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EPILEPSY

Clinical aspects of epilepsy
Epilepsy is a common chronic neurological 
disorder that is characterized by recurrent 
seizures and affects about 1% of the popula-
tion worldwide [1,2]. Seizures are transient 
signs and/or symptoms due to abnormal, ex-
cessive or synchronous neuronal activity in 
the brain. In the majority of patients, seizures 
can be controlled with medication, although 
in specific cases surgery may be considered 
when drug-treatment fails. Epilepsy should 
not be considered a single disorder, but rath-
er as a group of syndromes with divergent 
symptoms, wide etiological heterogeneity 
and involving episodic abnormal electrical 
activity in the brain, that may be second-
ary to pathological processes such as brain 
trauma, infection, neoplasm’s or congenital 
disorders.
Epileptic seizures are most commonly de-
fined and grouped according to a scheme 
proposed by the International League Against 
Epilepsy (ILAE) [3] in which seizures are 
dived into partial and generalized seizures. 
Partial seizures only involve a localized part 
of the brain, whereas generalized seizures 
involve the whole of both hemispheres. Par-
tial seizures may be further subdivided into 
simple and complex seizures. This refers to 
the effect of such a seizure on conscious-
ness; simple seizures cause no interruption 
to consciousness, whereas complex seizures 
interrupt consciousness to varying degrees. 
Approximately 50% of all forms of epilepsy 
arise in the absence of neurological deficits 
or brain lesions and have no known or sus-
pected external cause. They are classified 
as idiopathic epilepsies and many of these 
epilepsies have been shown to be of genetic 
origin. Acquired or symptomatic epilepsies 
are epilepsy syndromes of known origin due 
to pre- and post-natal acquired factors, such 
as brain infection, brain injury, neoplasm’s 
or stroke. Although it remains convenient 

to divide cases into idiopathic and sympto-
matic, more and more data suggests that in 
many epilepsy cases there is an interaction 
between genes and environmental factors. 
These epilepsies have been named multifac-
torial epilepsies.

The genetics of epilepsy
Genetic factors play a role in many epilepsy 
syndromes. A small proportion of epilepsy 
syndromes are inherited as single-gene dis-
orders. The genes found thus far mostly en-
code ion channels (summarized in table 1). 
These epilepsies have therefore also been 
called channelopathies. In most remaining 
cases, the etiology is complex, arising from 
the contribution of multiple genetic and non-
genetic factors. The role of genetic factors 
in multifactorial epilepsies has been shown 
by twin studies. In monozygotic twins (MZ) 
a consistently higher concordance rate for 
epilepsy can be found compared to dizygotic 
twins (DZ) [4,5]. Among twin pairs concor-
dant for idiopathic generalized epilepsy, MZ 
twins are also more concordant for epilepsy 
subphenotype than DZ twin pairs, suggesting 
that indeed genetic factors play a role not 
only in the occurrence of epilepsy but also in 
its phenotypic presentation [5].
The hypothesis that genes and environment 
interact in epilepsy was first proposed by W. 
Lennox [6]. He suggested that for most epi-
lepsies, a mixture of genetic and acquired 
factors were important. Clinical studies in 
families with idiopathic epilepsy often show 
a large phenotypic diversity and incomplete 
penetrance. This shows that besides the epi-
lepsy causing gene, other factors or modifier 
genes determine the phenotype. The effect 
of modifier genes in epilepsy has also been 
shown in animal models [7,8]. 
The role of genetic factors in predominantly 
acquired epilepsies has also been investi-
gated [6]. It was found that 1.8% of relatives 
of patients with acquired brain injuries and 
epilepsy had epilepsy, while 0.5% of relatives 
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of control subjects had epilepsy. For patients 
without brain injuries, 3.6% of relatives were 
affected. These data suggest that the genetic 
predisposition for epilepsy is greatest in idio-
pathic epilepsy, but also higher than control 
in acquired epilepsies. 

Temporal lobe epilepsy
Temporal lobe epilepsy (TLE) is considered 
the most common partial epilepsy type and 
is often medically intractable. Surgery may 
be considered when drug-treatment fails. Pa-
tients with TLE experience recurring episodes 
of spontaneous neuronal activity originating 
from the temporal lobe. TLE is considered 
to be a multifactorial disease, implying the 
involvement of multiple susceptibility genes 
and complex gene-environment interactions 
[4,9,10]. 
TLE can be divided in two main categories, 
mesial TLE (MTLE) and lateral TLE (LTLE). 
MTLE arises in the hippocampus, parahip-
pocampal gyrus and amygdala (mesial/limbic 
structures) while LTLE arises in the neocor-
tex of the temporal lobe of the brain. MTLE 
can further be divided in a group with hip-
pocampal sclerosis (HS) and a group without 
HS (nonHS). MTLE patients with associated 
HS pathology often suffered from early life 
seizures, like febrile seizures (FS) [11]. Brain 
infections like meningitis and encephalitis are 
also common. NonHS MTLE is often associ-
ated with specific lesions, such as vascular 
malformations, neoplasm and dysplasias. 
HS is characterized by neuronal cell loss, as-
trogliosis, granule cell dispersion and mossy 
fiber sprouting. The extent of this pathology 
varies between patients and is graded by 
the system devised by Wyler [46]. The neu-
ronal cell loss is not uniformly distributed in 
the hippocampus, but mainly confined to the 
pyramidal cornu amonis (CA) 1, CA3 and 
CA4 neurons. Pyramidal CA2 neurons and 
granule cells are largely spared. Granule 
cell dispersion is characterized by dispersed 
granule cells which form a wider than nor-

