GS-IR in autopsy control hippocampi 
was prominent in the neuropil of the 
subiculum, the pyramidal cell layer of all 
CA fields, and the molecular layer of the 
DG, whereas it was weak in the hilus of 
the DG. GS-IR was not found in 
neuronal cell bodies (Fig. 7C). In MTS 
hippocampi, a pronounced loss of GS-IR 
was apparent, especially in hippocampal 
subfields showing severe neuronal loss, 
i.e. CA1, CA3, CA4, and the hilus of the 
DG (Fig. 7D).  
In the juvenile Li+/pilo model we found 
no changes in the expression of GFAP, 
EAAT2 and VGLUT1. However, in 
human MTS hippocampi expression of 
these proteins is changed (Fig. 7E-J). 
GFAP-IR was increased in the pyramidal 
cell layer of all CA fields and the hilus 

(Fig. 7E, F), reminiscent of gliosis in areas 
with severe neuronal loss. EAAT2-IR 

 
Figure 7. Photomicrographs of human au-
topsy control (A, C, E, G, I) and MTS (B, D, 
F, H, J) hippocampus showing vimentin-, 
GFAP-, GS-, VGLUT1-, and EAAT2-IR. 
Vimentin-IR is present in many reactive glial 
cells in MTS hippocampus (B). Note the diffuse 
increase in GFAP-IR in the pyramidal cell layer 
of all CA fields and in the hilus (h) in MTS 
hippocampus (D). GS-IR, VGLUT1-IR, and 
EAAT2-IR are decreased in MTS hippocam-
pus especially in areas with neuron loss (i.e. 
CA4, CA3, CA1). VGLUT1-IR is increased in 
the molecular layer and dispersed granule cell 
layer of the DG (arrow in H). Bar = 2000 µm. 
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was reduced in MTS hippocampi in 
almost all hippocampal subfields, except 
for in areas with relative mild neuronal 
loss, such as CA2 and the molecular layer 
of the DG (Fig. 7G, H). VGLUT1-IR 
was also decreased in areas with neuron 
loss. In contrast, up-regulation of 
VGLUT1-IR was found in the molecular 
layer and dispersed granule cell layer of 
the DG (Fig. 7I, J).  

 
Discussion 
In this study we monitored hippocampal 
expression of components of the gluta-
mate-glutamine cycle in a juvenile rat 
Li+/pilo model to investigate their 
involvement in early epileptogenesis. The 
long-term expression changes in this rat 
model were compared with human 
hippocampi resected during surgery for 
the treatment of MTS, to assess which 
changes may be causal to and which are 
rather the consequence of recurrent 
seizures.  
During the latent phase, we found a 
progressive down-regulation of GS ex-
pression in the hilus of the +SE hippo-
campus, concomitant with neuronal 
damage (FJ staining) and reactive gliosis 
(vimentin staining). Neuronal damage in 
the +SE hippocampus was restricted to 
the hilus, whereas reactive glia were also 
found in the stratum lacunosum-
moleculare. Only the reduction in GS 
was persistant, starting two weeks after 
SE and lasting until the chronic phase. 
Interestingly, down-regulation of this glial 
enzyme in the glutamate-glutamine cycle 
is also a key feature in the hilus of the 
MTS hippocampus, but also in other 
hippocampal areas with severe neuron 
loss (Fig. 7;12,13). In the adult Li+/pilo 

model a decrease in GS expression con-
comitant with neuronal loss has been 
described as soon as seven days after 
SE.33  
Several lines of evidence point to an 
important role of GS in epilepsy. Con-
siderable congenital loss of GS activity 
has been described in two unrelated 
human neonates who died soon after 
birth.52 Suppression of GS activity in 
vivo53 or a 50% reduction in GS ex-
pression in heterozygous GS-knockout 
animals54 leads to seizures or increased 
seizure susceptibility. In addition, homo-
zygous GS-knockout mice die during 
embryonal development.55 GS converts 
as much as 80% of the glutamate that is 
transported into astrocytes into gluta-
mine.56 Thus, GS deficiency may cause 
an abnormal increase in astrocytic and 
extracellular glutamate concentra-
tions.12,57 The down-regulation of GS 
prior to the occurrence of SRS may 
therefore be an important factor in the 
onset of spontaneous seizures.  
Other components of the glutamate-
glutamine cycle were unaffected in the 
juvenile rat Li+/pilo model, whereas their 
expression was decreased in the human 
MTS hippocampus (Fig. 7). Only 
EAAT3 and VGLUT1 expression has 
been studied in the adult pilocarpine 
model of epilepsy. EAAT3 mRNA was 
increased in individual granule cells 
during both the latent and chronic 
phase.30,31 VGLUT1 expression was up-
regulated in the inner molecular layer of 
the DG, which was correlated with mossy 
fiber sprouting,28,33 as was VGLUT1 ex-
pression in human MTS.15 We did not 
find mossy fiber sprouting in the present 
study, therefore it may not be surprising 
that changes in VGLUT1 expression 
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were absent. Since changes in expression 
of these glutamate-glutamine cycle com-
ponents appear to be restricted to human 
MTS, it is likely that they are the result of 
recurrent seizures. Part of these changes 
may also be induced by the long-term 
treatment with anti-epileptic medication.  
In the juvenile rat Li+/pilo model we did 
not find loss of principal glutamatergic 
neurons. However, FJ staining showed 
damaged neurons in the hilus of the 
hippocampus. Part of these damaged 
neurons may represent PV-positive neu-
rons which we found to be affected. In 
the adult Li+/pilo model26 and in human 
TLE,58,59 it has also been reported that 
the GABAergic subpopulation of PV-
containing interneurons is vulnerable to 
SE. Surprisingly, GAD-IR as a measure 
for GABA synthesis was increased. In 
literature, data on GAD-IR are incon-
sistent, both in the latent and chronic 
phase.58,60-64 Possibly this increase in 
GAD-IR represents a compensatory 
mechanism in surviving GABAergic 
neurons.  
In the present study we did not detect 
mossy fiber sprouting. Other studies 
report mossy fiber sprouting, not only in 
the adult post-SE model,37,65 but also in 
the juvenile model.40,42,66 This apparent 
discrepancy most likely is caused by the 
relatively high dose of pilocarpine used in 
the latter studies. We purposely used a 
lower dose of pilocarpine to avoid 
massive neuron loss and gliosis. Never-
theless, we found SRS in at least 44% of 
our animals.  
In the present study the latent phase was 
between 15-18 weeks, which is much 
longer than in the adult pilocarpine 
model.25,37,65 A long latent phase is more 
representative for human TLE and 

makes it more likely that changes found 
represent true epileptogenesis rather than 
mere SE-induced effects. In support of 
this, we found similar effects in rats that 
do not respond to Li+/pilo with a full SE 
(–SE). –SE animals showed the same, but 
more delayed, transient changes in FJ, 
vimentin, GAD, and PV staining as +SE 
animals. Also GS down-regulation occurs 
at a slower pace in –SE animals. More-
over, at 19 weeks after SE one of the –SE 
animals showed SRS confirming that 
epileptogenesis can occur in animals 
without full SE.  
In conclusion, the juvenile Li+/pilo 
model40 may more closely resemble cer-
tain aspects of human epilepsy where an 
early precipitating lesion during infancy 
is thought to trigger the process of 
epileptogenesis.67 Our retrospective study 
showed that at least 66% of MTS 
patients had an IPI during childhood, 
confirming this is an important trigger of 
epileptogenesis.  
GS was the only component of the 
glutamate-glutamine cycle that was per-
sistently reduced in the juvenile rat 
model, comparable to human MTS. The 
reduction in GS preceded SRS and may 
therefore be a component of the complex 
process of epileptogenesis. It will be of 
interest to test whether restoring GS 
activity interferes with epileptogenesis 
and the development of SRS.  
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Abstract 
Background: Temporal lobe epilepsy may be initiated by early events, e.g. childhood 
status epilepticus (SE), inducing hippocampal injury and imbalance between 
glutamatergic and GABAergic neurotransmission. We aim to non-invasively and 
invasively study hippocampal glutamatergic and GABAergic neurotransmission during 
epileptogenesis in juvenile rats.  
Methods: In vivo localized 1H MRS at 9.4 Tesla and ex vivo immunohistochemistry were 
performed during epileptogenesis in the rat at four and eight weeks after lithium-
pilocarpine-induced SE at P21. 
Results:  Compared to lithium-saline-injected littermates, N-Acetyl-Aspartate decreased 
by 12%, while choline increased by 15%. This indicates neuronal death and gliosis, 
confirmed by FluoroJade and vimentin stainings. Glutamate and particularly GABA 
concentrations decreased progressively by 17% and 41%, respectively. Decreased 
parvalbumin-immunoreactivity (-68%) confirmed GABAergic cell death. Glutamine 
concentrations increased after four weeks (+36%), but returned to control levels, while 
immunoreactivity of glutamine synthetase (GS), the enzyme that converts glutamate 
into glutamine, decreased with 32% at eight weeks. 
Conclusions: Neuronal loss of predominantly GABAergic nature is accompanied by a 
transient increase in glutamine and subsequent decrease in GS-immunoreactivity, to 
normalize glutamine levels. GS-down-regulation may be a key step in the 
epileptogenic process and an early marker of imminent epilepsy, indicating the 
potential of MRS in early diagnosis of TLE. 
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Introduction  
About 30% of patients with temporal 
lobe epilepsy (TLE) are refractory to anti-
epileptic drugs and may benefit from 
epilepsy surgery.1 Mesiotemporal sclero-
sis (MTS), the most frequent cause of 
intractable TLE, is characterized by neu-
ronal loss, astrogliosis, and mossy fiber 
sprouting.2 A genetic predisposition in 
combination with a second hit during in-
fancy, e.g. febrile seizures or status 
epilepticus (SE), presumably initiates a 
cascade of pathophysiological events that, 
after a latent seizure-free period, even-
tually lead to MTS and TLE.3,4 A dis-
balance between the excitatory and in-
hibitory neurotransmitters glutamate and 
γ-aminobutyric acid (GABA) respectively, 
is implicated in this process of epilepto-
genesis (reviewed by5,6). Current medical 
and surgical treatment modalities aim at 
reducing seizure frequency in patients 
already suffering from overt epilepsy. A 
better understanding of the pre-epileptic 
latent phase of epileptogenesis during 
which MTS gradually develops, could 
offer opportunities to modify the complex 
pathophysiological process responsible 
for TLE.  
In the study of epileptogenesis, animal 
models are indispensable. The lithium-
pilocarpine (Li+/pilo) model is a post-SE 
model resembling many aspects of hu-
man TLE; SE is followed by a latent 
phase before spontaneous recurrent sei-
zures (SRS) occur concomitant with 
hippocampal pathology showing the 
characteristics of human MTS. The 
consequences of Li+/pilo-induced SE are 
age-dependent. In adult rats, the intensity 
of SE is strongest and the extent of 
damage most pronounced.7,8 SE induced 
before postnatal day 14 (P14) does not 

cause significant hippocampal damage or 
SRS. However, SE induced at P21, an 
age roughly corresponding to a human 
toddler,9 leads to hippocampal neuronal 
damage in all injected animals of which 
∼75% develop SRS.10,11 Although several 
consequences of SE have been ex-
tensively studied in the P21 Li+/pilo 
model,10,12,13 little is known about the 
glutamatergic and GABAergic temporal 
changes during the latent phase of 
epileptogenesis prior to the development 
of SRS. 
Magnetic resonance spectroscopy (MRS) 
allows the measurement of cerebral con-
centrations of several important metabo-
lites and neurotransmitters, e.g. GABA, 
glutamate and glutamine. To our know-
ledge, longitudinal in vivo MRS investiga-
tions of hippocampal neurotransmitter 
changes during epileptogenesis have not 
been reported. The early and non-
invasive detection of epileptogenic hippo-
campal changes by means of MRS in 
patients at risk for the development of 
MTS could be an entirely new approach 
in the prevention and management of 
TLE. 
In order to characterize the neuro-
transmitter- and structural changes that 
occur during epileptogenesis, we per-
formed in vivo MR and ex vivo immuno-
histochemical studies four and eight 
weeks after Li+/pilo-induced SE in P21 
rats. To compare MRS neurochemical 
data with changes in certain cellular 
markers we combined single-voxel hippo-
campal (GABA-edited) MRS with 
immunohistochemical staining for GS 
(glial enzyme responsible for the 
conversion of glutamate to glutamine), 
PV (marker for GABAergic neurons) and 
vimentin  (marker for gliosis), and studied  
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cell damage by FJ staining.  

 
Methods  
MR experiments were performed at the Magne-
tic Resonance Research Center of Yale Medical 
School, New Haven, USA, and immunohisto-
chemistry was done at the Rudolf Magnus 
Institute of Neuroscience in Utrecht, The 
Netherlands. All experimental procedures were 
approved by the local Institutional Ethical 
Committees. 
 
Animal model 
20-day old male Wistar rats (n=47; 42.6 ± 2.0 g, 
mean ± SEM) were injected intraperitoneally 
(i.p.) with 3 mEq/kg lithium chloride (Merck, 
Darmstadt, Germany) 20 hours before induction 
of SE, to potentiate the effect of pilocarpine. 
Thirty minutes before the subcutaneous admini-
stration of 40 mg/kg pilocarpine hydrochloride 
(Sigma, St. Louis, MO), 1 mg/kg of scopolamine 
methyl nitrate (Sigma) was injected i.p. to 
antagonize the peripheral cholinergic effects of 
pilocarpine.14 Age-matched control animals 
(n=22, 44.3 ± 2.6 g, mean ± SEM) underwent 
the same experimental procedure but were 
injected with an equal volume of saline instead of 
pilocarpine.  
Behavior was monitored visually and classified 
into six stages according to Racine.15 After one 
hour of SE, animals were sedated with diazepam 
(4 mg/kg i.p., Abbott Laboratories, North 
Chicago, IL) to suppress seizures and reduce 
mortality. Only animals that reached stage six 
were used for further experiments. These 
animals (hereafter indicated as “+SE”) were 
daily video-monitored for one hour and handled 
several times a day to detect seizures. Further-
more, during the 12 hours preceding MR and 
(immuno)histochemistry experiments, animals 
were continuously monitored. No behavioral 
seizures could be detected during the 4 to 8 
weeks time interval after SE, or prior to the MR 
and ex vivo studies.  
Eighteen Li+/pilo injected animals were not 
sacrificed for MR or histological experiments, 
but were video-monitored for 19 weeks after 
induction of SE to detect SRS.  
 

Magnetic Resonance Experiments 
At 4 and 8 weeks after induction of SE, five +SE 
and five control animals were brought to the MR 
facility the day before MR experiments. The rats 
were anesthetized, intubated by tracheotomy 
and ventilated with 0.5% halothane in a mixture 
of N2O and O2 (30/70%). The femoral artery 
was cannulated for monitoring of blood pressure 
and blood sampling to determine arterial pCO2 
and pO2. Throughout the preparation phase and 
the entire MR protocol, which lasted approxi-
mately four hours, physiological variables were 
maintained within normal limits (pCO2 = 33–45 
mmHg; pO2 ≥ 120 mmHg; pH = 7.30–7.58; 
Mean arterial BP = 90–110 mmHg) by small 
adjustments in tidal volume and ventilation 
frequency. Animals were placed in the probe, 
restrained in a head holder and immobilized 
with d-tubocurarine (0.5 mg/kg/40 min, i.p.). 
Body core temperature was measured with a 
rectal thermometer and maintained at 37°C ± 
1°C by means of a heated water pad. After the 
MR experiments, rats were euthanized under 
anesthesia.  
 