mal granule cell layer [47]. The mechanism 
of granule cell dispersion is not completely 
understood but recent data suggests that dis-
placement of mature neurons rather than al-
tered neurogenesis underlies this dispersion 
[48]. Mossy fiber sprouting is characterized 
by reorganization of the mossy fibers. Mossy 
fibers that normally innervate hilar neurons 
send collaterals to the inner third of the mo-
lecular layer of the dentate gyrus [49]. Such 
fibers are thought to form recurrent excitatory 
circuits and contribute to synchronous firing 
and epileptiform activity. Whether HS is the 
cause or consequence of seizures is still a 
matter of controversy. Presumably HS can 
be both a cause and an effect of seizures 
[50,51]. Although human hippocampal resec-
tion tissue is available for research and many 
molecular changes have been described in 
the HS and nonHS hippocampus, little prog-
ress has been made in explaining epilepto-
genesis in human MTLE. 
Molecular genetics has shown that TLE can 
be caused by single gene mutations. The 
LGI1 gene, for example, has been shown 
to be responsible for autosomal dominant 
LTLE [38] and SCN1B for TLE which most 
often was associated with FS [21]. Besides 
these genes, several TLE linkage regions 
have been identified and association studies 
have identified several susceptibility genes. 
The IL1B-511T variant for example has been 
shown to be associated with FS and MTLE 
with HS. Although not replicated in all cases, 
a recent meta-analysis study has confirmed 
this association [52]. Table 2 lists positive as-
sociation studies for TLE and FS and table 3 
lists genomic linkage regions for familial TLE 
and FS. 

FEBRILE SEIZURES

Clinical aspects of febrile seizures
Febrile seizures (FS) are relatively benign 
generalized convulsions induced by fever [3]. 
FS prevalence varies from 3-14% between 
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Gene Description Region Epilepsy Type References

Ion channels

CHRNA4 Neuronal acetylcholine receptor 
protein, alpha-4 subunit

20q13.3 ADNFLE1 [12]

CHRNB2 Neuronal acetylcholine receptor 
protein, beta-2 subunit

1q21 ADNFLE3 [13]

KCNMA1 Calcium activated potassium channel large 
conductance subfamily M, alpha member 1

10q22.3 GEPD [14]

KCNQ2 Voltage-gated potassium channel 
subfamily KQT, member 2

20q13.3 BFNC1 [15]

KCNQ3 Voltage-gated potassium channel 
subfamily KQT, member 3

8q24 BFNC2 [16]

SCN1A Voltage-gated sodium channel 
type 1, alpha subunit

2q24 FEB3, GEFS+2, 
SMEI

[17-19]

SCN1B Voltage-gated sodium channel 
type 1, beta subunit

19q13.1 GEFS+1, 
TLE, FS

[20,21]

SCN2A Voltage-gated sodium channel 
type 2, alpha subunit

2q24 GEFS+, BFNIS [22,23]

GABRA1 Gamma-aminobutyric-acid 
receptor, alpha-1 subunit

5q34 JME, CAE [24,25]

GABRD Gamma-aminobutyric-acid A 
receptor, delta subunit

1p36.3 IGE, JME, 
GEFS+5

[26]

GABRG2 Gamma-aminobutyric-acid 
receptor, gamma-2 subunit

5q34 GEFS+3, SMEI, 
CAE, FEB8

[27-30]

CACNB4 Voltage-gated L-type calcium 
channel, beta-4 subunit

2q22 JME+GTCS, 
IGE+GTCS

[31]

CACNA1A Voltage-gated P/Q-type, alpha-1A subunit 19p13 IGE [32]

CACNA1H Voltage-gated calcium channel T-
type, alpha-1H subunit

16p13.3 CAE, JME, 
FS, TLE

[33,34]

CLCN2 Chloride channel protein 2 3q26-qter CAE, EGMA [35]

Non-ion channels

JRK Jerky homolog 8q24 CAE, JME [36]

Gpr98 Very large G-protein coupled receptor 1 5q14 FEB4 [37]

LGI1 Leucine-rich glioma-inactivated protein 1 10q24 ADPEAF, 
ADLTLE

[38]

EFHC1 EF-hand domain (C-terminal) containing 1 6p12-p11 JME [39]

CRH Corticotrophin-releasing hormone 8q13 ADNFLE [40]

CSTB Cystatin B 21q22.3 EPM1 [41]

CLN8 Ceroid Lipofuscinosis, Neuronal, 8 8pter-p22 EPMR [42]

EPM2A Laforin 6q24 EPM2 [43]

NHLRC1 Malin 6p22.3 EPM2 [44]

ALDH7A1 Aldehyde dehydrogenase 7 family, member A1 5q31 PDE [45]

Table 1. Idiopathic epilepsy genes. Genes associated with italic printed epilepsy types are susceptibility genes. AD-
NFLE: autosomal dominant nocturnal frontal lobe epilepsy; GEPD: generalized epileptic seizures and paroxysmal 
nonkinesigenic dyskinesia; BFNIS: benign familial neonatal infantile seizures; FEB: familial febrile seizures; GEFS+: 
generalized epilepsy with febrile seizures +; SMEI: severe myoclonic epilepsy in infancy; TLE: temporal lobe epilepsy; 
FS: febrile seizures; JME: juvenile myoclonic epilepsy; IGE: idiopathic generalized epilepsy; CAE: childhood absence 
epilepsy; GTCS: generalized tonic-clonic seizures; EGMA: epilepsy with grand mal seizures on awakening; ADPEAF: 
autosomal dominant partial epilepsy with auditory features; ADLTLE: autosomal dominant lateral temporal lobe epi-
lepsy; EPM1: myoclonic epilepsy of Unverricht and Lundborg; EPMR: progressive epilepsy with mental retardation; 
EPM2: myoclonic epilepsy of Lafora; PDE: pyridoxine-dependent epilepsy.
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different populations worldwide [85,86]. In 
Europe and the United States, 2-4% of chil-
dren up to the age of 5 years will suffer from 
at least one FS [85]. Of these affected chil-
dren 30-40% develop recurrent FS [11]. FS 
can be divided in two categories, simple and 
complex FS. Simple FS are characterized 
by seizures lasting less than 15 minutes, no 
recurrence in the next 24 hours, and involve-
ment of the entire body (classically a gener-
alized tonic-clonic seizure). Complex FS are 
characterized by long duration (>15 minutes), 
recurrence, or focus on one part of the body. 
Retrospective studies showed a relationship 
between complex FS and TLE with HS. As 
many as 30-50% of patients with TLE had a 
history of prolonged FS during childhood [11], 
but it is still unclear if FS themselves contrib-
ute to the development of TLE, or whether 
a prenatal lesion, brain insult or a genetic 
predisposition exits, which is causal to both 
FS and TLE [87,88]. 

The genetics of febrile seizures
Epidemiological studies have shown that 
the etiology of FS is influenced by genet-

Gene Description Chromosomal 
Region

Positive 
association

Negative 
association

TLE associations
IL1B Interleukin 1 beta 2q14 [52-54] [55-60]
PDYN Prodynorphin 20pter-p12.2 [61,62] [60,63,64]
BDNF Brain-derived neurotrophic factor 11p13 [65] [66]
GABBR1 Gamma-aminobutyric-acid 

B receptor, R1 subunit
6p21.3 [67,68] [60,69-73]

PRNP Prion protein 20pter-p12 [74,75] [60]
SLC6A4 Serotonin transporter 17q11.1-q12 [76]
SCN1B Voltage-gated sodium channel 

type 1, beta subunit
19q13.1 [21]

FS associations
GABRG2 Gamma-aminobutyric-acid 

receptor, gamma-2 subunit
5q34 [77,78] [60]

CHRNA4 Neuronal acetylcholine receptor 
protein, alpha-4 subunit

20q13.3 [79] [60,80]

CSNK1G2 Casein kinase I gamma 2 isoform 19p13.3 [81]
IMPA2 Myo-inositol monophosphatase 2 18p11.2 [82]
IL1B Interleukin 1 beta 2q14 [54,83] [52,60,84]

Table 2. Genes associated with TLE and/or FS. Only genes with positive associations are shown. Genes with a posi-
tive replication are shown in bold face.

ic susceptibility [103], and FS twin studies 
suggested a heritability of up to 70% [104]. 
These studies show that there is a strong 
genetic component to FS. Linkage analysis 
in familial pure FS disorders have resulted in 
several genetic loci, and genes (table 1 and 
3). In contrast, an autosomal dominant ge-
neralized epilepsy disorder with associated 
FS (GEFS+) has provided more information 
about the genes involved in familial FS syn-
dromes [105]. Known causative genes are 
the voltage-gated sodium channel α-subunit 
genes SCN1A and SCN2A, an associated 
β-subunit SCN1B, and a GABAA receptor 
γ-subunit gene, GABRG2. Although several 
genes, associations and loci for FS have 
been described (see table 1, 2 and 3), still 
little is known about genes influencing the 
susceptibility to non-familial FS seen in spo-
radic patients [106]. 

Febrile seizure animal models
Although it is possible to use adult human tis-
sue from MTLE patients who experienced FS 
(resection tissue) to investigate pathology, 
physiology and gene expression, it is nearly 
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impossible to determine causal relationships 
between FS during childhood and alterations 
in the MTLE tissue resected often twenty or 
more years after FS. To investigate if child-
hood FS cause alterations in the brain that 
may lead to epilepsy several rat models for 
complex FS have been developed. In a num-
ber of these models, high fever is induced in 
young rats (10-days-old) using an infrared 
lamp or hot air, which results in tonic-clonic 
convulsions originating from the hippocam-
pus. These convulsions can be sustained for 
a prolonged period of time [107-109]. 
Using this animal model, several structural, 
molecular and functional FS-induced chang-
es have been described [reviewed by 110] 
and recently it was shown that prolonged ex-
perimental FS may lead to MTLE in a signifi-
cant proportion of rats [111]. Structurally, hip-
pocampal neurons were injured but not killed 
[112], minimal mossy fiber sprouting was 
present [113,114] and the MRI T2 signal in 
hippocampus and other limbic structures was 
increased after prolonged experimental FS 
[115]. Molecular changes included increased 

Locus Description Chromosomal 
region

Gene References

Temporal lobe epilepsy  

ETL1 Autosomal dominant lateral 
temporal lobe epilepsy

10q24 LGI1 [38]

ETL2 Familial temporal lobe epilepsy 12q22-q23.3 [89-91]

ETL3 Familial mesial temporal lobe epilepsy 4q13.2-q21.3 [92]

ETL4 Autosomal dominant occipitotemporal lobe 
epilepsy and migraine with visual aura

9q21-q22 [93]

Febrile seizures  

FEB1 Familial febrile convulsions 8q13-21 [94]

FEB2 Familial febrile convulsions 19p13.3 [95,96]

FEB3 Familial febrile convulsions 2q23-24 SCN1A [17,97]

FEB4 Familial febrile convulsions 5q14-15 GPR98 [37,98]

FEB5 Familial febrile convulsions 6q22-24 [99]

FEB6 Familial febrile convulsions 18p11.2 IMPA2 [82,100]

FEB7 Familial febrile convulsions 21q22 [101]

FEB8 Familial febrile convulsions 5q31.1-q33.1 GABRG2 [30,102]

FEB9 Familial febrile convulsions 3p24.2-p23 [100]

Table 3. Genetic loci and genes associated with temporal lobe epilepsy and/or febrile seizures.

seizure threshold temperature in Il1r1 defi-
cient mice [116], altered HCN-channel ex-
pression [117], increased CB1 expression 
[118] and a transient increased FOS expres-
sion in the hippocampus [119] after prolonged 
experimental FS. Functionally, prolonged FS 
resulted in an increased Ih-current [120], in-
creased GABAergic neurotransmission [121] 
and increased seizure susceptibility later in 
life [122]. 

Mechanistically, it was also shown that block-
ing CB1 signaling could inhibit the increased 
seizure susceptibility [123]. Recently, using 
an alternative hyperthermia seizure induction 
paradigm, it was shown that experimental 
FS can be caused by a respiratory alkalosis 
(hyperventilation) [109]. FS could be blocked 
by increasing ambient CO2, which also pre-
vented alterations in the Ih-current and CB1 
levels. Although, these results suggest an 
interesting mechanism for triggering hyper-
thermia-induced seizures it is still unknown 
whether alkalosis is instrumental in the origi-
nal FS model [107,108] and human FS.
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ANIMAL MODELS FOR 
EPILEPSY
General aspects of animal models for 
epilepsy
Besides the FS epilepsy model described in 
the previous section, many general and more 
specific epilepsy animal models have been 
developed to study the different aspects of 
epilepsy. These models help to determine 
causal relationships between alterations in 
human epilepsy tissue and epilepsy. Like in 
the human classification, animal models can 
be divided in two main categories: models 
investigating the genetic components, and 
models investigating acquired factors of epi-
lepsy and epileptogenesis.