Magnetic Resonance Protocol 
Experiments were performed on a dedicated 
animal MR system, consisting of a 9.4 T Mag-
nex magnet (Magnex Scientific, Oxford, UK) 
equipped with a 9 cm diameter gradient coil 
insert (490 mT/m, 175 µs; Resonance Research 
Inc., Billerica, MA,). The magnet was interfaced 
to a Bruker AVANCE console (Bruker, Billerica, 
MA) operated under Linux running Paravision 
3.0.1. A 14 mm diameter surface coil was used 
for 1H radiofrequency pulse excitation and signal 
reception. 1H MR spectra were obtained from a 
single voxel (10x2x5 mm) placed over the hippo-
campus (Fig. 1A). Voxel position was determined 
from multislice EPI images (FOV 2.56x2.56 cm, 
matrix 128x128, 10 slices of 1 mm slice thick-
ness, repetition time (TR) 2.5 s and echo time 
(TE) 10 ms. The rostral-caudal center of the 
voxel was positioned in the slice showing the 
most dorsal portion of the medial hippocampus. 
The voxel position was then slightly adjusted 
with the help of the adjacent slices so as to mini-
mize contamination from adjacent grey matter 
structures, corpus callosum and cerebrospinal 
fluid. ROI analysis of the hippocampus and the 
voxel, showed that the sampled tissue was for 
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~73% of hippocampal origin. Magnetic field 
homogeneity was optimized over the volume of 
interest (VOI) with the non-iterative FASTMAP 
algorithm for all first- and second-order shim 
coils,16 resulting in signal line widths of 14–16 Hz 
for water and 9–11 Hz for metabolites in the 100 
µL volume. 3-D localization of the spectroscopic 
volume was achieved by a combination of outer 
volume suppression (OVS), image-selected in 
vivo spectroscopy (ISIS), and slice-selective exci-
tation. Water suppression was achieved with four 
conventional chemical shift selective pulses 
(CHESS).17  
The three methylene resonances of GABA are 
overlapped by other metabolite resonances in the 
1H MR spectrum. Selective GABA detection was 
achieved by J-based editing of GABA.18 In this 
technique, a narrow bandwidth inversion pulse is 
applied to GABA 3CH2 (1.9 ppm) in alternate 
scans of a spin echo sequence, resulting in 
refocusing of the outer bands of the J-coupled 
triplets at 3 ppm and 2.29 ppm. In alternate 
scans (without inversion), J-modulation occurs 
and for a TE of 1/JGABA (68 ms), the outer triplet 
bands are inverted in phase relative to the center 
band. Subtraction of the two subspectra results 
in the GABA edited spectrum. Partial co-editing 
of Glu-H2 (3.75 ppm) results from spillover from 
the inversion pulse exciting the Glu 3CH2 

multiplet near 2.1 ppm; In practice, total GABA 
levels are quantified with the GABA 4CH2 peak 
at 3 ppm after correction for editing efficiency. 
Editing power was calibrated on the water 

resonance. Editing efficiency was calculated for 
individual experiments as the percentage of 
water signal suppressed by the editing pulse. The 
experiments were performed with a TR of 4 
seconds and 64 repetitions with interleaved 
editing.  
 
Data analysis 
The phase (zero and first order) of MR spectra 
was adjusted manually. The GABA-edited 
spectrum was obtained by subtracting the non-
edited from the edited spectra. Quantification of 
metabolite resonances was performed with 
LCModel19 with a basis set consisting of the pure 
chemical compounds measured with the same 
pulse sequence in phantoms (pH = 7.0, 37°C). 
The LCModel fits the measured in vivo spectrum 
with this metabolite “library”. The fit is con-
strained by prior knowledge of resonance 
frequency and line width or T2. A dedicated 
version of LCModel, developed in house, was 
used for analysis. Concentrations were calculated 
by assuming a total creatine concentration of 10 
mM. No correction was made for T1, because 
differences in T1 between tCr and important 
metabolites are small.20 Reliability of fits was 
established by performing Monte Carlo simu-
lations on the obtained results. These were cal-
culated for typical spectra and expressed as a 
percentage standard deviation (SD) over the 
average value that indicates the margin of error 
introduced by the LCModel analysis (Table 1).21 

 
Figure 1. A. Coronal T2-weighted magnetic resonance images (TR, 2500 ms; TE, 40 ms) of a 
healthy control animal at 8 weeks (lithium treatment only). The hippocampal volume selected for 
spectroscopy is indicated by the white box. B. Nissl stain of the left hippocampus of a control 
animal at 8 weeks depicting anatomical structure. The granular cell layer (GCL) is a part of the 
dentate gyrus (DG). The hilus (h) was the most affected area in pilocarpine-treated animals as 
shown by histology. SLM = Stratum Lacunosum-Moleculare. Bar = 500 µm. 
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Statistics 
Data are expressed as mean ± standard error of 
the mean (SEM). The +SE group was compared 
with the control group from the same time point. 
Furthermore, results from the +SE groups were 
compared between time points. Statistical signi-
ficance between the time points and between 
controls and +SE conditions was calculated with 
a one-way ANOVA for multiple groups after 
confirmation that all variables had equal 
variances and a normal distribution.  
 
Histology and Immunohistochemistry 
At 4 and 8 weeks after pilocarpine-induced SE, 
six animals each from +SE and controls were 
sacrificed with pentobarbital (300 mg/kg, i.p.). 
Animals were perfused transcardially with 100 
ml of saline containing 500 U of heparin (Leo 
Pharmaceutical Products, Weesp, The Nether-
lands), followed by 200-250 ml of 4% (w/v) 
phosphate buffered paraformaldehyde (pH 7.4). 
Brains were dissected and postfixed overnight at 
4˚C, dehydrated, embedded in paraffin, and 
sectioned transversally at 7 µm.  
The general histology of brain sections was 
assessed after cresyl-violet (Nissl) staining. FJ 
staining was performed to analyze neuronal 
damage.22 Briefly, deparaffinated and hydrated 
sections were immersed in 0.06% KMnO4 

(Merck KGaA, Damstadt, Germany) for 15 
minutes with gentle shaking and incubated in 
0.001% FJ staining solution (Histo-Chem, Inc. 
Jefferson, Arkansas) for 30 minutes followed by 
distilled water washes. Excess water was removed 
and air-dried slides were cleared in xylene and 
coverslipped with DPX (BDH laboratories, 
Poole England). 
Immunohistochemical staining was performed 
with specific antibodies against vimentin, to 
detect reactive glia, against PV to detect a sub-
population of GABAergic neurons particularly 
sensitive to SE, and against GS (EC 6.3.1.2), the 
glial enzyme in the glutamate-glutamine cycle 
that converts glutamate into glutamine.  
The avidin-biotin detection system (Vectastain 
Elite ABC Kit; Vector Laboratories, Burlingame, 
CA) was used with 3,3’-diaminobenzidine tetra-
hydrochloride (DAB; Sigma Chemical Co., St. 
Louis, MO) as chromogen. Deparaffinized and 
hydrated sections were immersed in 0.01M 
sodium citrate buffer (pH 6.0) and subjected to 
microwave treatment (7 minutes 650W, 5 
minutes 350W) for antigen retrieval. Endo-
genous peroxidase activity was then blocked with 
0.3% H2O2 in phosphate-buffered saline (0.01M, 
pH7.4) containing 0.2% Triton-X100 (PBS-TX) 
for 30 minutes. Sections were then preincubated 
with 3% normal horse serum (for vimentin and 

 

 -PC (n=5)  +SE (n=5)  -PC (n=5)  +SE (n=5) MC Simulations

Neuronal dysfunction

        NAA 12.07 ± 0.22 10.70 ± 0.34* 11.59 ± 0.13 10.24 ± 0.76* 0.36%

Gliosis

        Total Choline   5.25 ± 0.19   6.07 ± 0.76*   5.33 ± 0.20   6.04 ± 0.46* 8.66%

        Myoinositol   7.70 ± 0.50   7.81 ± 0.44   7.55 ± 0.47   8.46 ± 0.46* 1.00%

Neurotransmission

        GABA   1.04 ± 0.06   0.68 ± 0.11*   0.94 ± 0.08   0.52 ± 0.06*† 7.9%

        Glutamate 12.40 ± 0.56 10.54 ± 0.64* 11.46 ± 0.42   9.53 ± 1.29*† 3.28%

        Glutamine   4.10 ± 0.18   5.62 ± 0.49*   4.25 ± 0.41   4.73 ± 0.81† 7.09%

        Alanine   0.44 ± 0.07   0.41 ± 0.06   0.45 ± 0.11   0.38 ± 0.06 16.92%

        Aspartate   1.21 ± 0.08   1.16 ± 0.09   1.13 ± 0.05   1.13 ± 0.10 4.90%

Energy failure

        Lactate   1.35 ± 0.14   1.31 ± 0.23   1.76 ± 0.34   1.31 ± 0.30 12.95%

Table 1. Metabolite concentrations for control (-PC) and +SE animals, 4 and 8 weeks after SE, 
quantified with LCModel. Reliability of fits was established by Monte Carlo (MC) simulations, 
expressed as %SD. *<0.05 compared with same time point control, †<0.05 compared with previous 
time point. 
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PV) or 3% fetal calf serum (for GS) for 1 hour at 
37°C to block non-specific binding of immuno-
globulins. Primary antibodies were applied 
overnight at 4°C (mouse-anti-vimentin 1:400; 
DakoCytomation, Glostrup, Denmark; mouse-
anti-PV 1:4,000; Sigma; mouse-anti-GS 1:3,200; 
BD Biosciences, Erembodegem, Belgium), 
followed by a 1 hour incubation with biotiny-
lated secondary antibodies (horse-anti-mouse, 
1:200, Brunschwig Chemie, Amsterdam, The 
Netherlands).  
Optimal working concentrations were deter-
mined by serial dilutions on normal rat brain 
sections. Control experiments conducted in the 
absence of the primary antibodies revealed no 
detectable staining (data not shown). 
Immunohistochemistry was analyzed by visual 
inspection by two independent observers. Since 
vimentin staining is either ‘all or nothing’, it was 
not quantified. The loss of PV-positive neurons 
in the hippocampus was quantified, counting all 
PV-positive neuronal cell bodies in the dentate 
gyrus (DG) and hilus of the right hippocampus of 
each animal but not including dendrites. The 
number of PV-positive neurons in control and 

+SE animals was used for statistical analysis. 
Quantification of GS immunoreactivity (IR) was 
performed by computerized densitometry with 
the image-processing program ImageJ (Image 
processing and analysis in Java). Relative optical 
densities (RODs) for the hilar area of the right 
hippocampus were measured and normalized to 
the age-matched control group. Differences in 
RODs between the two groups were used for 
statistical analysis. Statistical significance was 
calculated with one-way analysis of variance 
(ANOVA) combined with a post-hoc Bonferroni 
test. p<0.05 was considered significant. 

 
Results 
 
Animal model 
Of 47 animals injected with lithium and 
pilocarpine, 31 (66%) progressed to 
Racine’s final stage of SE (stage 6), of 
which 9 (29%) died within the first 24 
hours (usually suddenly in the first hour 

 

 

Figure 2.  
A. Typical unedited spectra of a 
control (-PC) and +SE animal at 8 
weeks after injection of pilocarpine. 
Spectra are normalized to total 
creatine (tCr). The epileptic animal 
shows a clear reduction in N-
Acetyl Aspartate (NAA) and gluta-
mate (Glu) and increased choline 
(Cho) compared with control. mI = 
myo-Inositol, Gln = glutamine. B. 
A typical LCModel fit of the spec-
tra is shown, where the generally 
good quality of the fit is shown by 
the flat residual.  
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during a tonic seizure). No mortality was 
observed in the period between SE and 
the MR experiments or histology. Of the 
22 surviving animals that developed SE, 
5 each were studied 4 and 8 weeks after 
SE with MRS while the remaining 12 
animals were used for immunohisto-
chemistry. No mortality or abnormal 
behavior was observed in the control 
animals.  
No significant differences were observed 
in body weights between control and 
+SE animals at 4 weeks after injection of 
lithium with or without pilocarpine, 
(245.5 ± 15.7 g vs. 233.3 ± 10.3 g, mean 
± SEM, p=0.262); however body weight 
was lower in control animals at 8 weeks 
(335.4 ± 6.9 g vs. 355.5 ± 8.4 g, mean ± 
SEM, p=0.040). 
 
MR Spectroscopy  
Figure 2A illustrates a typical non-edited 
1H MR spectrum of a control and +SE 
animal (8 weeks after injection) with all 
important metabolites indicated. The 
LCModel fits and the resulting residual 
of the control spectrum are presented in 
figure 2B. A typical example of a GABA 
edited spectrum is shown in figure 3. 
Individual GABA resonances can be 
distinguished and were quantified with a 
dedicated version of LCModel. The 
NAA and glutamate, which resonate 
close to GABA 3CH2 were also partly 
edited, but do not interfere with correct 
quantification of the GABA 4CH2 peak. 
A separate experiment in which the 
editing pulse was used for water suppres-
sion showed the editing efficiency to be 
typically around 99.8%, indicating that 
99.8% of the GABA will show up in the 
subtracted spectrum. The metabolite 
concentrations obtained from these spec-

tra at the two time points for the control 
and +SE group are shown in table 1. 
When comparing controls and +SE 
animals at the respective time points, 
NAA concentration was decreased by 
~12% at both time periods (p<0.0001) 
after SE, whereas choline-containing 
compounds were increased (15% at 4 
weeks, p=0.0226 and 13% at 8 weeks, 
p=0.0450). Myo-Inositol was significantly 
elevated (12%) at 8 weeks (p<0.01) but 
not at 4 weeks. GABA concentration 
decreased progressively with time after 
SE, 29% at 4 weeks and 41% at 8 weeks 
whereas glutamate concentration was 
decreased by 15% at 4 weeks (p<0.001) 
and 17% at 8 weeks (p<0.01), as 
compared with their corresponding 
control groups. Glutamine concentration 
was increased significantly at 4 weeks 
(36%, p<0.001) but returned to control 
levels at 8 weeks (p=0.164). Levels of 

 
Figure 3. Typical GABA-edited spectra of a 
control animal at the 4-week time point. The 
finite bandwidth of the inversion pulse centered 
at GABA 3CH2 (1.9 ppm) also results in partial 
excitation of NAA and glutamate 3CH2, 
resulting in the inverted NAA peak and co-
editing of glutamate 4CH2 in the difference 
spectrum. The spectra were quantitated with 
LCModel as described in Methods. 
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alanine and aspartate were unchanged 
from the control values at both time 
periods. Lactate levels were low and did 
not differ between time points or +SE 
groups.  
 
Histology and Immunohisto-
chemistry 
Cresyl-violet (Nissl) staining of neuronal 
cell bodies was used to identify gross 
morphological alterations. Visual com-
parison of sections of +SE and controls 
revealed no differences in neuron density 
and cell layer structure in any of the 
hippocampal subfields (Fig. 4A, B). 
However, FJ staining (shown at larger 
magnification) revealed damaged neu-
rons in +SE animals in the thalamus, 

part of the cortex and hippocampus in 
line with the pilocarpine model.23 In the 
hippocampus FJ-positive neurons and 
dendrites were only found scattered in 
the tip of the hilus (Fig. 4D, F). This was 
most pronounced in all six +SE animals 
4 weeks after SE induction. The staining 
intensity and number of FJ-positive neu-
rons and dendrites decreased 8 weeks 
after SE but was still seen in all six ani-
mals. In the control groups FJ-positive 
neurons were absent (Fig. 4C, E), not 
only in the hippocampus but also in other 
brain areas (not shown).  
+SE animals showed vimentin-IR (Fig. 
5), a marker for reactive glia, in the tip of 
the hilus and the stratum lacunosum-
moleculare (SLM). This was most 

 
Figure 4. The hippocampus of control (-PC) and +SE animals, stained with Nissl at 4 weeks (A, 
B) and Fluoro-Jade (FJ) at both 4 (C, D) and 8 weeks (E, F) after pilocarpine-induced SE. The 
boxed regions in A and B indicate the enlargements of the FJ stain. FJ staining appeared only in 
the hilus of +SE animals. Bar in B = 500 µm. Bar in F = 100 µm. 
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pronounced 4 weeks after SE (Fig. 5B); 
however, the number of vimentin-
positive cells decreased considerably after 
8 weeks (Fig. 5D). As expected, control 
animals at both time points only showed 
vimentin-IR in the wall of blood vessels. 
To assess alterations in GABAergic 
neurons, we focused on PV-containing 
neurons since these are known to be 
particularly vulnerable to SE in the adult 
pilocarpine model.24,25 PV-IR was ob-
served in small neuronal cell bodies and 
the neuropil of the pyramidal cell layer of 
all CA areas, the granular cell layer 
(GCL) of the DG and the hilus (Fig. 6A). 
At higher magnification, PV-IR was also 
seen in dendrites (not shown). Visual 
inspection revealed a reduction in the 
number of PV-positive neurons in +SE 
animals in the hilus and GCL of the DG 
compared with controls at both time 
points (Fig. 6B, D). Quantification of the 
total number of PV-positive neurons in 
the hilus and DG indeed showed 
significant reductions in +SE animals 
compared with their age-matched con-
trols (44.7% at 4 weeks, p=0.001; 70,2% 
at 8 weeks, p<0.001; see Fig. 6E), as well 

as between the two time periods (8 weeks 
vs. 4 weeks, p=0.015).  
GS-positive IR was found in the neuropil 
of all hippocampal areas (Fig. 7A). Both 
astroglial cell bodies and processes were 
stained throughout the hippocampus. 
Neuronal cell bodies were devoid of GS-
IR, consistent with glial specificity. In the 
control animals no differences were seen 

 
Figure 5. Vimentin-IR in -PC and +SE ani-
mals 4 and 8 weeks after induction of SE. 
Immunostaining is present in reactive glia in the 
hilus (h) of the hippocampus and the stratum 
lacunosum-moleculare (SLM) 4 weeks after 
induction of SE. Bar = 500 µm. 
 