Genetic epilepsy models
Like in the human situation, single gene mu-
tations which cause epilepsy can occur spon-
taneously in laboratory animals. A good ex-
ample is the Frings mouse, which is prone to 
audiogenic seizures. A mutation in the Gpr98 
(also called Mass1 or VLGR1) was identi-
fied [124] and led the way to identification of 
this gene in familial FS (FEB4 locus) in man 
[37]. Besides mono-genetic epileptic animal 
strains, animal strains like the GEARS rat 
and the EL mouse exist in which seizures are 
inherited as a multifactorial trait [125,126]. 
For EL mice several loci (El1-6) have been 
described which contribute to seizures in 
these mice [126]. Besides these spontane-
ously occurring variations, gene mutations 
can also be introduced in the laboratory. 
These approaches have been explored to 
explain gene variants in human epilepsy [7], 
but can also be used to identify new epilepsy 
causing mutations. 
Another genetic approach is the identification 
of seizure susceptibility genes in non-epi-
leptic mouse strains. Although most mouse 
strains do not develop spontaneous seizures, 
many widely used mouse strains differ sig-
nificantly in seizure susceptibility induced by 

electrical stimulation [127] and chemocon-
vulsants [128]. Using this approach several 
quantitative trait loci (QTL) have been found, 
but identification of the underlying genes has 
proven difficult so far. 

Acquired epilepsy models
Acquired epilepsy models have provided 
much information about the process of epi-
leptogenesis. Most animal models use sta-
tus epilepticus (SE) to induce the process 
of epileptogenesis. SE can be triggered by 
electrical or chemical stimulation [reviewed 
by 129,130]. Electrical stimulation is techni-
cally complex but most neuropathological 
changes reminiscent of human MTLE and 
spontaneous recurrent seizures develop af-
ter SE. Chemical stimulation can be achieved 
by applying chemoconvulsants like kainate 
or pilocarpine locally or systemically. These 
chemicals induce SE which can last for hours 
if untreated. After a latent period a high per-
centage of animals develop spontaneous 
recurrent seizures originating from the hip-
pocampus with neuronal damage that resem-
bles that of human MTLE. The kindling model 
is perhaps the most studied model of epilep-
togenesis. Kindling of epilepsy is achieved by 
repeated subconvulsive high frequency elec-
trical stimulation of limbic structures in the 
amygdale, hippocampus or entorhinal cortex. 
Effects on neuropathology and spontane-
ous recurrent seizures depend on the site of 
stimulation and on the kindling procedures 
used [130].
Although these models show neuropathologi-
cal changes that resemble the changes in hu-
man MTLE, the initiation of epileptogenesis 
does not resemble the situation in human 
MTLE. Most importantly, SE is not a major 
acquired factor contributing to epileptogen-
esis in human MTLE. Moreover, SE and kin-
dling models are usually employed in adult 
animals, while acquired factors in MTLE usu-
ally occur in childhood. Finally, only a small 
percentage of people will develop epilepsy 
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after any of these acquired factors, while in 
the animal models most animals will develop 
epilepsy. These profound limitations raise the 
question to what extent these models are 
clinically relevant and whether they resemble 
the initial stages of epileptogenesis. Possibly 
they rather represent models of epileptogen-
esis in an already epileptic state, resembling 
the progressive nature of epilepsy. 
Other epilepsy animal models, like the al-
ready described FS model, investigate hu-
man MTLE in a more physiological fashion. 
Epileptogenesis in these models is induced 
by brain damage (fluid percussion or hypox-
ia) or chemoconvulsant in a developmental 
period resembling childhood in humans. The 
models lack the high epilepsy rate found in 
the adult models, but do show several of the 
characteristics reminiscent of human MTLE 
[131,132]. In the next section several aspects 
of epileptogenesis will be discussed.

EPILEPTOGENESIS

General aspects of epileptogenesis
The term epileptogenesis refers to the com-
plex process by which a normal brain trans-
forms into an epileptic one. Processes lead-
ing to an epileptic brain are multifold, and 
involve genetic, environmental and combined 
factors. For MTLE the general idea is that a 
genetic predisposition and/or a pre- or post-
natal lesions like FS, brain infection, neo-
plasm, brain trauma or stroke serves as start-
ing point for epileptogenesis. Limbic struc-
tures like the hippocampus have been shown 
to be involved and understanding the cellular 
and molecular mechanisms of epileptogen-
esis may help to identify new therapeutic ap-
proaches to prevent or cure, rather then to 
treat, epilepsy. 

Glutamate receptors and epileptogenesis
Ionotropic glutamate receptors mediate the 
vast majority of excitatory neurotransmission 
in the central nervous system (CNS) and are 