Figure 6. Parvalbumin (PV)-IR (A-D) in -PC 
and +SE animals 4 and 8 weeks after induction 
of SE. Decreased numbers of PV-positive 
neurons are present in the hilus (h) and the 
granule cell layer (GCL) of the dentate gyrus of 
the hippocampus at 4 and 8 weeks after in-
duction of SE. Bar = 500 µm. E. Quantification 
of PV-positive neurons in the hilus and DG of -
PC (grey bars) and +SE (black bars) animals. 
The number of PV-positive neurons was signifi-
cantly reduced in +SE animals at both 4 and 8 
weeks compared with -PC animals (46.2%; 
p=0.003 and 68.2%; p=0.0001, respectively). ** 
p<0.01  
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in GS-IR between the two time points. 
The +SE animals showed a dramatic 
decrease in GS-IR in the tip of the hilus. 
This was visually apparent at 4 weeks 
after SE, but was even more pronounced 
at 8 weeks after SE (Fig. 7B, D). Quanti-
fication of the optical density of GS-IR in 
the hilar area confirmed the significant 
loss of GS compared with their age-
matched controls (11.2% at 4 weeks and 
32.4% at 8 weeks, the latter reaching 
significance p=0.001; see fig. 7E). The 
reduction in GS-IR with time after SE 
was significant (8 weeks vs. 4 weeks, 
p=0.037). No changes were seen in other 
hippocampal areas when comparing with 
the control animals.  
 
Discussion  
In this study we compared changes in 
neurotransmitter amino acids and related 
metabolites detected with in vivo MRS 

and with ex vivo (immuno)histochemical 
staining of cell-type specific markers, 
during epileptogenesis in a juvenile 
model of TLE. In spite of the differences 
in spatial coverage of MRS (entire hippo-
campus) compared with (immuno)histo-
chemistry (localized regions), both sets of 
data were consistent with loss of 
GABAergic and glutamatergic neurons, 
with GABAergic losses being more 
pronounced. Altered histochemical mar-
kers of gliosis, and reduced GS expres-
sion were also consistent with changes in 
myo-Inositol, choline and glutamine 
concentrations, measured with MRS 
(Table 2), although the early increase in 
glutamine may relate to the loss of 
neurons with reduced demand for 
glutamine — information not revealed by 
histochemistry.  
The juvenile Li+/pilo model closely 
resembles human MTS-related TLE, 
where a precipitating event during early 
childhood affects the immature brain 
thereby possibly triggering the process of 
epileptogenesis.26 To study this early 
phase of epileptogenesis juvenile animal 
models have been developed. An in-
herent concern in all epileptogenesis 
research is that in terminal experiments, 
the epileptic fate of the animals is not 
known. To circumvent this problem, we 
video-monitored a separate group of 18 
+SE animals. This group showed sponta-
neous seizures in 44% of animals, a per-
centage comparable to earlier studies.10-12 
The total prevalence of epilepsy in this 
animal model, however, is higher. When 
subclinical epileptic EEG abnormalities 
and handling-induced seizures are in-
cluded, the overall percentage of animals 
with epileptic features increases to even 
66-83%.10-12 Interestingly, the hippo-

Table 2. Summary of findings. 

MRS metabolite 4w 8w 

NAA -12% -12%

Cho +15% +15%

mI = +12%

GABA -29% -41%

Glu -15% -17%

Gln +36% =

Staining stain 4w 8w

FJ + +

Vim-IR ++ +

PV-IR -45% -70%

GS-IR -11% -32%

NAA = N-Acetyl Aspartate, Cho = choline, mI 
= myoinositol, GABA = γ-aminobutyric acid, 
Glu = glutamate, Gln = glutamine, FJ = 
Fluoro-Jade, Vim = vimentin, PV = 
parvalbumin, GS = glutamine synthetase, IR = 
immunoreactivity, +: increase, -: decrease, =: 
unchanged. 
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campal pathology found at different time 
points after SE hardly varied between 
rats and, therefore, seems to be irrespec-
tive of their eventual clinical epileptic 
fate.  
Since repeated observations revealed 
spontaneous nor handling-induced sei-
zures at any time during the experimen-
tal protocol, it is unlikely that the neuro-
chemical changes observed up to eight 
weeks were caused or influenced by 
seizures. During MRS experiments, 
lactate concentrations in +SE animals 
and controls were comparable and gluta-
mate concentrations in the +SE group 
did not show a larger variance than in 
the control group. Since active or recent 
seizures are associated with increases in 
lactate and glutamate,27 this supports our 
contention that the pilocarpine-injected 
animals were clinically pre-epileptic. 
Thus, our findings most likely reflect the 
latent phase of an epileptogenic process. 
MRS revealed a decrease in the neuronal 
marker NAA in 4- and 8-week +SE 
animals. A decrease in NAA has been 
associated with neuronal loss and / or 
mitochondrial injury.28 Histological data 
confirm this MR finding; FJ staining 
shows damaged neurons in the hilus of 
the hippocampus in +SE animals, most 
pronounced at four weeks. Previous 
studies in the Li+/pilo model also show 
hippocampal damage using in vivo MRS29 
or histological techniques (reviewed by30), 
as soon as six hours after SE.31 
In human TLE, severe neuronal damage 
is observed in several hippocampal sub-
regions both in vivo (MRS)32-34 and ex 
vivo.35,36 These human TLE studies report 
on neuronal damage in the end-stage of 
epilepsy when injury incurred during the 
early period of epileptogenesis can no 

more be distinguished from later pro-
gressive injury due to recurrent seizures. 
Our data indicate that at least part of the 
neuronal damage occurs before the onset 
of clinical seizures. 
The significant increase in choline-
containing compounds and myo-Inositol 
concentrations in MR spectra of +SE 
rats is consistent with gliosis, as reflected 
by immunoreactivity of vimentin, a 
marker of reactive glia.37 In human TLE 
extensive gliosis is a known feature of 
MTS35,36 and increases in choline-
containing compounds32,38 and myo-
Inositol39,40 has previously been docu-
mented with MRS.  
Glutamate and GABA concentrations 
were profoundly decreased at both time 
points. The relatively steep decline in 
GABA implies that GABAergic neurons 
are particularly vulnerable to the initial 
SE. Indeed, a significant loss of PV-
positive interneurons was found and this 
loss increased with time. PV-containing 
neurons are a significant subpopulation 
of GABAergic interneurons in the 
hippocampus41 and the vulnerability of 
GABAergic neurons to seizures, 
especially PV- and somatostatin-positive 
neurons, has been consistently reported, 
both in human and in animal models of 
TLE.25,42-44  
Brain glutamate is decreased in MR 
spectra of animals45 and humans in the 
chronic stages of TLE. In tissue resected 
from TLE patients a relationship was 
found between the decrease in glutamate 
concentration and the severity of neuro-
nal death and gliosis.32 Similar experi-
ments revealed a strong correlation 
between NAA and glutamate levels, 
meaning that the extent of cell loss can 
be held principally responsible for the 
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decrease of glutamate33 — a conclusion 
supported by the results of the present 
study.  
The neurotransmitter-related amino acid 
levels determined with MRS reflect the 
overall concentration in all cell types in 
the entire hippocampal volume, whereas 
changes in histochemical cell-marker 
proteins reflect particular cell types 
restricted to small hippocampal sub-
regions. Furthermore, metabolite levels 

may be altered independently of cell loss. 
Although conclusions from a direct 
comparison between these two measures 
must therefore be drawn with caution, 
the larger percentage reduction in GABA 
levels and PV-positive neurons compared 
with glutamate levels nevertheless 
suggests a larger decrease in the number 
of GABAergic neurons. The progressive 
changes in neurotransmitter concen-
trations will lead to a more pronounced 
imbalance between glutamate and 
GABA which can result in the start of 
seizures and chronic epilepsy.  
The MRS finding of increased glutamine 
at four weeks, and subsequent normali-
zation at eight weeks can only partly be 
attributed to gliosis. Glutamine is pre-
dominantly generated in astroglia, thus 
its resonance may reflect the relative 
number of glial cells. However, the 
increase in glutamine levels (+36%) at 
four weeks is substantially larger than the 
effects seen for the other known MRS 
markers for gliosis, choline (+15%) and 
myo-Inositol (+12%, only at eight weeks). 
Furthermore, the normalization of gluta-
mine argues against gliosis as the 
principle explanation for the initial gluta-
mine increase, since gliosis is a perma-
nent condition. Eight weeks after SE, 
immunoreactivity of GS, the pivotal 
enzyme converting glutamate to gluta-
mine in astroglia, was decreased in the 
hilus of the DG — the same region 
which shows neuronal damage (FJ 
staining) and gliosis (vimentin staining). 
Thus, either reactive glia do not express 
GS, or GS is down-regulated in new or 
remaining astrocytes, possibly related to 
loss of neuronal factors.  
The normalized glutamine levels and 
decreased GS-IR found in this study are 

Figure 7. Glutamine synthetase (GS)-IR (A-D) 
in -PC and +SE animals 4 and 8 weeks after 
induction of SE. Decreased immunostaining is 
apparent in the tip of the hilus (h) of the 
hippocampus 4 and 8 weeks after induction of 
SE. Bar = 500 µm. E. Quantification of the 
relative optical density (OD) of GS-IR in the 
hilus of the hippocampus of -PC (grey bars) and 
+SE (black bars) animals, normalized to the age-
matched –PC animals. A significant reduction of 
32.4% (p=0.001) was found in the 8-week +SE 
animals compared with their age-matched 
controls. ** p<0.01  
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concordant with recent human studies 
that reported normal levels of glutamine 
in epileptic patients46 and decreased GS 
activity in hippocampal tissue specimens 
from TLE patients.47,48  
How can we explain the initial increase 
and subsequent normalization of gluta-
mine, together with the progressive 
decrease in GS expression in the gliotic 
+SE hippocampus during epilepto-
genesis? Most likely, glutamatergic and 
GABAergic neuronal death requires 
rapid removal and metabolism of 
excitotoxic glutamate by glial cells, that 
convert it into glutamine. Moreover, 
neuronal death will decrease the demand 
for glutamine as precursor for glutamate 
and GABA, leading to initial glutamine 
accumulation, followed by down-regula-
tion of glutamine synthesis in astroglia. 
Indeed, down-regulation of GS is found 
in glial cells possibly as an adaptive 
response to the initial strong increase in 
glutamine levels or due to loss of 
neuronal factors normally regulating its 
expression.49,50 Alternatively, the reduc-
tion in GS-IR could be caused by an 
inability of reactive glia to express GS. It 
is not clear whether the progressive 
decrease in GABA concentration is a 
result of the ongoing GABAergic neuro-
nal death, or secondary to the reduction 
in GS and loss of glutamine precursors. 
The loss of GS may affect glutamatergic 
or GABAergic neurons differently, 
thereby aggravating the imbalance in 
neuronal excitability during epilepto-
genesis. 
The changes observed in this juvenile 
model occur in the latent phase of 
epileptogenesis, thus representing a late 
consequence of the initial SE and 
reflecting part of the complex process 

that eventually may lead to spontaneous 
epilepsy. An ensuing imbalance of exci-
tatory over inhibitory neurotransmission 
in surviving hippocampal neurons could 
potentially lead to SRS, characteristic for 
the chronic phase of this TLE model. 
The strong correlation between changes 
in MRS neurochemical and (immuno)-
histochemical markers supports an im-
portant future role for the use of MRS in 
the detection of pathophysiological pro-
cesses during epileptogenesis. Further 
studies to unravel the precise nature of 
mechanisms responsible for the observed 
neurotransmitter level changes should 
benefit from the use of dynamic 13C and 
1H-[13C]-MRS with 13C-labeled sub-
strates.  
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Abstract 
Background: Glutamine synthetase (GS) is a pivotal glial enzyme in the glutamate-
glutamine cycle. GS is important in maintaining low extracellular glutamate 
concentrations and is down-regulated in the hippocampus of temporal lobe epilepsy 
patients with mesial temporal sclerosis, an epilepsy syndrome which is frequently 
associated with early life febrile seizures (FS). Human congenital loss of GS activity has 
been shown to result in brain malformations, seizures and death within a few days after 
birth. Recently, we showed that GS knockout mice die during embryonic development 
and that haploinsufficient GS mice have no obvious abnormalities or behavioral 
seizures. In the present study we investigated whether reduced expression / activity of 
GS in haploinsufficient GS mice increased the susceptibility to experimentally induced 
FS.  
Methods: FS were elicited by warm-air induced hyperthermia in 14 day-old mice and 
resulted in seizures in most animals. FS susceptibility was measured as latencies to four 
behavioral FS characteristics.  
Results: Our phenotypic data shows that haploinsufficient mice are more susceptible to 
experimentally induced FS (p<0.005) than littermate controls. Haploinsufficient 
animals did not differ from controls in hippocampal amino-acid content, structure 
(Nissl and calbindin), glial properties (GFAP and vimentin) or expression of other 
components of the glutamate-glutamine cycle (EAAT2 and VGLUT1).  
Conclusions: We identified GS as a FS susceptibility gene. GS activity disrupting 
mutations have been described in the human population, but heterozygote mutations 
were not clearly associated with seizures or epilepsy. Our results indicate that 
individuals with reduced GS activity may have reduced FS seizure thresholds. Genetic 
association studies will be required to test this hypothesis.  
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Introduction 
Glutamate, the major excitatory neuro-
transmitter, is released by neurons during 
synaptic activity and is toxic at sustained 
high levels.1 Released glutamate is 
normally taken up by glial cells and 
converted into glutamine by glutamine 
synthetase (GS; EC 6.3.1.2). The non-
toxic glutamine is then transported back 
into neurons, which can reconvert 
glutamine to glutamate.  
The rate of this process, known as the 
glutamate-glutamine cycle, was found to 
be decreased in the hippocampus of 
temporal lobe epilepsy (TLE) patients 
with hippocampal sclerosis (HS).2 The 
reduced rate of this cycle could in part be 
explained by decreased expression and 
enzyme activity of GS in the hippo-
campus of TLE patients with HS.3,4 
However, other components of this cycle 
have also been implicated. For instance 
the glutamate-synthesizing enzyme, 
phosphate-activated glutaminase, was 
up-regulated in remaining neurons of the 
hippocampus of TLE patients with HS5 
and altered sub-regional expression of 
the major glial glutamate transporter, 
excitatory amino acid transporter 2 
(EAAT2), has also been reported.4,6,7 A 
role for GS in epilepsy is also indicated 
by studies in genetically epilepsy-prone 
animal showing reduced GS brain 
expression,8,9 by a gene expression-
phenotype correlation study showing a 
strong correlation between expression of 
GS and electroconvulsive threshold,10 
and by the finding that pharmacological 
inhibition of GS activity induces 
seizures.11 
The glutamate-glutamine cycle has also 
been implicated in the generation of 
febrile seizures (FS).12,13 Up to 50% of the 

TLE patients with HS suffered from FS 
during childhood,14 but the relationship 
between FS and TLE is not clear. It 
seems that impairments in components of 
the glutamate-glutamine cycle may con-
tribute to the development of FS and 
TLE with HS.  
In this study we tested the hypothesis that 
a reduction in GS expression increases 
the susceptibility for FS. We used mice in 
which only one GS allele was inactivated. 
These mice have a 50% reduction in GS 
expression and no apparent phenotype. 
We recently showed that a complete 
knockdown of GS in mice results in early 
embryonic lethality.15 FS susceptibility in 
haploinsufficient mice was tested in a 
model for experimental FS.16  

 
Material and Methods 
 
Animals 
Mice were kept in a controlled 12 hour (on/off 
times 7:00/19:00h) light-dark cycle with a 
temperature of 22 ± 1ºC and were given un-
restricted access to food (2111 RMH-TM diet; 
Hope Farms, Woerden, The Netherlands) and 
water. All mice were housed in transparent 
Plexiglas cages with wood-chip bedding and 
tissue for nest building. Time of birth was 
recorded daily. All experiments were conformed 
to institutional guidelines of the University 
Medical Center Utrecht. 
 
Generation of GS+/+ and GS+/LacZ mice 
The mouse GS gene (Glul) was disrupted by 
homologous recombination, replacing exon II-
VII with a β-galactosidase (LacZ)/neomycin 
phosphotransferase (NEO) fusion gene (cell line 
E14IB10 derived from the 129P2/OlaHsd 
mouse strain;15). Because complete GS knockout 
animals were embryonically lethal, GS+/LacZ 
mice (10 generations backcrossed to the 
FVB/NHanHsd strain) were generated. GS+/+ 
and GS+/LacZ mice were bred from 
FVB/NHanHsd (female) and GS+/LacZ (male) 
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mice. GS+/LacZ mice were indistinguishable from 
their wild type (GS+/+) litter mates. Litters were 
usually composed of 50% wild type and 50% 
GS+/LacZ pups and multiple litters and breeding 
pair contributed similarly to the experimental 
population. Both sexes were used for the ex-
periments, wild type litter mates were used as 
controls and animals were genotyped as des-
cribed.15 Sex did not influence FS susceptibility. 
Previously, we have shown that sex does not 
influence FS susceptibility at this age in 
C57BL6/J and A/J mice.16 Throughout the 
experiments the researcher was unaware of the 
genotype of the animals. 
 
FS susceptibility screen 
FS susceptibility was tested as previously des-
cribed.16 In short, ten-day-old animals were 
injected subcutaneously with a temperature 
sensitive transponder (IPTT-300, Plexx) and 
returned to their mother within two minutes. 
Four days later, these animals were placed in the 
heat chamber. Core body temperature was 
quickly raised using heated air and animal 
behavior was recorded by an overhead camera. 
Several successive behavioral stages can be 
recognized: Early heat-induced hyperkinesias 
(stage 1); A sudden complete arrest of the heat-
induced hyperkinesias followed by ataxia (stage 
2); Circling, shaking of whole body and tonic 
motionless postures with occasional automatisms 
and clonuses (stage 3); Tonic-clonic convulsions 
(stage 4). Latencies until immobility (stage 2), 
circling (stage 3), whole body shaking (stage 3) 
and tonic-clonic convulsions (stage 4) were 
recorded by the observer as a measure for FS 
susceptibility. We have previously shown by 
video-EEG monitoring that stage 4 behavioral 
seizures show the highest correlation with the 
onset of spike-wave discharges in the EEG.17 
The experiment was terminated after the ani-
mals had reached stage 4 seizures or after a 
maximum of 25 minutes. For animals not 
reaching the subsequent behavioral stage, the 
maximal latency of 1500 seconds was scored. 
 
Hippocampal homogenates 
Mice (14-days-old) were decapitated and brains 
were quickly dissected, collected in ice-cold 
sterile physiological salt and placed on an ice-
cold cutting surface. Brains were cut in left and 

right hemispheres and hippocampi were 
dissected en bloc. Left and right hippocampi were 
separately collected in pre-cooled vials, snap-
frozen on dry-ice and stored at -80°C until 
further use. 
 
GS enzyme activity 
GS enzyme activity was measured as previously 
described.4 Left hippocampi of 14-day-old GS+/+ 
and GS+/LacZ mice (all from one litter), were 
homogenized in 10 volumes of lysis buffer (100 
mM Tris–HCl, 1 mM EGTA, 1 mM EDTA, 
complete protease inhibitor (Roche). Protein 
content was determined with the BCA Protein 
Assay Kit (Pierce, Rockford, IL). GS enzyme 
activity was determined using a standard curve 
with predetermined amounts of glutamyl-τ-
hydroxamate (GMH) and expressed as 
nmol/min.mg protein. Enzyme activity in-
creased linear with time and protein concen-
tration under the assay conditions used. One 
freeze-thaw cycle did not affect GS activity 
levels. 
 
GS protein expression 
GS protein expression was measured by 
immunoblotting4 in the same hippocampal 
homogenates as used for GS activity measure-
ments. Proteins were separated by sodium 
dodecyl sulphate-polyacrylamide gel (12%) 
electrophoresis and transferred to a PVDF 
membrane (Amersham). Non-specific binding of 
immunoglobulins was blocked for 1 hour at 
room temperature in Tris-buffered saline with 
0.1% Tween (TBS-T; pH=7.4) containing 5% 
nonfat dry milk. After washing with TBS-T, 
blots were incubated for 16 hours at 4°C with 
mouse monoclonal anti-GS (clone 6; BD 
Biosciences, Erembodegem, Belgium; diluted 
1:1,000 in TBS-T). Next blots were washed in 
TBS-T and incubated with alkaline phosphatase-
conjugated goat anti-mouse (diluted 1:5,000; 
Promega Corporation, Madison, WI) second 
layer antisera for 1 hour at room temperature. 
Finally, membranes were washed, developed 
with enhanced chemofluorescence substrate 
(Supersignal; Pierce) and exposed to ECL film 
(Pierce). Antibody specificity was checked by 
preadsorption of the antiserum with the immu-
nizing peptide. Antiserum samples without 
peptide were run in parallel. Control experi-
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ments without the primary antibody did not 
reveal any staining (data not shown). Films were 
scanned on a flatbed scanner in transmission 
mode and quantified by optical density (OD) 
measurement with the software package Image J 
(v1.38). 
 
Hippocampal amino-acid concentrations 
20-50 mg of hippocampal tissue, collected from 
the right hemispheres of 14-day-old GS+/+ and 
GS+/LacZ mice, was added to 250 µl sulpho-
salicylic acid solution (2.5%), containing 100 mg 
glass beads. Tissue was homogenized by vor-
texing for 30 seconds at 4°C, centrifuged, and 
supernatants were stored at -80°C. Supernatants 
were used for amino-acid analysis using a 
gradient reversed-phase HPLC system with pre-
column derivatization with ο-phtalaldehyde 
(Pierce) and 3-mercaptopropionic acid (Sigma), 
and fluorescence detection. An Omnisphere 3 
C18 column (Varian, Middelburg, The Nether-
lands) was used for separation. 
 
Immunohistochemistry 
Brains of 14-day-old GS+/+ (n=4) and GS+/LacZ 
(n=6) mice were removed and fixed overnight in 
4% formaldehyde in phosphate buffered saline 
(PBS; pH 7.4). Coronal paraffin sections (7 µm) 
were cut and general histology was assessed by 
cresyl-violet (Nissl) staining. Immunostaining was 
performed with commercially available anti-
bodies for rabbit-anti-calbindin (1:500; Chemi-
con Int. Inc. Temecula, CA, USA), mouse-anti-
vimentin (1:400; DakoCytomation, Glostrup, 
Denmark), guinea pig-anti-excitatory amino acid 
transporter-2 (EAAT2) (1:1,000; Chemicon Int. 
Inc. Temecula, CA, USA), or rabbit antiserum 
for glial fibrillary acidic protein (GFAP) 
(1:12,800; Dako) and vesicular glutamate 
transporter-1 (VGLUT) (1:1,600; Synaptic Sys-
tems, Göttingen, Germany) using the avidin-
biotin detection system (Vectastain Elite ABC 
Kit; Vector Laboratories, Burlingame, CA) with 
3,3’-diaminobenzidine tetrahydrochloride (DAB; 
Sigma Chemical Co., St. Louis, MO, USA) as 
chromogen.4 Each slide contained three adjacent 
sections. Vimentin and GFAP, as well as 
calbindin, EAAT2, and VGLUT1 stainings were 
performed on the same slide. Optimal antibody 
concentrations were determined with serial dilu-
tions on control mouse brain sections. All 

sections were subjected to microwave treatment 
(7 minutes 650W, 5 minutes 350W) for antigen 
retrieval. Sections were preincubated with 3% 
normal horse serum (vimentin), 3% fetal calf 
serum (GFAP) or 3% normal goat serum 
(calbindin, EAAT2, VGLUT1) to block non-
specific binding of immunoglobulins. Biotiny-
lated horse-anti-mouse (1:200) and horse-anti-
goat (1:250) serum was obtained from 
Brunschwig Chemie (Amsterdam, The Nether-
lands), goat-anti-guinea pig (1:500) from Jackson 
Laboratories (Inc, Cambridgeshire, UK), and 
goat-anti-rabbit (1:250) from Dako. Control 
experiments without the primary antibodies did 
not reveal any staining (not shown). Immuno-
histochemistry was assessed by visual inspection 
by two independent observers unaware of the 
experimental design. 
 
Statistical analysis 
For expression analysis we used the two-sided 
Students t-test. The Cox proportional hazard 
regression was used for statistical analysis in the 
phenotypic screen, because we measured laten-
cies and not all the animals reached each seizure 
stage.16 We generated p-values and Cox hazard 
ratios. p-values<0.05 were considered significant. 
All data are expressed as means ± standard error 
of the mean (SEM). 

 
Results 
 
Febrile seizure susceptibility in 
GS+/+ and GS+/LacZ mice 
To investigate effects of reduction of GS 
expression on FS susceptibility normal 
GS+/+ (n=13) and GS+/LacZ (n=10) mice 
were subjected to hyperthermia. Laten-
cies to immobility (stage 2), circling (stage 
3), whole body shaking (stage 3) and 
tonic-clonic convulsions (stage 4) were 
measured. All mice showed immobility 
(stage 2). Circling was recorded in all 
GS+/LacZ mice, but only in seven out of 
13 GS+/+ mice. Whole body shaking was 
recorded in all mice, except for one 
GS+/+ mouse. Nine out of ten GS+/LacZ 
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mice showed tonic-clonic convulsions, 
compared to only seven out of 13 GS+/+ 
mice. Average latencies, Cox propor-
tional hazard ratios and p-values are 
summarized in table 1. GS+/LacZ mice 
reached stage 3 and 4 seizures (shaking, 
circling and tonic-clonic convulsions) 
significantly earlier than GS+/+ mice. 
Especially for circling the decreased 
latency was remarkable (2.4x earlier). 
Immobility latency was not different 
between GS+/+ and GS+/LacZ mice. None 
of the GS+/+ or GS+/LacZ mice showed 
unprovoked seizure related behavior. 
 
GS enzyme activity and protein 
expression 
To verify the 50% knockdown of GS we 
measured enzyme activity and expression 
in hippocampal homogenates of 14-day-
old GS+/+ (n=8) and GS+/LacZ (n=4) mice 
(Fig. 1). GS+/LacZ mice showed an 
approximate 50% decrease in both GS 
activity (51.8 ± 2.5%; p<0.00001) and 
protein expression (45.5 ± 7.4%; 
p<0.0001) compared to GS+/+ mice. 
There is no evidence for age-related 
changes in GS levels. Studies in adult 
tissues also showed a near 50% reduction 
in GS+/LacZ mice.15 
 

Hippocampal amino-acid composi-
tion of GS+/+ and GS+/LacZ mice 
To investigate possible alterations in 
amino-acid composition due to the 
reduced expression of GS, amino-acid 
concentrations were determined in the 
hippocampus of 14-day-old GS+/+ (n=8) 
and GS+/LacZ (n=4) mice (Table 2). In 
GS+/LacZ mice alanine levels appeared to 
be slightly increased, however, this was 
not significant. Levels of glutamate and 
glutamine were normal in GS+/LacZ mice. 
Detailed statistics are reported in table 2. 
 

Figure 1. Hippocampal GS protein content 
and enzyme activity in GS+/+ and GS+/LacZ 
mice. GS protein content and enzyme activity 
in GS+/LacZ mice were approximately 50% of 
that in GS+/+ mice. Data are expressed as 
means ± SEM. ***p<0.001. OD: optical 
density, GMH: glutamyl-τ-hydroxamate.  

 

 

Values of behavioral parameters represent average latencies (in seconds (s)) recorded during a 25-minute period of 
hyperthermia at P14. If a particular seizure behavior did not occur during this period, a latency value of 1500 seconds 
was given. FS phenotype latencies, Cox proportional hazard ratios (HR) and significances for latencies are listed. Data 
are expressed as means ± SEM. p<0.05 was considered significant. NA: not applicable. 

GS+/+ (n=13) GS+/LacZ (n=10)

Mean Mean Cox HR p-value

Immobility (s) 178 ± 13 199 ± 15 0.78 0.58

Shaking (s) 1076 ± 67 794 ± 48 3.80 0.005

Circling (s) 1168 ± 110 490 ± 65 9.46 <0.0001

Tonic-clonic convulsions (s) 1368 ± 53 999 ± 82 4.51 0.005

Body Weight (g) 7.1 ± 0.3 7.1 ± 0.3 NA 0,96

Table 1. Phenotypic characterization of FS susceptibility in GS +/+ and GS+/LacZ mice. 
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Immunohistochemical analysis of 
hippocampi of GS+/+ and GS+/LacZ 
mice 
To investigate whether a 50% reduction 
of GS results in alterations of hippo-
campal structure, glial composition or 
expression of components of the gluta-
mate-glutamine cycle, we analyzed Nissl, 
calbindin, GFAP, vimentin, EAAT2 and 
VGLUT1 staining on hippocampal 
sections of 14-day-old GS+/LacZ and 
GS+/+ mice. Nissl (Fig. 2A, B) and 
calbindin (Fig. 2C, D) stains did not 
reveal structural abnormalities in the 
hippocampus of GS+/LacZ mice compared 
to GS+/+ mice. Nissl staining showed 
normal neuronal cell layer structure and 
neuronal cell numbers. Calbindin 
staining revealed no changes in the 
granule cell layer and mossy fibers in the 
hilus and dentate gyrus.18 To investigate 

the effect of down-regulation of glial GS 
on glial cells and reactive glia, we 
analyzed distribution of the glial marker 
GFAP and of intermediate filament 
vimentin, as a marker for reactive 
gliosis.19 GFAP immunostaining (Fig. 2E, 
F) showed no differences between animal 
groups. Vimentin immunostaining (Fig. 
2G, H) was only detected in the wall of 
blood vessels of both animal groups, but 
no reactive glia were seen in response to 
reduced expression of GS. The distri-
bution of hippocampal EAAT2 (Fig. 2I, 
J), the principal glial glutamate trans-
porter, and VGLUT1 (Fig. 2K, L), the 
presynaptic vesicular glutamate trans-
porter did not differ between the two 
animal groups, showing that other main 
glial and neuronal components of the 
glutamate-glutamine cycle are not 
affected by GS down-regulation.  

Table 2. Hippocampal amino acid composition in GS+/+ and GS+/LacZ animals. 

No amino-acid differences were identified. Data are expressed as means ± standard error of the mean (SEM). Degrees of freedom for 
all tests = 10. p-values were corrected for multiple testing. 