therefore of special interest in epilepsy. Iono-
tropic glutamate receptors can be divided 
into three major classes: α-amino-3-hydroxy-
5-methyl-4-isoxazole propionate (AMPA)-, 
N-methyl D-aspartate (NMDA)-, and 2-car-
boxy-3-carboxymethyl-4-isopropenylpyrro-
lidine (kainate) type receptors. In respect to 
epileptogenesis, the NMDA and AMPA recep-
tor and their signal transduction pathways 
are the most studied. NMDA receptors have 
mainly been shown to be involved in epi-
leptogenesis in the SE models, while AMPA 
receptors have been shown to be involved in 
the juvenile models [reviewed by 133].
The importance of NMDA receptors has been 
shown in kindling and SE models of epilepsy 
by their effect on the promotion of epilepto-
genesis. Antagonists of the NMDA receptors 
have been shown to inhibit epileptogenesis in 
the kindling models and to prevent late-onset 
spontaneous, recurrent seizures in the pilo-
carpin model [134-136]. Moreover, gene-tar-
geted mice lacking the large carboxy-termi-
nal domain of the Nr2a subunit of the NMDA 
receptor showed impaired epileptogenesis 
similar to that induced by NMDA receptor an-
tagonists [137]. Studies investigating the mo-
lecular signaling responses which result from 
the activation of NMDA receptors show that 
the most likely mechanisms for NMDA recep-
tor-mediated epileptogenesis are decreased 
synaptic inhibition, enhanced synaptic exci-
tation and structural pro-epileptogenic reor-
ganization (mossy fiber sprouting) [reviewed 
by 133]. The crucial role of Ca2+ in the NMDA 
receptor induced plasticity changes suggests 
that the flux of Ca2+ through the NMDA recep-
tor initiates the cascades that culminate in 
epileptogenesis.
In contrast to NMDA receptors, AMPA re-
ceptors have been shown to be key play-
ers in epileptogenesis in neonatal hypoxia 
models. In these models, hypoxic seizures 
are induced in animals of 10-12 days old, 
which result in increased seizure suscepti-
bility to seizures later in life. The develop-
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mental stage at which hypoxic seizures are 
induced coincides with peak expression of 
Ca2+-permeable AMPA receptors. Treatment 
with the AMPA receptor antagonist NBQX 
right after neonatal seizures prevented en-
hanced sensitivity to seizure-induced cell 
death and slightly reversed (nonsignificant) 
the increased seizure susceptibility later in 
life. Molecular mechanisms include activation 
of calcineurin and subsequent endocytosis 
of GABAA receptors and decreased synaptic 
inhibition. Like the case with NMDA receptors 
in the adult brain, the flux of Ca2+ through the 
Ca2+-permeable AMPA receptor is most likely 
the signal that initiates the cascades that cul-
minate in neonatal induced epileptogenesis 
[reviewed by 133].

Calcium-calmodulin kinase 2 and 
epileptogenesis
Increased intracellular Ca2+ is one of the key 
steps in initiating neuronal signal transduction 
pathways [138], which includes the activation 
of Calcium-calmodulin kinase 2 (CAMK2). 
CAMK2 is abundantly expressed in the brain 
as a major constituent of the postsynaptic 
density (PSD) and is involved in long-term 
potentiation and neurotransmitter release 
[139]. The enzyme is an oligomeric protein 
composed of distinct but related subunits, al-
pha, beta, gamma, and delta, each encoded 
by a separate gene. CAMK2A assembles 
into hetero-oligomeric complexes with other 
CAMK2 subunits. After NMDA/AMPA recep-
tor activation and Ca2+ influx, CAMK2 is ac-
tivated and translocated from the cytosol to 
excitatory synapses [139]. 
Camk2a knockout mice develop limbic epi-
lepsy and anti-sense oligonucleotide mediat-
ed reduction of CAMK2A levels in hippocam-
pal cultures showed spontaneous epileptic 
discharges [140,141]. These studies suggest 
that reduced expression of CAMK2A is suf-
ficient to induce limbic epilepsy. The signifi-
cance of CAMK2 is even more substantiated 
by identification of reduced CAMK2 level/ac-

tivity/phosphorylation in several models of 
acquired epilepsy. Reduced CAMK2 level/
activity/phosphorylation was shown after pi-
locarpine induced seizures [142-144], after 
kainic acid induced seizures [145,146] after 
kindling seizures [147,148], after electrocon-
vulsive seizures [149] and after repeated 
audiogenic seizures [150]. Altered CAMK2 
expression has also been found in human 
epileptic tissue [151-153]. 
The evidence of reduced CAMK2 activity 
during epileptogenesis, supported by genetic 
and pharmacological data, suggests that re-
duced CAMK2 activity is sufficient to induce 
changes that render the brain epileptic. Its 
translocation from synapse to cytosol could 
further reduce its effectiveness [146]. In ad-
dition, reductions of CAMK2 content could 
structurally influence the PSD [154]. 

Immunity and epileptogenesis
In recent years more and more studies have 
suggested a link between epileptogenesis 
and the immune system. Certain types of 
epilepsy are thought to be caused by chronic 
inflammation by auto-antibodies or increased 
numbers of cytokines [reviewed by 155]. Sup-
porting, a polymorphism in the cytokine IL1B 
has been shown to be associated with FS, 
MTLE and hippocampal sclerosis [52,53]. 
Moreover, in response to SE, stroke, trauma 
or infection, all acquired factors associated 
with TLE, the immune system can be acti-
vated. This can result in the recruitment of 
proinflammatory chemokines and cytokines, 
prostaglandin synthesis, complement ac-
tivation and other inflammatory responses 
[144,156]. This first recruitment can be ben-
eficial to the patient, but it is hypothesized 
that chronic high levels of these immune pro-
cesses can induce excessive brain damage, 
cellular changes and epilepsy. 
Of particular interest are the chemokines. 
First characterized in the immune system, 
chemokines act through G-protein-coupled 
receptors and utilize several transduction 
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pathways including inhibition of adenylate cy-
clase, activation of phospholipase C (PLC) 
and release of intracellular Ca2+ [157]. Re-
cently, it was shown that chemokines and 
their receptors are widely expressed in mi-
croglia, astrocytes and neurons of the CNS 
[reviewed by 158]. Chemokine expression in 
the CNS is generally low, but elevated levels 
are produced in response to brain injury and 
disease and result in activation and chemoat-
traction of immune cells such as monocytes, 
which infiltrate the CNS [159,160]. Besides 
these chemoattractive properties chemo-
kines can also have direct effects on neurons 
and astrocytes [158]. The effects include re-
lease of intracellular Ca2+, altered neuronal 
excitability and effects on neuronal survival 
[158,161,162]. 
Chemokine expression has been identified 
directly after seizures but also during epi-
leptogenesis when no seizures were present 
[156]. These results suggest an important 
role of chemokines in epileptogenesis. Ef-
fects of chemokines on neurons are prob-
ably mediated by release of intracellular Ca2+, 
which in itself can activate several transduc-
tion pathways. Already described in detail in 
the previous section, increased intracellular 
Ca2+ can activate CAMK2A, which on the 
long run could be responsible for epilepto-
genesis and alterations of the PSD [reviewed 
by 133,154].

AIM AND OUTLINE OF THIS 
THESIS
The previous sections describe the current 
knowledge about the relationship between 
FS, MTLE and epileptogenesis. Despite our 
knowledge in this area, many of the molecu-
lar factors and cellular processes from which 
epilepsy originates have remained unknown. 
Due to novel high-throughput technology 
arisen from genome sequences, in particular 
expression microarrays, it is now possible to 
approach epilepsy in other ways. The overall 

aim of this thesis is to identify key genes, 
proteins and processes involved in MTLE, FS 
and epileptogenesis. 

In chapter 2 we have investigated human 
differential gene expression between hippo-
campus tissue of autopsy control and HS and 
nonHS MTLE patients in a three-way micro-
array analysis. The specific aim of this study 
was to identify relevant processes involved in 
the chronic pathogenesis of MTLE and HS. 

In chapter 2 we identified differential expres-
sion of a relatively new voltage gated sodium 
channel (Nav) subunit (Navβ3 or SCN3B) in 
nonHS MTLE patients. Mutations in several 
other Nav subunits have been shown to cause 
generalized epilepsy, FS and TLE, signifying 
the role of Nav subunits in human epilepsy. 
Chapter 3 describes a detailed analysis of 
Navβ3 expression. Protein distribution was 
investigated in autopsy controls and in HS 
and nonHS MTLE patients.

Immunity and defense was one of the pro-
cesses found to be up-regulated in MTLE 
patients (chapter 2). Of particular interest 
were the chemokines CCL3 and -4, which 
were approximately 20 times up-regulated. 
Chapter 4 describes a detailed analysis of 
CCL3 and -4 expression in the normal and 
the epileptic human hippocampus. Neuronal 
effects induced by pathological concentra-
tions of CCL3 were investigated using fura-
2 based Ca2+ imaging in a rat hippocampal 
neuron culture system.

FS have been shown to be involved in MTLE 
and to investigate the relationship between 
FS and MTLE several rat animal models 
have been developed. Although these mod-
els have provided much data on the physi-
ological effects of prolonged FS, molecular 
and genetic data are sparse. To allow for 
more detailed molecular analysis and genetic 
studies we developed two FS models in mice 
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(chapter 5). Prolonged FS were induced in 
10-day-old mice and long-term functional FS 
effects, which have been described in the rat 
model, were validated in our mouse model. 
The model was slightly modified to investi-
gate FS susceptibility. To investigate whether 
FS susceptibility in the mouse is influenced 
by common genetic variation we tested 7 ge-
netically distinct mouse strains for FS sus-
ceptibility.

In chapter 6 we have used the prolonged FS 
model to investigate differential gene expres-
sion longitudinally after FS. Aim of this study 
was to identify critical and functional mediator 
genes involved in epileptogenesis after FS.

Chapter 7 elaborates on the genetics of 
FS susceptibility in mice and describes the 
identification of QTLs that influence FS sus-
ceptibility in mice. QTLs were identified per 
chromosome by using a mouse chromosome 
substitution panel.

Preliminary data showed that newly diag-
nosed children with acquired epilepsies have 
approximately 50% less mRNA for glutamine 
synthetase (GS or Glul) in their white blood 
cells. Reduced hippocampal expression of 
GS has also been shown in human MTLE 
patients. GS is a key enzyme in glutama-
tergic neurotransmission and could influence 
seizure susceptibility. In chapter 8 we have 
used the FS model to investigate whether 
mice with only half the normal GS expres-
sion (haploinsufficient Glul mice) are more 
susceptible to FS than normal GS expressing 
mice. 

In chapter 9, results presented in this thesis 
are summarizes and discussed in the context 
of MTLE, FS and epileptogenesis.
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ABSTRACT

Temporal lobe epilepsy (TLE) is a multifactorial disease often involving the hippocampus. So 
far the etiology of the disease has remained elusive. In some pharmaco-resistant TLE patients 
the hippocampus is surgically resected as treatment. To investigate the involvement of the 
immune system in human TLE, we performed large scale gene expression profiling on this 
human hippocampal tissue. Microarray analysis was performed on hippocampal specimen 
from TLE patients with and without hippocampal sclerosis and from autopsy controls (n 
= 4 per group). We used a common reference pool design to perform an unbiased three-
way comparison between the two patient groups and the autopsy controls. Differentially 
expressed genes were statistically analyzed for significant over-representation of gene 
ontology (GO) classes. Three-way analysis identified 618 differentially expressed genes. 
GO analysis identified immunity and defense genes as most affected in TLE. Particularly the 
chemokines CCL3 and CCL4 were highly (>10-fold) up-regulated. Other highly affected gene 
classes include neuropeptides, chaperonins (protein protection) and the ubiquitin/proteasome 
system (protein degradation). The strong up-regulation of CCL3 and CCL4 implicates these 
chemokines in the etiology and pathogenesis of TLE. These chemokines, which are mainly 
expressed by glia, may directly or indirectly affect neuronal excitability. Genes and gene 
clusters identified here may provide targets for developing new TLE therapies and candidates 
for genetic research.
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INTRODUCTION

Epilepsies are amongst the most common 
neurological disorders and affect up to 1% 
of the population [2]. Temporal lobe epilepsy 
(TLE) is the most common partial epilepsy 
and is often medically intractable. Patients 
with TLE experience recurring episodes of 
spontaneous neuronal activity originating 
from the medial temporal lobe. TLE is con-
sidered to be a multifactorial disease, im-
plying the involvement of multiple suscepti-
bility genes and complex gene-environment 
interactions [1,9]. Environmental factors 
implicated in TLE include febrile seizures, 
head trauma, brain infection and tumors. 
The molecular mechanisms involved in the 
etiology and neuropathology of TLE remain 
poorly understood [163-165]. Insight in these 
mechanisms is essential for the development 
of new antiepileptic drugs that interfere with 
the progression of the disease. 
Evidence from experimental and clinical stud-
ies implicates inflammatory reactions in TLE 
[144,155,166] and genetically, the IL1-beta-
511T allele is associated with human TLE 
[60,167]. Microarray analysis of enthorinal 
cortex samples from TLE patients revealed 
only 16 significant differentially expressed 
genes, mainly implicated in the local immune 
and complement system [168]. The few mi-
croarray studies performed on human hippo-
campal TLE specimens [169-171], show only 
limited overlap in their sets of differentially 
expressed genes. 
The hippocampus of pharmaco-resistant TLE 
patients is often surgically resected as part of 
the treatment. In about two-thirds of the oper-
ated TLE patients the hippocampus is sub-
ject to hippocampal sclerosis (HS); massive 
neuronal loss, gliosis/sclerosis, granule cell 
dispersion and mossy fiber sprouting [172]. 
The other one-third usually suffers from focal 
lesions in the temporal lobe, but has no ap-
parent hippocampal damage (nonHS). The 
resection material offers the unique opportu-