GS+/+ (n=8) GS+/LacZ (n=4) Uncorrected Bonferroni–corrected

Amino acid Mean Mean t-value p-value p-value 

ALA 717 ± 22 814 ± 25 -2.66 0.02 0.48

ARG 267 ± 21 229 ± 9 1.24 0.24 1.00

ASN 133 ± 26 103 ± 5 0.80 0.44 1.00

ASP 2145 ± 87 2124 ± 112 0.15 0.89 1.00

CIT 85 ± 18 74 ± 18 0.44 0.70 1.00

GLN 2861 ± 91 2710 ± 75 1.07 0.31 1.00

GLU 7618 ± 285 8450 ± 268 -1.85 0.09 1.00

GLY 354 ± 34 354 ± 23 -0.01 0.99 1.00

HIS 154 ± 10 152 ± 8 0.11 0.92 1.00

ILE 60 ± 18 33 ± 1 1.01 0.33 1.00

IS 1406 ± 32 1407 ± 27 -0.02 0.98 1.00

LEU 129 ± 39 53 ± 17 1.32 0.22 1.00

LYS 873 ± 38 857 ± 52 0.26 0.80 1.00

MET 118 ± 21 103 ± 3 0.49 0.63 1.00

PHE 112 ± 16 82 ± 3 1.24 0.24 1.00

SER 1113 ± 39 1221 ± 50 -1.63 0.13 1.00

TAU 14443 ± 395 14556 ± 987 -0.13 0.90 1.00

THR 412 ± 31 380 ± 23 0.67 0.52 1.00

TYR 283 ± 23 258 ± 14 0.74 0.48 1.00

VAL 160 ± 22 123 ± 4
1.18

0.26 1.00
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Figure 2. Hippocampal sections showing typical examples of Nissl (A, B), calbindin (C, D), 
GFAP (E, F), vimentin (G, H), EAAT2 (I, J), and VGLUT1 (K, L) immunostaining in GS+/+  
and GS+/LacZ animals. None of these stainings showed a difference between GS+/+ and GS+/LacZ 

mice. (For colour figure see: www3.interscience.wiley.com/cgi-bin/fulltext/121575256/PDFSTART) 
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Discussion 
In this study we show that a partial 
knockdown of GS, a pivotal glial enzyme 
in the glutamate-glutamine cycle, in-
creases the susceptibility to experimental 
prolonged FS. Disruption of one of the 
GS alleles resulted in a near perfect gene-
dosage effect on GS protein expression 
and enzyme activity in the hippocampus, 
indicating there was no compensation of 
GS expression. Reduced expression of 
GS had no marked effect on hippo-
campal morphology, or on the expression 
of other components of the glutamate-
glutamine cycle (Fig. 1). Apparently, the 
reduction in GS activity does not induce 
compensatory mechanisms detectable by 
expression analysis. Reduced GS ex-
pression does not influence hippocampal 
amino-acid composition either. Although 
our data do not show general compen-
satory mechanisms, of course local 
synaptic changes are likely to occur in 
response to reduction GS levels, for 
instance in the regulation of glutama-
tergic and / or GABAergic transmission. 
Physiological experiments in hippocam-
pal slices will be required to address this 
issue.  
Phenotypic analysis revealed that mice 
with reduced GS expression are more 
susceptible to warm-air induced experi-
mental FS (Table 1) than control litter 
mates. These observations show that 
under baseline conditions a 50% re-
duction in GS expression does not result 
in spontaneous behavioral seizures, 
whereas under hyperthermia conditions 
seizures are more readily provoked. As 
basal EEG measurements were not 
possible at P14, we can not exclude that 
the reduction of GS expression evokes 
epileptiform activity without a behavioral 

phenotype. We hypothesize that the re-
duction in GS enzyme capacity can not 
cope with increased levels of extracellular 
glutamate induced by hyperthermia, 
thereby accelerating and aggravating 
seizures.  
These results show the importance of GS 
and the glutamate-glutamine cycle in the 
control of FS. A recent gene expression-
phenotype correlative study showed a 
strong correlation between GS expres-
sion and electroconvulsive threshold.10 
Moreover, the GS gene (Glul) is located 
in the QTL, SZS1, identified for 
electroconvulsive threshold.20 Another 
key component of the glutamate-gluta-
mine cycle, the principal glial glutamate 
transporter EAAT2, has also been impli-
cated in seizure control. EAAT2 nul-
mutants developed spontaneous seizures 
and showed exacerbation of brain in-
jury.21 A correlation between EAAT2 ex-
pression and electroconvulsive threshold 
was also identified,10 suggesting a more 
general impairment of the glutamate-glu-
tamine cycle in susceptibility to electro-
convulsive shock. Interestingly, the 
EAAT2 (Slc1a2) gene is located in one of 
the loci (EL2) responsible for epilepsy in 
the EL-mouse.22,23 Thus, our data, 
showing a direct relationship between GS 
expression and febrile seizure suscepti-
bility, are in line with several other stu-
dies implicating GS and other compo-
nents of the glutamate-glutamine cycle in 
the control of other types of seizures. 
Additionally, alterations in GS as well as 
EAAT2 expression have been implicated 
in the pathology of TLE.3,4,7 
Recently, two unrelated consanguine 
human neonates with congenital loss of 
GS activity were identified.24 These 
patients had extensive brain malfor-
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mations, seizures and multiorgan failure 
and died within a few days after birth. 
Nonsynonymous mutations in the GS 
gene (Glul) were identified in highly con-
served regions. Detailed analysis showed 
that in one patient only 12% GS activity 
was remained and that this was only 
achieved after robust up-regulation of 
mutant GS protein. Both parents, hetero-
zygous for the mutation, also had re-
duced GS activity, but were unaffected. 
Although unaffected, it is likely that these 
parents, especially in the light of our 
results, are more susceptible to seizures. 
Association studies will be required to 
investigate whether gene variation in the 
coding or regulatory genomic sequences 
of Glul and other components of the 
glutamate-glutamine cycle are associated 
with epilepsy and FS. 
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1 Summary 
 
Epilepsy is a common neurological 
disorder. Temporal lobe epilepsy (TLE) 
is the most frequent type of human focal 
epilepsy. Despite ample availability of 
anti-epileptic dugs, about 30% of TLE 
patients are pharmaco-resistant. Surgical 
removal of the epileptogenic focus, which 
usually includes the hippocampus, may 
then be the therapy of choice.  
The etiology of TLE is largely unknown. 
One of the key mechanisms implicated is 
a disbalans between the excitatory and 
inhibitory neurotransmitters glutamate 
and GABA. There is compelling evi-
dence that glutamate metabolism is 
impaired in TLE. Synaptically released 
glutamate is recycled in the glutamate-
glutamine cycle, the local pathway in 
which neurons and glia cooperate. The 
cycle is essential to terminate the gluta-
matergic signal, thereby preventing 
excitotoxicity. The overall aim of this 
thesis was to determine the role and 
contribution of components of the 
glutamate-glutamine cycle in the deve-
lopment and chronic phase of TLE.  
In chapters 2 to 4, glutamine synthe-
tase (GS), putative glutamine transporters 
(SNATs, ASCT2), and vesicular gluta-
mate transporters (VGLUTs) were inves-
tigated in human biopsy material that 
was obtained during surgical resection of 
the affected hippocampus. TLE patients 
without (non-HS) and with (HS) hippo-
campal sclerosis were compared with 
individuals who had died from non-
neurological diseases. Although human 
tissue is unique, studying the etiology of 
TLE requires animal studies. 
Therefore, in chapters 5 to 7, we used 
animal models to study epileptogenesis in 

order to distinguish between cause and 
consequence of differential expression of 
glutamate-glutamine cycle components. 
The juvenile lithium-pilocarpine rat 
model that we used mainly resembles 
human TLE with HS, the most common 
form of pharmaco-resistant TLE. Based 
on results from our human and rat 
studies we tested the effects of down-
regulation of GS in heterozygous GS 
knockout mice. 
In chapter 2, I describe that hippo-
campal GS expression and activity were 
unchanged in non-HS patients compared 
with autopsy controls, but reduced in HS 
patients, especially in areas with neuron 
loss. The GS down-regulation appears to 
be pathology-related rather than seizure-
related, and may be part of the mecha-
nism underlying impaired glutamate 
clearance in the HS hippocampus.  
Four putative glutamine transporters 
were investigated in chapter 3, i.e. 
neuronal SNAT1 and SNAT2 as well as 
glial SNAT3 and ASCT2. The IR 
pattern of SNAT1 and SNAT2 was 
similar between rat and human hippo-
campus. Surprisingly, the SNAT3-IR 
pattern in human was completely 
different from rat. ASCT2-IR was not 
found at all in the human hippocampus. 
This indicates that neither SNAT3 nor 
ASCT2 are likely candidates to carry 
glutamine transport from astrocytes to 
the extracellular space in the human 
hippocampus. This leads to the question 
whether there are other glutamine 
transporters, which mediate glutamine 
transport between astrocytes and neurons 
in the human hippocampus.  
The vesicular glutamate transporter 
VGLUT1 is the predominant VGLUT 
in the human hippocampus (chapter 4). 
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VGLUT1 expression was increased in 
non-HS patients and decreased in HS 
patients in areas with neuron loss, com-
pared with autopsy controls. However, 
VGLUT1 was up-regulated in the 
dentate gyrus in HS patients, indicating 
the formation of new glutamatergic 
synapses by mossy fiber sprouts. Our 
data indicate that non-HS patients may 
have an increased capacity to store 
glutamate in vesicles most likely due to 
an increase in translational processes or 
up-regulation of VGLUT1 in synapses 
from afferent neurons outside the hippo-
campus. This up-regulation may increase 
glutamatergic transmission, and thus 
contribute to increased extracellular 
glutamate levels and hyperexcitability. 
Since patients suffer from recurrent 
seizures for years before they undergo 
surgical treatment for pharmaco-resistant 
epilepsy, data obtained from hippocampi 
resected in epilepsy surgery cannot 
distinguish between cause and con-
sequence. We therefore also used an 
animal model of HS TLE that can 
provide information about the temporal 
sequence of events during epileptogenesis 
(chapter 5, 6). The juvenile lithium-
pilocarpine model was chosen, since in 
this model an early precipitating lesion in 
the immature brain, no massive principal 
neuron loss, and a long latent phase may 
more closely resemble human TLE.1 In 
this juvenile model, we found neuron 
damage and reactive glia in the hilus of 
the hippocampus. No loss of principal 
neurons was detected, whereas a 
progresssive loss in a GABAergic sub-
population was found. Recurrent seizures 
occurred in 44% of animals after a latent 
phase of 15-18 weeks. GS was the only 
component of the glutamate-glutamine 

cycle that was affected not only before 
but also after the onset of recurrent 
seizures, comparable with the human HS 
TLE hippocampus. In vivo characteri-
zation of epileptogenic changes in the 
hippocampus by magnetic resonance 
spectroscopy (MRS) strongly correlated 
with (immuno)histochemical markers 
(chapter 6). Levels of glutamate, and 
especially GABA progressively decreased. 
Unexpectedly, glutamine, the precursor 
of glutamate and GABA initially 
increased but returned to control levels, 
with a simultaneous decrease in GS. 
Since these changes occur before spon-
taneous seizures appear, they may be 
early markers of imminent epilepsy, 
indicating the potential diagnostic sig-
nificance of magnetic resonance spectros-
copy in early stages of TLE in patients. 
Subsequently, we investigated the effect 
of reduced GS expression on seizure 
susceptibility in heterozygous GS 
knockout mice (GS+/-) with ~50% re-
duction of GS protein expression. These 
animals were subjected to hyperthermia-
induced febrile seizures (FS) (chapter 7), 
which often are an early precipitating 
event in TLE patients (chapter 5,2). The 
susceptibility to FS was increased in 
GS+/- mice compared to litter mate wild 
type controls. No compensatory ex-
pression of other components of the 
glutamate-glutamine cycle could be 
detected, indicating the importance of 
GS for the increased seizure suscepti-
bility. 
In conclusion, GS is changed both in the 
chronic phase of TLE and in early epi-
leptogenesis. The results described in this 
thesis open possibilities for the early non-
invasive detection of TLE and develop-
ment of new treatment strategies. 



      GENERAL DISCUSSION 
  

 133 

2 Non-HS vs HS TLE  
patients 

 
In our human studies (chapter 2, 3, 4) 
we compared TLE patients with autopsy 
controls. We used two groups of TLE 
patients, i.e. patients without hippocam-
pal sclerosis (non-HS patients) and 
patients with hippocampal sclerosis (HS 
patients). In non-HS patients the hippo-
campus is usually only involved in the 
propagation of seizures, whereas in HS 
patients the primary epileptogenic focus 
often appears to be in the hippocampus. 
It has been argued that HS is a conse-
quence of prolonged seizures.3 However, 
only 50-70% of resected hippocampi 
show HS in our material (chapter 5) 
and in that of others4 while all TLE 
patients had a history of seizures. 
Kothare et al.5 described that in some 
patients with a history of daily seizures 
since infancy, no HS was present in their 
resected hippocampi, suggesting that 
seizures do not necessarily induce HS. In 
addition, it has been shown that the 
degree of hippocampal atrophy, an 
indicator of HS, was not correlated with 
duration and severity of seizures.6 Thus, 
HS is a distinct characteristic that 
correlates with and possibly causally 
relates to TLE in about 2/3 of TLE 
patients.  
Not only the hippocampal morphology is 
completely different between non-HS 
and HS hippocampi (see chapter 1), in 
most cases also the cause of epilepsy is 
different. TLE patients with associated 
HS pathology most often suffered a 
brain-damaging insult during childhood 
(> 65% in our patient group, chapter 5) 
probably triggering epileptogenesis. In 

non-HS patients, TLE is often associated 
with an extrahippocampal mass lesion, 
e.g. tumor, vascular malformations, 
dysplasia, or has no discernible pathology 
(> 66% in our patient group, chapter 
5).7 Thus, in non-HS hippocampi altered 
efferent connections may lead to 
recurrent seizures rather than a brain-
damaging insult. In addition, genetic 
factors may play an important role.8-10 
Expression studies show only limited 
overlap between non-HS and HS 
patients in their sets of differentially 
expressed genes,11-13 suggesting that 
specific pathways may be related to 
different TLE pathologies.  
The expression of components of the 
glutamate-glutamine cycle was different 
between non-HS and HS patients (Fig. 
1). This indicates that changed expres-
sion of glutamate-glutamine cycle com-
ponents is pathology-related rather than 
seizure-related. Therefore, changes found 
in non-HS and HS hippocampi are 
discussed separately in the following 
paragraphs.  
 
2.1 Glutamate-glutamine cycle in 

the non-HS hippocampus 
In non-HS patients, the pathology and 
the ictal onset is mainly found outside the 
hippocampus, and thus a relatively 
normal anatomical structure of the 
hippocampus is seen. Nevertheless, we 
found several changes in the expression 
of components of the glutamate-
glutamine cycle compared to autopsy 
controls (Fig. 1). Expression of neuronal 
VGLUT1 glutamate transporter and 
glial EAAT2 glutamate transporter was 
increased, whereas expression of neuro-
nal SNAT1 glutamine transporter was 
decreased. Expression of neuronal 
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glutamine transporter SNAT2 and the 
glial enzyme GS were unchanged.  
The amount of VGLUT1 on a vesicle 
determines the amount of glutamate 
loaded in the synaptic vesicle and thereby 
may determine the amount of glutamate 
released into the synaptic cleft.14,15 The 
observed increase in VGLUT1-IR may 
thus contribute to the increased gluta-

mate levels in these patients and be 
associated with the frequency and / or 
duration of seizures. Moreover, data 
from adult animal models for TLE 
showed that increased VGLUT1 ex-
pression16-18 could be reduced by anti-
epileptic drug treatment with a conco-
mitant reduction in seizure activity. 
These data indicate that VGLUT may 
be important in the initiation and / or 
maintenance of seizures.19 Alternatively, 
VGLUT1 expression may be increased 
because of the increased glutamate 
turnover, caused by seizures initiated 
outside the hippocampus, which also 
depolarize the hippocampus.  
Also EAAT2 expression is increased in 
non-HS patients (chapter 2;20,21), indi-
cating an increased glutamate clearance 
from the synaptic cleft. Data on EAAT2 
expression are controversial; another 
group found no change in EAAT2 levels 
in non-HS compared with HS hippo-
campus, most likely due to differences in 
the sensitivity of the methodology, such 
as the EAAT2 antibodies used and the 
immuno-cytochemical procedure.22 In 
addition, GS expression and activity are 
un-changed in non-HS patients com-
pared with autopsy controls (chapter 2). 
Increased EAAT2 expression together 
with normal GS activity may lead to 
accumulation of glutamate in glia cells, 
although it is also possible that GS 
activity is still sufficient to convert this 
extra glutamate into glutamine. Inte-
restingly, EAATs may also contribute to 
high extracellular glutamate levels,23 be-
cause under conditions of energy deple-
tion, they may operate in reverse.  
Increased levels of glutamate have only 
been reported in HS patients, compared 
to non-HS patients.24,25 Therefore the 

Figure 1. A. Schematic drawing of the hippo-
campal glutamate-glutamine cycle showing the 
shuttling of glutamate (glu) and glutamine (gln) 
between neurons and astrocytes. B. Summary 
of expression changes of glutamate-glutamine 
cycle components in human TLE (non-HS and 
HS hippocampus) and in experimental TLE 
(juvenile Li+/pilo model) compared with 
controls. – : decreased; = : unchanged; + : in-
creased; ? : no data available; ND: not deter-
mined; NE: not expressed; IE: inconsistent ex-
pression, the expression pattern is not consis-
tent with a function in the glutamate-glutamine 
cycle. * compared to non-HS hippocampus and 
increased in individual neurons.87 
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question remains if increased extra-
cellular glutamate levels are a key feature 
in non-HS TLE patients. Many questions 
remain unanswered. Does increased hip-
pocampal VGLUT1 expression indeed 
lead to increased extracellular glutamate 
levels in non-HS patients? Do astrocytes 
contribute to increased extracellular glu-
tamate levels? Or, alternatively, are glu-
tamate levels in non-HS hippocampi in-
creased because of hippocampal depo-
larization due to seizures initiated outside 
the hippocampus? Another possibility is 
that the extrahippocampal pathology in 
these patients, such as for instance defects 
in ionchannels, may lead to changed hip-
pocampal connections, probably resul-
ting in secondary changes in hippo-
campal glutamate-glutamine cycle com-
ponents.  
 