nity to study the etiology and neuropathology 
of TLE.
The aim of our study was to investigate the 
involvement of the brain immune system 
in the complex etiology of TLE. We there-
fore performed a genome-wide expression 
analysis on hippocampal specimens of TLE 
patients with and without sclerosis and on 
autopsy controls using oligonucleotide micro-
arrays. The common reference pool design 
allowed us to perform a three-way statisti-
cal analysis between the expression profiles 
of the three groups to identify differentially 
expressed genes for TLE, but also for HS 
neuropathology. These significant gene lists 
were subsequently subjected to gene ontol-
ogy analysis for an unbiased identification of 
relevant gene functions, biological processes 
and signal transduction pathways in TLE.

METHODS

Patient samples
Hippocampal tissue of pharmaco-resistant 
TLE patients was obtained after surgery in 
the University Medical Centre in Utrecht. Pa-
tients were selected for epilepsy surgery ac-
cording to the criteria of the Dutch Epilepsy 
Surgery Program [173]. The excision was 
based on clinical evaluations, interictal and 
ictal EEG studies (video EEG monitoring), 
MRI, and intraoperative electrocorticography. 
Informed and written consent was obtained 
from the patients for all procedures as ap-
proved by the Institutional Review Board. 
The hippocampus was resected en bloc and 
cut into three slices perpendicular to its long 
axis. The middle slice was used for molecu-
lar analysis, the other slices for pathological 
analysis. Middle slices were immediately fro-
zen on powdered dry ice and stored at -80°C 
until further use. To match patients across 
groups, patients were carefully selected 
based on their neuropathology, anamnesis, 
ethnic background, gender, age at surgery, 
age of epilepsy onset and use of medica-



Innate Immunity in Temporal Lobe Epilepsy

23

tion. Exclusion criteria included dual pathol-
ogy or cortical, hippocampal or venous mal-
formations. Representative paraffin sections 
(7 µm) were stained with cresyl violet (Nissl 
stain) for neuropathological evaluation. Only 
tissue samples containing all the hippocam-
pal subregions were used to isolate RNA. 
Hippocampal sclerosis was diagnosed and 
classified according to Wyler [46]. In the TLE 
group without hippocampal sclerosis (nonHS, 
Wyler grade 0; n = 4; 40 ± 5.5 years old) we 
included two patients with oligodendroglioma 
and two with preexisting head trauma. None 
of the focal lesions extended into the hip-
pocampus proper. In the hippocampal scle-
rosis group (HS, Wyler grade 4; n = 4; 37 
± 3.4 years old) we included two patients 
who had febrile convulsions during childhood 
and two patients without any evidence for a 
precipitating injury. At the time of surgery, all 
TLE patients received anti-epileptic medica-
tion either as mono- or polytherapy. Relevant 
clinical data for the TLE patients included in 
this study are listed in table 1.
Autopsy control slices were cut from the mid-
dle portion of hippocampi obtained from the 
Netherlands Brainbank (NBB). The autopsy 
controls (n = 4; 52.5 ± 5.0 years old; 2 males; 
2 females) had no history of brain-related 
disease and suffered sudden deaths without 

associated brain damage. Autopsy was rap-
idly performed by the NBB with a short post-
mortem delay. At autopsy hippocampi were 
dissected, pH was checked to be between 6 
and 7 (optimal for RNA stability), and frozen 
in liquid nitrogen and stored at -80°C at the 
NBB. Normal hippocampal morphology was 
checked by neuropathological examination. 
Ages are reported as mean ± standard de-
viation.

Isolation of RNA 
Hippocampal cryo-sections were cut, collect-
ed and stored at -80°C. Total RNA was isolat-
ed, purified and checked for quality. The RNA 
quality of all the patient and autopsy control 
samples was comparable. Careful analysis 
of individual gene expression data did not 
reveal any effect of post-mortem delay or any 
overall mRNA breakdown. To allow a three-
way comparison between the HS, the nonHS 
and the autopsy control group, a common to-
tal RNA reference pool was generated. Total 
RNA of 10 cortex and 10 hippocampal tissue 
samples from a separate population of TLE 
patients with various pathologies were mixed 
in equal quantities to guarantee optimum rep-
resentation of gene expression in the com-
mon reference pool.

Patient 
nr.

Pathology Disease Medical 
history

Sex Age at 
surgery

Age 
onset 

epilepsy

Duration 
of 

Epilepsy

Sample 
site

Medication 
at surgery

1 nonHS MTLE trauma F 48 26 22 Left O
2 nonHS MTLE trauma M 37 18 19 Right C, P
3 nonHS MTLE tumor M 39 16 23 Right C, V, Cl
4 nonHS MTLE tumor M 36 17 19 Right V, L
5 HS MTLE blanc history F 36 11 25 Right C, T, L
6 HS MTLE blanc history F 32 14 18 Left C, Cl
7 HS MTLE FS M 38 9 29 Left C, P, La
8 HS MTLE FS M 40 10 30 Right C, Ph