2.2 Glutamate-glutamine cycle in 

the HS hippocampus 
In HS patients, neuronal loss and 
concomitant gliosis is evident in different 
hippocampal subfields such as CA1, 3, 4, 
and the granule cell layer (GCL) of the 
dentate gyrus (DG). In addition, mossy 
fiber sprouting is detected in these hippo-
campi.26 These factors may contribute to 
the detected changes in VGLUT1, 
EAAT2, GS, and neuronal glutamine 
transporters (SNAT1, SNAT2), gluta-
mate-glutamine cycle components that 
are all decreased in areas with neuronal 
loss (chapter 2, 3, 4) (Fig. 1). Since 
SNAT1, SNAT2, and VGLUT1 are ex-
pressed in neurons, it is understandable 
that IR for these components is de-
creased when neurons are lost. GS and 
EAAT2 however, components of the glu-
tamate-glutamine cycle in the glial com-
partment, are also decreased in areas 

with neuron loss, in spite of massive 
gliosis in these areas (chapter 2;20). In 
the normal situation, astrocytic processes 
enwrap neurons and blood vessels in the 
brain, thus an intensive contact exists 
between neurons and glia, especially 
around glutamatergic synapses.27 This 
contact is severely affected in HS 
hippocampi. 
In areas with neuron loss the formation 
of new glia, i.e. reactive gliosis, is 
apparent especially in HS hippocampi 
(chapter 3). This indicates that the 
decrease in GS- and EAAT2-IR could be 
caused by an inability of reactive glia to 
express GS and EAAT2 in the absence of 
neuronal signals and emphasizes that 
interaction between glia cells and neu-
rons is very important. Conversely, GS 
and EAAT2 could be down-regulated 
through the loss of neurons and hence, 
reduced demand for glutamate clearance. 
However, several studies show that hip-
pocampal glutamate levels are high in the 
HS hippocampus,24,25 indicating that it is 
unlikely that glutamate itself is involved 
in the down-regulation of GS and 
EAAT2 expression. Nevertheless, GS 
and EAAT2 may be down-regulated due 
to the loss of other neuronal factors nor-
mally regulating their expression.28-30 
Interestingly, a tight coupling in the 
regulation of GS and EAAT2 expression 
has been indicated.31,32 
Down-regulation of hippocampal GS –
but not EAAT2 – was independently 
confirmed in another human study22 and 
in several animal studies.18,33,34 More-
over, GS-deficient astrocytes in HS hip-
pocampi appeared to express EAAT222 
and GS knockout mice with a 50% 
reduction in brain GS expression showed 
normal EAAT2 expression (chapter 7), 
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suggesting that the loss of GS is the main 
cause of accumulation of extracellular 
glutamate. Experimental inhibition of GS 
by methionine sulfoximine (MSO) indeed 
leads to accumulation of glutamate in 
astrocytes35 and severe seizures.36-38 Our 
studies confirm the importance of GS in 
seizure susceptibility (chapter 7). On the 
other hand, EAAT2 has also been im-
plicated in seizure control, since EAAT2 
knockout mice develop spontaneous 
seizures.39  
In conclusion, the high extracellular 
glutamate levels in combination with low 
GS levels in HS hippocampi, may lead to 
accumulation of glutamate in associated 
glia cells. However, if impaired glutamate 
cyling leads to increased glutamate levels 
or vice versa remains elusive. In addition, 
the glutamate-glutamine cycle is a major 
contributor to synaptic GABA release,40 
since it provides glutamine, the precursor 
for GABA synthesis. Thus impaired glu-
tamate-glutamine cycling may also lead 
to a decrease in GABA levels and thus a 
decrease in inhibitiory transmission. 
 
Excess glutamate may be released from 
astrocytes41 by a variety of pathways (for 
review see 42,43). Thus, glia cells, and con-
sequently GS and EAAT2, may play an 
important role in the pathophysiology of 
TLE. Of course reactive glia may have 
properties not directly related to the 
glutamate-glutamine cycle which are im-
portant and may contribute to a hyper-
excitable state. Among these are the role 
of astrocytes in water homeostasis, 
potassium buffering, and inflammatory 
responses (for review see4,42).  

3 Juvenile lithium pilo-
carpine model of TLE 

 
From our human studies we learned that 
the glutamate-glutamine cycle is im-
paired in TLE (Fig. 1). However, from 
these data we can not conclude if the 
changes found contribute to the deve-
lopment of TLE or that they are con-
sequences of the recurrent seizures these 
patients suffer from for years or even of 
the anti-epileptic drug treatment. In the 
practice of surgical treatment of TLE, 
hippocampi are usually only resected 
when chronic epilepsy has already fully 
developed and, therefore, reflect summa-
tive pathology and molecular alterations. 
In addition, human subjects are hetero-
geneous in the development and pro-
gresssion of TLE and longitudinal study 
of epileptogenesis is not possible in 
humans. To discern between causes and 
consequences, animal models are essen-
tial. It is important to use an animal 
model that reflects the human situation 
as well as possible. Since in TLE HS 
most often develops after an initial 
precipitating injury (IPI) affecting the 
immature brain during early childhood, 
more recently juvenile animal models 
have been developed in which an IPI is 
induced during infancy. These models 
thus mainly resemble human HS, 
because TLE without HS has a different 
etiology (chapter 5). We have used the 
juvenile lithium pilocarpine (Li+/pilo) 
model to study longitudinal expression 
changes in key components of the glu-
tamate-glutamine cycle, which have been 
found to be affected in hippocampal 
tissue resected from HS patients during 
surgical treatment.  
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The adult Li+/pilo model of TLE 
resembles most clinical, developmental, 
and neuropathological aspects of human 
TLE.44,45 The induced IPI (i.e. SE) is 
followed by a latent period of about 3 
weeks before in these animals sponta-
neous recurrent seizures (SRS) occur.44,45 
The mortality rate in these models is high 
and the latent period before recurrent 
seizures develop is relatively short. 
Therefore it is not clear to what extent 
this model represents true epileptogenesis 
or rather SE-induced effects. The conse-
quences of Li+/pilo-induced SE are age-
dependent. Previous studies have demon-
strated that Li+/pilo-induced SE during 
the first 2 weeks of life does not produce 
substantial hippocampal damage or 
SRS.46 Additionally, Li+/pilo induced SE 
at postnatal day 21 (P21), an age that 
roughly corresponds to the human 
toddler,47 leads to a significant percen-
tage of animals developing SRS after a 
latency period of at least 8 weeks.48,49 
The extent of neuronal damage is more 
variable than in adult rats.50 In the 
Li+/pilo model as we use it, the process 
of epileptogenesis is induced in P21 rats 
and it evolves at a much slower pace than 
in the adult Li+/pilo model. The juvenile 
P21 Li+/pilo model more resembles the 
initial stages of epileptogenesis in the 
human than the adult Li+/pilo model in 
which SE is induced in a mature brain 
and SRS occur after a short latent phase.  
 
3.1 GS in the juvenile Li+/pilo 

model of TLE 
In the juvenile Li+/pilo model of TLE, 
we found a progressive down-regulation 
of GS expression in the hilus of the +SE 
hippocampus, concomitant with neuro-
nal damage and reactive gliosis during 

the latent phase (chapter 5, 6). No 
changes in VGLUT1 and EAAT2 
expression were found, neither in the 
latent nor in the chronic phase (Fig. 1). 
GS was the only component of the 
glutamate-glutamine cycle that was affec-
ted before the onset of recurrent seizures 
(chapter 5). Moreover, comparable with 
the human HS TLE hippocampus, GS 
expression was decreased in the chronic 
phase of this model (chapter 2,22). In vivo 
MRS showed that, in the latent phase, 
glutamate and especially GABA levels 
were progressively decreased in time. 
Levels of glutamine, the precursor of 
glutamate and GABA, initially increased 
and subsequently normalized before 
recurrent seizures occurred (chapter 6). 
The epileptic fate of the individual 
animals in this latent phase, however, is 
unknown. In 44% of animals, recurrent 
seizures develop, whereas all animals in 
the latent phase show the afore ment-
ioned changes. Nevertheless, we propose 
that subtle changes among which neuron 
damage, induced by early precipitating 
injury, lead to decreased glutamate and 
GABA levels and thus to accumulation of 
their precursor glutamine, with a sub-
sequent reduction in GS expression to 
normalize glutamine levels. In the adult 
Li+/pilo model a decrease in GS ex-
pression concomitant with neuronal loss 
has been described as soon as seven days 
after SE.18 This early decrease in GS 
expression may indicate that in this adult 
model epileptogenesis indeed evolves 
faster than in a juvenile model, and thus 
resembles end stages of epileptogenesis or 
even the chronic phase.  
Several lines of compelling evidence 
point to an important role of GS in the 
pathophysiology of epilepsy. Conside-
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rable congenital loss of GS activity has 
been shown to result in brain mal-
formations, seizures, and death soon after 
birth in two unrelated human neonates.51 
Suppression of GS activity in vivo38 or a 
50% reduction in GS expression in 
heterozygous GS knockout animals 
(chapter 7) leads to seizures or increased 
seizure susceptibility. In addition, homo-
zygous GS-knockout mice die during 
embryonal development.52 GS converts 
as much as 80% of the glutamate that is 
transported into astrocytes into gluta-
mine.53 Thus, GS deficiency may cause 
an abnormal increase in astrocytic and 
extracellular glutamate concentra-
tions.22,35 The down-regulation of GS 
long before the occurrence of SRS may 
therefore be an important factor in epi-
leptogenesis and in the onset of spon-
taneous seizures.  
 
3.2 VGLUT and EAAT2 expression 

in the juvenile Li+/pilo model 
of TLE 

Interestingly, VGLUT1 and EAAT2 
expression were unaffected in the juvenile 
Li+/pilo model, both in the latent and 
early chronic phase (Fig. 1), indicating 
that expression changes in hippocampi 
from HS TLE patients are most likely 
consequences of the recurrent seizures 
these patients suffer from for years. 
However, we cannot exclude that these 
changes contribute to the recurrent 
seizures in a later phase, when chronic 
epilepsy has developed.  
To my knowledge, no data is available on 
EAAT2 expression in the juvenile or 
adult pilocarpine model. SE induced by 
kainic-acid injections in adult animals, 
however, led to a modest increase in 
EAAT2 expression within 1-4 hours54 

whereas EAAT2 was decreased in the 
chronic phase,55 which correlates to the 
human situation.  
VGLUT1 expression was increased in 
the inner molecular layer of the DG in 
the adult pilocarpine model18,56 — the 
same area where we found increased 
VGLUT1 expression in human HS 
hippocampi (chapter 4) concomitant 
with mossy fiber sprouting.26 We found 
no evidence for mossy fiber sprouting in 
our juvenile model. Therefore it may not 
be surprising that changes in VGLUT1 
expression were absent. Other studies 
report mossy fiber sprouting in the adult 
post-SE model,44,57 but also in the 
juvenile model.48,58,59 This apparent dis-
crepancy most likely is caused by the 
relatively low dose of pilocarpine used in 
our study. We followed the animals until 
the early chronic phase, however, mossy 
fiber sprouting may occur in a later time 
period. It is not known when mossy fiber 
sprouting occurs in human TLE.  
Based on the evidence from the juvenile 
Li+/pilo model, only changes in GS 
expression seem to contribute to the 
development of HS TLE, whereas 
changes in EAAT2- and VGLUT1 
expression are rather consequences of 
prolonged recurrent seizures. I can not 
exclude that the changes that we found 
may be in part caused by differences 
between the model and the human 
situation or limitations of the juvenile 
Li+/pilo model. 
 
 

4 Glutamate metabolism 
 
Increased extracellular levels of glu-
tamate may cause the initiation and 
propagation of the recurrent seizures 
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from which epilepsy patients suffer. In 
this thesis we investigated alterations in 
the expression of components of the 
glutamate-glutamine cycle as a possible 
explanation for increased extracellular 
levels of glutamate, since most of 
neuronal glutamate is derived from 
glutamine by the glutamate-glutamine 
cycle.60-62 However, other pathways may 
also be involved in regulating glutamate 
levels, especially those connected to 
energy metabolism, since glutamate 
metabolism is closely linked to the 
tricarboxylic acid (TCA)-cycle (Fig. 2). 
In normal brain, energy demands are 
sufficiently satisfied by cerebral blood 
flow, which supplies the brain with 
glucose, the main metabolic fuel, and 
oxygen. The complete oxidation of 
glucose, in two consecutive processes, i.e. 
glycolysis and oxidative phosphorylation 

(TCA-cycle), leads to an impressive 
energy yield.27 However, in epileptic 
brain, prolonged seizures are known to 
result in a decrease in glucose metabo-
lism and blood flow63 that may lead to a 
compromised or deranged cellular ener-
gy metabolism. Several key steps in the 
glutamate-glutamine cycle are energy-
dependent, i.e. loading of glutamate into 
vesicles by VGLUTs,64 glutamate trans-
port by EAATs into glia cells,65 the 
conversion of glutamate to glutamine by 
the glial enzyme GS,66,67 and glutamine 
transport from astrocytes to neurons by 
SNATs.68 Since oxidative glucose meta-
bolism and glutamate-glutamine cycling 
appear to have an almost 1:1 relation-
ship,69 changes found in glutamate-
glutamine cycle components may also be 
related to energy depletion. Especially 
EAAT2 is important in this respect, since 

Figure 2. Main metabolic pathways of glutamate metabolism. Glutamate is mainly converted in 
the glutamate-glutamine cycle to glutamine by the enzyme glutamine synthetase (GS) and 
synthesized back from glutamine by the enzyme phosphate-activated glutaminase (PAG). However, 
glutamate metabolism is also linked to energy metabolism (glycolysis and oxidative phosphorylation 
(TCA-cycle)) via the reversible reaction of glutamate to α-ketoglutarate, catalyzed by the enzyme 
glutamate dehydrogenase (GDH) and the conversion of glutamate to GABA by glutamic acid 
decarboxylase (GAD) and subsequent conversion to succinate. Note that the mentioned enzymes 
are expressed in different cells with different emphasis. 
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energy depletion can lead to a direct 
reversal of glutamate transport, resulting 
in release of glutamate from glia cells into 
the synaptic cleft.23,70  
 
4.1 Conversion of glutamate to α-

ketoglutarate  
Glutamate is coupled to energy meta-
bolism mainly by the enzyme glutamate 
dehydrogenase (GDH)71 that catalyzes 
the reversible conversion of glutamate 
into α-ketoglutarate,72 one of the inter-
mediates of the TCA-cycle (Fig. 2). In 
this way, excess glutamate can enter the 
TCA-cycle in astrocytes enabling the 
production of energy to generate ATP 
(reviewed by27) or to synthesis of glyco-
gen73 and of glucose.74 In TLE patients, 
GDH activity was decreased in human 
temporal cortex from patients showing 
HS,75 compared with two other types of 
TLE patients, but not with autopsy 
controls. Reduced GDH expression was 
also found in an experimental model of 
TLE.18 Reduced GDH activity has been 
associated with neurodegeneration.76 
These studies suggest that glutamate 
metabolism in HS TLE is impaired, not 
only in the glutamate-glutamine path-
way. The proportion of glutamate ente-
ring the TCA-cycle is unknown. The 
proportion may be related to the extra-
cellular concentrations of glutamate.77 
Although the glutamate-glutamine cycle 
plays a major role in glutamate recycling, 
the GDH pathway may become more 
important when rapid removal of large 
amounts of synaptic glutamate is re-
quired.77,78 Metabolism of glutamate via 
the astrocytic GDH pathway may repre-
sent an alternative route for disposal, 
which provides energy, as opposed to the 

GS reaction in the glutamate-glutamine 
cycle, which requires energy. 
 
4.2 Conversion of glutamate to 

GABA 
Glutamate is also the precursor for 
inhibitory neurotransmitter GABA in 
GABAergic neurons. Subsequently, 
GABA can be converted to the TCA-
cycle intermediate succinate (Fig. 2) by 
the enzyme glutamic acid decarboxylase 
(GAD) which is present in all GABAergic 
interneurons, but not in glutamatergic 
neurons and glia cells. In animals sub-
jected to Li+/pilo at P21, GAD-IR was 
increased in the hilus of the hippo-
campus, prior to the development of 
spontaneous seizures (chapter 5). In 
literature, data on GAD-IR are inconsis-
tent, both in the latent and chronic 
phases of epilepsy.79-86 However, as men-
tioned before, the glutamate-glutamine 
cycle is a major contributor to synaptic 
GABA release,40 thus decreased GS levels 
may also lead to a decrease in GABA 
levels. The increase in GAD-IR may 
compensate for this loss of inhibitory 
transmission. Alternatively, the increased 
GAD-IR we found is a result of increased 
TCA-cycle activity to replenish ATP loss 
caused by seizure activity. 
In conclusion, not only the glutamate-
glutamine cycle may be important in 
keeping extracellular levels of glutamate 
low to prevent excitotoxicity. It is likely 
that defects in energy metabolism act 
together with malfunctions in glutamate 
metabolism resulting in increased extra-
cellular levels of glutamate. Since neu-
rons depend on astrocytes, both in the 
glutamate-glutamine cycle and in energy 
metabolism, astrocytes may be more 
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crucial in the epileptic brain than was 
long thought. 

 
5 Synthesis and future 

prospects 
 
Data from the juvenile Li+/pilo model 
imply that subtle changes in network 
properties after an early precipitating 
lesion lead to the induction of recurrent 
seizures after a latent phase. In contrast 
with the adult pilocarpine model, where 
massive neuronal loss and synaptic 
reorganization occurs early after the IPI, 
an IPI induced in P21 rat brain leads to 
SRS, but does not require massive gluta-
matergic cell death or gliosis. These 
results change our perception about 
epileptogenesis in the immature brain. 
An IPI induced at P21 leads to neuron 
damage, reactive gliosis and loss of a 
subpopulation of GABAergic interneu-
rons — subtle changes obviously suffi-
cient to induce recurrent seizures. In fact, 
massive glutamatergic cell loss and mossy 
fiber   sprouting,  may  occur  much  later 

than was thought before.  
In my opinion, the immature brain 
creates a new balance after an IPI that 
stabilizes and may eventually decrease 
the threshold for seizures after a latent 
period. Adaptations that occur are, for 
example, the formation of abnormal glia 
cells, lacking GS and / or EAAT2 or 
with decreased GS levels. The reduction 
in GS expression during epileptogenesis, 
possibly to normalize glutamine levels, 
seems to be irreversible. After a latent 
period, delayed secondary processes are 
probably involved in the initiation of 
seizures. The reduced GS levels may at 
that point lead to (1) decreased GABA 
synthesis, as glutamine is the precursor 
for GABA, and thus lead to decreased 
inhibitory transmission and (2) accumu-
lation of glutamate in glia cells, leading to 
increased extracellular glutamate levels. 
Decreased GABA levels together with 
increased extracellular glutamate levels 
may initiate seizures and this imbalance 
between excitatory and inhibitory neuro-
transmitters is a suspected cause of epi-
lepsy. Figure 3 summarizes this hypo-
thesis. Of course, not only GS, but also 

Figure 3. Summary of temporal sequence of events during epileptogenesis that may eventually lead 
to recurrent seizures. 
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other molecules that are present in 
abnormal astrocytes may influence the 
control of extracellular glutamate levels 
by astrocytes, e.g. cytokines and aqua-
porines, and may be candidates for 
therapeutic targets. In addition, changed 
expression of receptors or ion channels, 
which were not investigated in this thesis, 
may also reduce the threshold for later 
seizures. In conclusion, our data imply 
that (reactive) glia cells are important and 
that GS, a key player in the glutamate-
glutamine cycle may, be involved in early 
epileptogenesis.  
I assume that in the human situation, the 
formation of abnormal glia cells and the 
irreversible adaptation of GS expression 
also occurs after an IPI. Dependent on 
the genetic make-up together with en-
vironmental influences, a certain popu-
lation of patients develop delayed secon-
dary processes leading to TLE.  
In addition, the various pathways in-
volved in glutamate metabolism can not 
be seen in isolation, but rather must be 
seen as a common route of transferring 
glutamate and its metabolic products 
between neurons and glia. More infor-
mation about expression levels, activities 
of enzymes, and flux through the glu-
tamate-glutamine cycle in these path-
ways in human TLE as well as in juvenile 
animal models for TLE is needed to 
create a complete overview of changed 
glutamate metabolism in TLE.  
Since we analysed protein expression, we 
can only predict the functional impli-
cations of the altered glutamate-gluta-
mine cycle components. The study on 
heterozygous GS-knockout mice was a 
first pathophysiological study that 
showed the importance of GS for seizure 
susceptibility. Follow-up studies will be 

needed that use an inducible knockout 
that only disrupts GS-containing glia cells 
instead of the whole glia cell population. 
Knockouts of other components of the 
glutamate-glutamine cycle may also pro-
vide valuable information about the 
functional role of these components. In 
addition, measuring the flux of glutamate 
through the glutamate-glutamine cycle 
will give more information about functio-
nal implications of separate glutamate-
glutamine cycle components. Dynamic in 
vivo 1H[13C] MRS during infusion of 
uniformly labeled 13C glucose will enable 
determination of concentrations and 
turnover rates of a wide range of meta-
bolites involved in the GABAergic and 
glutamatergic neurotransmitter systems. 
This technique could therefore be used in 
animal models for TLE to perform 
longitudinal studies on the contribution 
of metabolism and shuttling between 
neurons and glia cells to epileptogenesis. 
The spatial resolution, however, is a 
limiting factor of this technique. More-
over, comparative longitudinal studies 
between animal models and humans may 
lead to a better understanding of the 
complex pathophysiology of TLE and 
also of the relevance of various animal 
models. Magnetic resonance techniques 
could be a tool for such studies, as they 
enable the longitudinal, in vivo, charac-
terization of structural and metabolic 
changes. It is important however, to in-
vestigate if found MR changes correlate 
with the epileptic fate of animals. If so, 
then these changes can be used as bio-
markers for epileptogenesis in humans at 
risk. Such detailed comparative studies 
will be necessary to identify early markers 
and new targets for interventional 
strategies. 
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Samenvatting voor niet-medici 
De hersenen van patiënten met temporaal kwab epilepsie (TLE) vertellen een 
interessant verhaal. Dat kan, omdat bij ± 70 TLE patiënten per jaar de bron van de 
aanvallen verwijderd wordt. In dit chirurgisch verwijderde weefsel hebben wij ver-
schillende afwijkingen gevonden, maar de vraag is of die ook de oorzaak zijn van de 
aanvallen waaraan deze patiënten lijden. Om deze vraag te beantwoorden is in 
proefdiermodellen onderzocht wat er gebeurt voordat aanvallen ontstaan.  
TLE ontstaat door een verstoring van de natuurlijke verhoudingen tussen de acti-
verende en remmende signalen van het brein. Overmaat aan activerende signalen leidt 
tot aanvallen. Het zenuwstelsel beschikt over een slim systeem om overactivering te 
voorkomen, waarbij zenuwcellen en steuncellen nauw samenwerken. Bij TLE 
patiënten hebben we een gebrek ontdekt aan het enzym dat het activerende signaal 
afbreekt. Dit gebrek is in een diermodel zichtbaar al ver voordat aanvallen ontstaan en 
maakt genetisch gemodificeerde muizen gevoeliger voor aanvallen. Deze verandering 
in het systeem dat overactivering voorkomt, kan in levende proefdieren zichtbaar 
gemaakt worden met behulp van beeldvormende technieken. Dit kan al in een vroeg 
stadium van het ontstaan van TLE. Dit biedt perspectieven om het ontstaan van TLE 
bij mensen veel vroeger vast te stellen en te behandelen. 
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1 Inleiding 
 
1.1 Epilepsie  
Epilepsie is wereldwijd één van de meest 
voorkomende neurologische aandoening-
en (incidentie 1:150). Het is een zeer 
complexe aandoening, die zich op ver-
schillende manieren kan uiten. De meeste 
mensen kennen epilepsie als een ziekte 
waarbij iemand ‘aanvallen’ heeft waarbij 
hij of zij op de grond ligt en schokkende 
bewegingen maakt, schuim rond de 
mond krijgt en urine verliest. De oude 
Grieken dachten dat zo iemand ‘bezeten’ 
was. Daar komt het woord epilepsie ook 
vandaan; het is Grieks voor ‘gegrepen 
worden’. Vroeger sprak men ook wel van 
de ‘vallende ziekte’. Een onjuiste bena-
ming, omdat lang niet iedereen valt 
tijdens een aanval. En ook het schokken 
en schuimbekken komt zeker niet altijd 
voor. Wel verliest iemand met epilepsie 
tijdens een aanval (ook wel toeval of 
insult genoemd) de controle over be-
paalde lichaamsfuncties, zoals bijvoor-
beeld over zijn spieren, over zijn denk-
vermogen, over het vermogen te praten 
of hij verliest het bewustzijn. De oorzaak 
van een epileptische aanval is een stoor-
nis in de hersenen. 
 
Epileptische aanvallen worden in de 
wetenschappelijke literatuur beschreven 
als ongecontroleerde ritmische activiteit 
van zenuwcellen. Een verstoring van de 
natuurlijke verhoudingen tussen acti-
verende en remmende stoffen in de her-
senen, zogenaamde neurotransmitters, is 
mogelijk de oorzaak van de aanvallen. 
De meest voorkomende vorm van epi-
lepsie bij volwassenen is epilepsie in een 
kwab aan de zijkant van het hoofd, 
zogenaamde temporaal kwab epilepsie, 

of in het Engels: temporal lobe epilepsy 
(TLE). Dit is een vorm van epilepsie 
waarbij meestal de hippocampus, een 
onderdeel van deze hersenkwab, is be-
trokken.  
Van de meeste epilepsie syndromen is de 
oorzaak onduidelijk, in het geval van 
TLE wordt gedacht dat het veroorzaakt 
wordt door een beschadiging (trauma) 
tijdens de jeugd, zoals koortsstuipen, 
heftige aanhoudende vorm van aanvallen 
(status epilepticus), herseninfecties of een 
hoofdtrauma, echter wel in combinatie 
met bijvoorbeeld genetische aanleg en 
omgevingsfactoren. Bij deze vorm van 
TLE zie je vaak, onder andere, verlies 
van zenuwcellen (= ‘hippocampale scle-
rose’ (HS)). TLE patiënten waarbij de 
hippocampus er normaal uit ziet (non-
HS) hebben vaak een tumor of vaat-
afwijking in de hersenen die bijdraagt 
aan het ontstaan van de aanvallen.  
Alhoewel veel TLE patiënten behandeld 
kunnen worden met medicijnen, kunnen 
de aanvallen bij ± 30% van de patiënten 
niet onderdrukt worden met anti-epilep-
tica. Het chirurgisch verwijderen van de 
epileptische bron, meestal de hippocam-
pus (soms samen met andere temporaal-
kwab gebieden), kan dan overwogen 
worden als behandeling.  
In dit proefschrift is gebruik gemaakt van 
dit, tijdens een chirurgische ingreep 
verwijderde, unieke hersenweefsel, om te 
bestuderen welke veranderingen er bij 
epilepsiepatiënten zijn opgetreden in het 
glutamaat metabolisme.  

 
1.2 Glutamaat 
Glutamaat is de meest voorkomende 
activerende neurotransmitter van het 
brein. Het is voor normale neurotrans-
missie (signaaloverdracht tussen zenuw-
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cellen) van belang om de concentratie 
glutamaat buiten de cellen binnen be-
paalde grenzen te houden, omdat een te 
hoge concentratie schadelijk is. Dit kan 
namelijk leiden tot celdood en het ont-
staan van epileptische aanvallen.  
Glutamaat wordt in zenuwcellen opge-
slagen in blaasjes met behulp van een 
hulpstof (transporter), VGLUT1. Vervol-
gens kunnen de blaasjes samensmelten 
met de celwand en zo het glutamaat aan 
de buitenkant van de cel brengen, in de 
nauwe ruimte die tussen de zenuwcellen 
bestaat. Daar kan het glutamaat de vol-
gende cel activeren. In deze tussenruimte 
wordt glutamaat afgevoerd door andere 
transporters, met name EAAT2, naar 
steuncellen van het zenuwstelsel (de glia-
cellen). Daar wordt het omgezet in het 
onschadelijke glutamine door het enzym 
glutamine synthetase (GS). Met behulp 
van glutamine transporters (voornamelijk 
SNATs) wordt dit glutamine heropge-
nomen door de zenuwcel die het weer 
omzet in glutamaat met behulp van het 
enzym PAG. Deze cyclus wordt de 
glutamaat-glutamine cyclus genoemd en 
is nodig om het activerende signaal te 
beëindigen zodat schade aan de zenuw-
cellen wordt voorkomen.  
 
1.3 Doel van het onderzoek 
De processen die leiden tot TLE zijn nog 
onbekend. Spelen de verschillende on-
derdelen van de glutamaat-glutamine 
cyclus een rol bij het ontstaan van TLE? 
Zijn onderdelen van de glutamaat-
glutamine cyclus eigenlijk wel betrokken 
bij TLE, dat wil zeggen, zijn ze wel 
aangedaan? Als we dat weten kunnen we 
misschien het ontstaan van de ziekte 
behandelen in plaats van alleen de 
symptomen, zoals nu nog gebeurt. 

Het doel van het onderzoek is te 
onderzoeken of verschillende onderdelen 
van de glutamaat-glutamine cyclus ver-
anderd zijn bij TLE en zo ja, of deze 
veranderingen bijdragen aan het ont-
staan van TLE. 
In het eerste deel van dit proefschrift 
(hoofdstuk 2-4) zijn het enzym GS, 
verschillende glutamine transporters en 
VGLUTs onderzocht in chirurgisch 
verwijderd hippocampus materiaal van 
patiënten met TLE. Het weefsel van 
TLE patiënten met en zonder zichtbare 
veranderingen in de hippocampus (HS 
en non-HS), werd vergeleken met hippo-
campi die verkregen waren tijdens autop-
sies van overledenen zonder neurolo-
gische aandoening. In het chirurgisch 
verwijderde weefsel zijn echter alleen de 
veranderingen in het eindstadium van 
epilepsie zichtbaar, zonder dat onder-
scheid gemaakt kan worden tussen oor-
zaak en gevolg van de jarenlange aan-
vallen. Daarom is het van belang om ook 
diermodellen te gebruiken die de huma-
ne situatie nabootsen. In deze dier-
modellen kunnen vroege veranderingen 
die ontstaan tijdens de ontwikkeling van 
epilepsie in kaart worden gebracht.  
In het tweede deel van dit proefschrift 
(hoofdstuk 5-7) zijn proefdiermodellen 
gebruikt om te onderzoeken of de gevon-
den veranderingen in verschillende com-
ponenten van de glutamaat-glutamine 
cyclus een oorzaak of eerder een gevolg 
zijn van de aanvallen van TLE patiënten.  

 
2 Samenvatting per  

 hoofdstuk 
In hoofdstuk 2 wordt beschreven dat 
het voorkomen (expressie) en de activiteit 
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van GS is afgenomen bij TLE patiënten 
met HS, vergeleken met autopsie con-
troles en non-HS TLE patiënten. Deze 
verandering wordt dus niet veroorzaakt 
door aanvallen, maar is specifiek voor 
HS TLE patiënten en kan bij deze 
patiënten bijdragen aan de verhoogde 
glutamaat concentratie. 
Vier mogelijke glutamine transporters 
zijn onderzocht in hoofdstuk 3, 
namelijk SNAT1 en SNAT2 die zich op 
zenuwcellen bevinden en SNAT3 en 
ASCT2 die zich op gliacellen bevinden. 
Het expressie patroon van SNAT1 en 
SNAT2 in de humane hippocampus 
kwam overeen met dat van een gezonde 
rat. SNAT1 en SNAT2 expressie was af-
genomen in de HS hippocampus, in 
gebieden met verlies van zenuwcellen. 
SNAT3 expressie in de humane hippo-
campus was heel anders dan in de rat. 
ASCT2 kwam zelfs helemaal niet voor in 
de humane hippocampus. Dit wijst erop 
dat, in de humane hippocampus, zowel 
SNAT3 als ASCT2 geen glutamine 
transporteren vanuit gliacellen en dat er 
waarschijnlijk andere – nog onbekende – 
glutamine transporters verantwoordelijk 
zijn voor het glutamine transport tussen 
gliacellen en zenuwcellen. 
VGLUT1 is de belangrijkste transporter 
die glutamaat in de blaasjes vervoert 
voordat glutamaat de zenuwcel uit gaat. 
(hoofdstuk 4). Non-HS TLE patiënten 
hebben meer VGLUT1 eiwit in de 
hippocampus, terwijl HS TLE patiënten 
minder VGLUT1 eiwit hebben in 
gebieden met verlies van zenuwcellen, 
maar wel meer in de gyrus dentatus, een 
gebied in de hippocampus waar nieuwe 
verbindingen tussen resterende zenuw-
cellen gemaakt worden. Het lijkt erop dat 
non-HS TLE patiënten meer glutamaat 

in blaasjes kunnen opslaan, waardoor er 
meer glutamaat buiten de zenuwcel 
gebracht kan worden en er een ver-
hoogde gevoeligheid voor aanvallen is bij 
deze patiënten. 
Om iets te kunnen zeggen over oorzaak 
of gevolg van de bovengenoemde com-
ponenten van de glutamaat-glutamine 
cyclus bij het ontstaan van epilepsie zijn 
proefdiermodellen gebruikt. Een voor-
beeld van zo’n diermodel van HS TLE is 
het pilocarpine model. Hierbij wordt bij 
bijvoorbeeld ratten pilocarpine, een che-
mische stof, ingespoten die status epilep-
ticus veroorzaakt. De dieren ontwikkelen 
zich verder normaal, maar na een be-
paalde periode treden uiteindelijk spon-
tane epileptische aanvallen op. Veel 
onderzoek tot nu toe is uitgevoerd met 
het volwassen pilocarpine model; dat wil 
zeggen dat pilocarpine bij volwassen 
ratten werd ingespoten. Echter, injectie 
bij jonge dieren bootst de humane 
situatie beter na. Immers, bij HS TLE 
patiënten ontstaat de eerste schade, die 
waarschijnlijk leidt tot TLE, tijdens de 
jeugd. Deze schade leidt niet tot uitge-
breide dood van zenuwcellen en na deze 
schade duurt het nog lang voordat spon-
tane aanvallen ontstaan. In dit proef-
schrift is daarom gebruik gemaakt van 
jonge ratten (21 dagen oud) (hoofdstuk 
5, 6). In hoofdstuk 5 zijn de ver-
anderingen in de hersenen van deze 
dieren onderzocht op verschillende tijd-
stippen in de latente fase (2, 4, en 8 
weken na injectie van pilocarpine), en in 
de chronische fase (19 weken na injectie 
van pilocarpine). Niet alleen hebben we 
in de tijd gekeken naar veranderingen in 
de glutamaat-glutamine cyclus bij deze 
dieren, maar ook naar veranderingen in 
het systeem van de remmende neuro-
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transmitter, GABA (hoofdstuk 5). Twee 
en 4 weken na pilocarpine injectie 
vonden we schade aan zenuwcellen en 
gliose (vorming van nieuwe gliacellen) in 
een bepaald deel van de hippocampus. 
Uitgebreide celdood werd niet gevonden, 
alhoewel een subpopulatie van GABA 
neuronen wel progressief afnam. Na 15-
18 weken kreeg 44% van de dieren 
spontane aanvallen. GS was de enige 
component van de glutamaat-glutamine 
cyclus die was afgenomen, zowel in de 
latente als in de chronische fase. 
We hebben nu dus een verandering 
gevonden, zowel in de mens als in het 
diermodel, die betrokken lijkt te zijn bij 
het ontstaan van TLE. De vraag is nu of 
deze verandering ook zichtbaar is in een 
levend dier. Als dat het geval is, kan deze 
verandering uiteindelijk aanwijzingen 
geven over de gezondheidstoestand van 
patiënten die risico lopen epilepsie te 
krijgen. Op die manier kan het ontstaan 
van TLE veel vroeger vastgesteld, en 
behandeld, worden. Daarom hebben we 
in levende ratten metingen gedaan in de 
latente fase (4 en 8 weken na injectie van 
pilocarpine) met behulp van een magneet 
(hoofdstuk 6). Op deze manier, met 
‘magnetic resonance spectroscopy’ 
(MRS), kunnen concentraties van 
bijvoorbeeld glutamaat, GABA en gluta-
mine gemeten worden in levende orga-
nismen (in vivo). De eerder genoemde 
veranderingen in dit jonge pilocarpine 
model kwamen sterk overeen met de 
veranderingen gevonden met MRS. De 
concentraties van de neurotransmitters 
glutamaat, maar  vooral  GABA, daalden  

progressief. Glutamine concentraties 
stegen in eerste instantie, maar norma-
liseerden na verloop van tijd. Dit kan 
verklaard worden door de afname van 
GS. GS lijkt dus een belangrijke rol te 
spelen in de pre-epileptische fase en kan 
een belangrijke indicator zijn voor het 
ontstaan van epilepsie.  
Om het effect van een verminderde 
hoeveelheid GS te onderzoeken op de 
gevoeligheid voor aanvallen, zijn muizen 
gebruikt waarbij een van de kopieën van 
het GS gen is geïnactiveerd (heterozygote 
GS knockout (GS+/-) muizen) (hoofd-
stuk 7). Bij deze muizen, die een afname 
van ± 50% van het GS eiwit hebben, zijn 
koortsstuipen (aanvallen zoals een epilep-
tische aanval, maar dan met koorts) op-
gewekt met behulp van een warme lucht-
stroom. Eerder is al aangetoond dat er 
een verband bestaat tussen koortsstuipen 
en HS TLE patiënten. De GS+/- muizen 
ontwikkelden sneller koortsaanvallen dan 
controledieren. In de hippocampus van 
deze GS+/- muizen werden geen ver-
anderingen gevonden van andere com-
ponenten van de glutamaat-glutamine 
cyclus. Dit wijst op het belang van GS bij 
de verhoogde gevoeligheid van koorts-
aanvallen bij GS+/- muizen. 
In hoofdstuk 8, worden de resultaten 
bediscussieerd en worden suggesties voor 
toekomstig onderzoek gegeven. Wellicht 
is het in de toekomst mogelijk, bijvoor-
beeld met behulp van MRS, om epilepsie 
al in een vroeg stadium op te sporen. Dit 
biedt perspectieven om het ontstaan van 
TLE bij mensen veel vroeger vast te 
stellen en te behandelen. 
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Het leek er bijna op dat het nooit af zou 
komen, maar hier ligt het boekje dan 
toch! In al die jaren dat ik met dit 
onderzoek bezig ben geweest heb ik veel 
mensen leren kennen die mij op de een of 
andere manier geholpen, gemotiveerd, of 
geïnspireerd hebben, met praktische za-
ken of peptalk. Ik zal niet iedereen bij 
name noemen, maar wil een aantal 
mensen wel graag bedanken. 
 
De belangrijkste mensen die bij mijn 
onderzoek betrokken waren, zijn de 
patiënten die hun chirurgisch verwijder-
de hersenweefsel ter beschikking van de 
wetenschap hebben gesteld. Zonder dit 
weefsel was dit onderzoek niet mogelijk 
geweest. Heel hartelijk dank hiervoor! 
 
Pierre de Graan, als dagelijks begeleider 
heb jij de meeste bijdragen geleverd aan 
dit proefschrift. Toen ik 8 jaar geleden 
koos voor het epilepsie onderzoek, kwam 
dat niet alleen door mijn interesse in dat 
veld, maar ook doordat jij dan mijn 
begeleider zou zijn. Je positieve instel-
ling, kritische kijk op de zaken en 
motivatie werken aanstekelijk en ik heb 
veel van je geleerd. Ik ben blij dat we de 
laatste fase uiteindelijk ook goed hebben 
afgerond en hoop in de toekomst nog veel 
met je samen te werken. 
Professor Van Veelen, door het uitblijven 
van dit proefschrift uiteindelijk officieel 
2e promotor, maar voor mij blijft u echt de 
1e! Heel erg bedankt voor alle fijne ge-
sprekken, zowel wetenschappelijk, kli-
nisch als persoonlijk, op OK, mijn 
kamer, en bij u thuis. Dank ook voor de 
snelle feedback op de teksten die ik in-
leverde, zelfs als u op vakantie was!  
Professor Burbach, Peter, je was dan 
misschien niet nauw betrokken bij het 

onderzoek, toch bedankt voor de kri-
tische blik op mijn teksten en de ge-
toonde interesse.  
 
Collega’s van de Anatomie. Ronald, 
Isabel, Tom, Matty, judo’s, bedankt voor 
het opvangen van onderwijs zodat ik de 
tijd had om dit proefschrift te schrijven! 
Ik zal vanaf nu weer vaker mijn vinger 
opsteken bij het verdelen van onderwijs 
tijdens het stafoverleg... 
Henriette, Evelien, Lot, Erna, Simon, 
Willem, Jan-Willem, Peter, en oud-ana-
tomen Annemiek, Jan, Patricia, Gerda, 
Tineke, Nelleke, Jacqueline, allemaal be-
dankt voor alle gezelligheid en het vele 
lekkers bij de koffie of in de pot op het 
secretariaat! 
Isabel, lang geleden waren we kamer-
genotes; nu we iets harder naar elkaar 
moeten roepen is het kletsen wat ver-
minderd. Als het nodig was kon ik altijd 
een beroep op je doen. Bedankt! 
 
Bij de epilepsiegroep zijn veel mensen 
betrokken die ik wil bedanken. Ellen, 
van ‘tutorkind’ tot collega. Bedankt voor 
je hulp, motivatie en de onwijs gezellige 
tijd in Berlijn! Anne, leuk èn handig dat 
je je immuno’s beneden doet. Laten we sa-
men nog een paar mooie verhalen schrij-
ven! Marina en Marije, heel erg bedankt 
voor de praktische hulp die jullie geleverd 
hebben wat betreft in situ’s en western 
blots. Arno, jij was er in het begin bij en 
hebt veel werk verzet, zowel dierwerk als 
immuno’s. Bedankt! Koen, de samen-
werking was leuk en gezellig, net als 
onze etentjes! Ineke, al een tijdje gepromo-
veerd, gezelligheid kent geen tijd was 
jouw motto denk ik! Robbert, jij leerde me 
de fijne kneepjes en belangrijke nauw-
keurigheid van de immuno’s.  
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Veel studenten hebben bij mij stage ge-
lopen. Het was met jullie allemaal erg 
gezellig en het was voor mij erg motive-
rend dat jullie er waren. Anke, jij was de 
1e, lang geleden, bij het onderzoek 
voorafgaand aan dit promotie onderzoek. 
JeanPierre (JP) jij begon terwijl ik nog 
aan het revalideren was. Onze werkbe-
sprekingen waren bij mij thuis op de 
bank! Jij hield me op de hoogte van alle 
roddels binnen VV en de nieuwste 
vrouwelijke aanwinsten bij Mebiose. 
Sara, samen waren we superblij als we 
weer eens mooie foto’s met de confocal 
hadden gemaakt. Dimphna, altijd vrolijk 
en enthousiast. Je ‘hippocampus oorbellen’ 
hangen op een mooi plekje (niet in mijn 
oren...). Sandra, je was tegelijkertijd met 
Dimphna op het lab. Leuk om jou te zien 
opbloeien. Jij verraste me iedere keer weer 
met je grondige literatuursearch. Kerstin, 
last but not least, dat moet ik natuurlijk 
eigenlijk in het Duits schrijven... Jij bent 
niet alleen goed in de wetenschap, maar 
ook in veel talen! Alle 6 heel erg bedankt 
voor de wetenschappelijke bijdragen die 
jullie geleverd hebben en de sfeer die jullie 
met je meebrachten. 
 
Neurochirurgen professor Van Veelen, 
Peter van Rijen en Peter Gosselaar, dank 
jullie wel voor het zorgvuldig verwijderen 
van de hippocampus waardoor wij zulke 
mooie platen kunnen maken. 
 
Kees, Pieter, zo’n 12 jaar geleden leerde ik 
jullie kennen bij mijn 2e stage bij de ‘in 
vivo NMR’. Toen deden jullie onderzoek 
naar hydrocephalus en ik naar stroke. Ik 
vind het erg leuk dat we elkaar nu in het 
epilepsie onderzoek weer tegen zijn geko-
men en ook het een en ander samen doen! 
Kees, heel erg bedankt voor je waardevolle 

bijdragen aan mijn proefschrift en de 
nuttige, maar ook gezellige, (w)eten-
schapsavondjes bij je thuis. Jouw kook-
kunsten zijn voor herhaling vatbaar!  
Pieter, we moeten nog vaker samen dis-
cussiëren over ons onderzoek, goed voor 
ons beider motivatie! Hopenlijk wordt ons 
gezamenlijke artikel nu snel gepubli-
ceerd in een ‘hoog’ tijdschrift, 4x is 
scheepsrecht...  
 
Rick. Ja eigenlijk raar dat jij hier 
genoemd wordt hè! Maar tijdens mijn 2e 
stage bij jou werd mijn interesse in 
onderzoek doen pas echt gewekt, en mede 
daardoor ligt dit proefschrift er nu. Heel 
erg bedankt dus, want ik ben uit-
eindelijk heel blij dat dit bereikt is! Leuk, 
dat we elkaar af en toe nog zien, zowel 
qua werk als persoonlijk. Hopenlijk wordt 
dat laatste weer wat meer. Ingrid, we 
moeten weer eens extra ons best doen, 
want het is altijd zo gezellig met elkaar... 
 
Lieve paranimfen, 
Son, al bijna 17 jaar delen we lief en 
leed. Samen studeren, naar Zimbabwe, 
trouwen, kids, maar allebei helaas ook 
lichamelijke ongemakken die ons –pro-
beren te– beperken. Aan jou zie ik dat het 
bij mij altijd wel meevalt... Ik bewonder je 
wilskracht en positieve instelling. Ik ben 
heel blij dat je 25 juni achter me staat en 
we weer samen een hoogtepunt mogen 
beleven.  
Suzanne, wat een gezelligheid en vro-
lijkheid hangt er altijd om jou heen! Al 
weer heel wat jaren help je mij bij het 
onderzoek met het doen van veel snij- en 
kleurwerk. Jij houdt van aanpakken en 
bent altijd dolblij als je labjournaal vol is, 
want dan is het stickertijd... Ook privé 
zitten we in eenzelfde levensfase en kun-
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nen we heerlijk ongegeneerd met elkaar 
kletsen. Fijn -en logisch (!)- dat jij mijn 
paranimf bent. 
 
Alle vrienden die zorgen voor de zo 
belangrijke ontspanning na het werk. Ik 
heb jullie de laatste jaren in meer of 
mindere mate gezien, maar het is altijd 
weer leuk en daar wil ik jullie voor 
bedanken.  
Viviane, Hilde, Sonja, wat een leuke 
verrassing dat jullie ook relatief snel 
kinderen kregen! Studievriendinnen en 
dan ook nog met z’n 4en binnen 9 weken 
bevallen schept een wel heel bijzondere 
band. De tijd vliegt tijdens onze ‘uit-
etentjes’, kletsen over van alles en nog 
wat, behalve vaak de thuissituaties, daar 
moeten we speciaal een ‘rondje’ voor doen! 
Bedankt voor jullie steun, interesse en 
opbeurende woorden. 
Spectrofobioten, allemaal 17 jaar geleden 
begonnen als Medisch Bioloog, nu alle-
maal een andere carrière. Maar nog 
steeds zien we elkaar geregeld. Sinter-
klaas, etentjes, weekendjes weg, hopenlijk 
houden we dat nog lang vol. 
Yvon, jaren geleden mijn huisgenootje, 
nu zien we elkaar eigenlijk veel te 
weinig. Maar als we elkaar zien is het 
altijd goed en gezellig!  
Astrid en Pieter, een vriendschap die 
begon in Malawi, zonder kids. Nu met 
kids, lekker bij elkaar thuis of op de boer-
derij in Oostenrijk. Heerlijk relaxed is het 
altijd met jullie.  
Audrey en Paul, we zijn gewoon door-
gegaan waar we 2,5 jaar geleden gestopt 
waren. Alsof jullie nooit naar Amerika 
zijn geweest. Jammer dat we jullie niet 

konden opzoeken, fijn dat jullie weer 
terug zijn!  
Bianca en Leo, Bianc, lekker dat ik altijd 
mijn gal bij je kan spuwen en je me tips 
geeft hoe de zaken aan te pakken! Leuk 
dat we altijd onverwachts met z’n 7en 
kunnen eten. Deze zomer weer vaak bbq-
en?! 
Hetty, even zonder kinderen uit eten, 
naar de film, of shoppen. Super gezellig, 
maar ik vind toch dat je wat vaker mee 
moet naar pilates... 
Simone (zus en vriendin) en Kees, jullie 
huis is gewoon een extra thuis. Heerlijk 
om me bij jullie te kunnen ontspannen. 
Dank jullie wel dat jullie er altijd zijn. 
 
Lieve Cor en Elly, altijd als het nodig is, 
door ziekte of drukte op het werk, komen 
jullie weer naar Zeist. Heel erg bedankt 
voor al die hulp. Jullie liefde en de rust die 
jullie ons geven zijn als een warm bad. 
Wat ontzettend fijn om zulke lieve 
schoonouders te hebben!  
 
Lieve pap en mam, mijn interesse voor de 
wetenschap is me met de paplepel inge-
goten; zaterdags ging ik vaak met papa 
mee naar zijn werk en mocht ik kuiken-
tjes uitzoeken die dan voor de wetenschap 
werden gebruikt... Stuur 25 juni maar 
een extra zonnestraaltje naar beneden. 
Niet lijfelijk aanwezig, maar nooit uit 
mijn hart. 
 
Liefste mannen, Jacob, Daan, Mees. 
Geweldig om jullie dagelijks om me heen 
te hebben. Drie zulke kanjers, wat een 
rijkdom, daarbij valt al het andere in het 
niet! 
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