Table 1. Relevant clinical data on temporal lobe epilepsy (TLE) patients used in this study. Age at tissue collection (in 
years) was significantly higher in autopsy controls but did not different between patients with hippocampal sclerosis and 
without hippocampal sclerosis (HS and nonHS patients). Age of epilepsy onset (in years) was significantly lower in HS 
patients than in nonHS patients. Duration of epilepsy (in years) was not statistically different between HS and nonHS 
patients. Statistical analysis was performed using a Student’s t-test. nonHS: without hippocampal sclerosis, HS: hip-
pocampal sclerosis, MTLE: mesial temporal lobe epilepsy, FS: febrile seizures, O: Oxcarbazepine, C: Carbamazepine, 
P: phenytoin, V: Valproate, Cl: Clobazam, L: Levetiracetam, T: Topiramate, La: Lamotrigine, Ph: Phenobarbital.
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Microarray analysis
Two-channel oligonucleotide microarray 
analysis was performed as described [174]. 
Briefly, cDNA from 2 μg total RNA was syn-
thesized using a T7 oligo(dT)24VN primer 
(Ambion, Cambridgeshire, UK). The T7 
Megascript kit (Ambion) was used for cRNA 
synthesis and its quality was analyzed. Cy3 
or Cy5 fluorophores (GE Healthcare Europe, 
Diegem, BE) were coupled to 2000 ng pa-
tient and common reference pool cRNA. The 
degree of label incorporation was monitored 

and hybridizations were set up with 1500ng 
of Cy3 and 1500 ng of Cy5 labeled cRNA, 
always hybridizing a patient sample and the 
common reference pool on the same chip, 
including a dye-swap.
The human Array-Ready oligo set (version 
2.0, Operon Biotechnologies, Cologne, DE) 
was printed on UltraGAPS slides (Corning, 
Schiphol-Rijk, NL). Slides were washed by 
hand and scanned. Scanned slides were 
quantified and the background-corrected 
with Imagene v5.6.1 (BioDiscovery, El Se-
gundo, USA) and Loess normalized per print-
tip [175]. To identify significant differentially 
expressed transcripts, ANOVA analysis was 
applied (R/MAANOVA version 0.98-3, http://
www.r-project.org/). Sample groups were 
compared via the common reference pool. 
In a fixed effect analysis, sample, array and 
dye effects were modeled. P-values were de-
termined by a permutation F2-test, in which 
residuals were shuffled 5000 times globally 
after family-wise error correction. P-values 
were not corrected for the three comparisons. 
Transcripts with P < 0.05 were considered 
significant. MIAME-compliant descriptions of 
protocols, experimental design, arrays, raw 
and normalized data have been deposited in 
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Figure 1. Patient clustering. An unbiased transcript list 
(expression above 300) was used to perform a condition 
tree clustering (standard correlation, Genespring v7.2) to 
order patients according to gene expression levels. Only 
significantly differentially expressed transcripts were plot-
ted (colored according to patient versus common refer-
ence pool gene expression ratios), which were ordered by 
the gene tree clustering (standard correlation, Genespring 
v7.2). Patients are colored according to pathology (red: 
without hippocampal sclerosis/nonHS, yellow: with hippo-
campal sclerosis/HS, blue: autopsy controls) and medical 
histories are indicated (TR: trauma, TU: tumor, B: blanc 
medical history and FS: febrile seizures).
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Figure 2. Venn diagram showing the distribution of sig-
nificantly differentially expressed transcripts. The up- and 
down-expressed transcripts versus autopsy control are 
indicated. For the unique 110 transcripts of patients with 
hippocampal sclerosis (HS) compared to those without 
hippocampal sclerosis (nonHS), up and down was relative 
to nonHS expression.
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Figure 3. Microarray gene expression validation by qPCR analysis. Reference pool normalized microarray gene expres-
sion data and PSMD2 normalized qPCR gene expression data (Rn) were plotted. #significantly differentially expressed 
between autopsy controls and patients with hippocampal sclerosis (HS) or without hippocampal sclerosis (nonHS) 
patients, $significantly differentially expressed between HS and nonHS patients. P < 0.05 was considered significant 
(microarray: R/MAANOVA, qPCR: 1-tailed Student’s t-test). Plotted are means ± standard error of the mean.
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the ArrayExpress public microarray database 
(www.ebi.ac.uk/arrayexpress/), all under the 
experiment accession number E-MEXP-744.

Quantitative RT-PCR
cDNA was synthesized from the RNA sam-
ples used for the microarray using oligo-dT 
primers. The qPCR reaction was performed 
using the LightCycler (Roche, Almere, NL) 
and the Fast Start DNA Master PLUS SYB-
Rgreen I kit (Roche). Primer (Sigma Geno-
sys, Cambridge, UK) specifications are listed 
in the supplementary table 1 (online; Epilep-
sia.com). Gene expression was calculated 
as normalized ratio and normalized to two 
reference genes. cDNA from the common 
reference pool was used for calibration. The 
reference genes (Proteasome 26S subunit, 
non-ATPase, 2 (PSMD2) and DEAD (Asp-
Glu-Ala-Asp) box polypeptide 48 (DDX48)) 
were selected because of their housekeep-
ing function and their microarray expression 
strength and stability. All samples were ana-
lyzed in duplicate and reported as mean ± 
standard error of the mean (SEM). Both ref-
erence genes gave similar results. To com-
pare qPCR with microarray data, data were 
analyzed using one tailed Student’s t-tests, 
with P < 0.05 considered significant. 

Gene ontology (GO) analysis
For GO and pathway analysis, significant 
transcript lists (P<0.05) and a reference list 
comprising all the transcripts on the micro-
array were imported into the software tool 
Panther (www.pantherdb.org) [176]. Of the 
17,898 transcripts with a RefSeq identifier 
14,787 unique transcripts could be mapped 
to Panther and these were used to generate 
the reference gene list containing all the an-
notated genes in our microarray screen. 286 
out of 322 transcripts for autopsy controls 
versus nonHS, 284 out of 322 transcripts for 
autopsy controls versus HS and 184 out of 
206 transcripts for nonHS versus HS could 
be mapped against the Panther database. 

Of the transcripts with a RefSeq identifier 
assigned, all but one mapped to Panther. 
Panther’s GO classes are greatly abbreviat-
ed and simplified to facilitate high-throughput 
analyses. Significant lists were statistically 
compared to the reference list for significant 
over-representation of genes within the gene 
ontology classes for molecular function, bio-
logical process and pathways. Only highly 
significant (P < 0.01) gene ontology classes 
containing more than one gene are shown. 
More in-depth analyses were performed with 
the software tool Webgestalt (bioinfo.vander-
bilt.edu/webgestalt) [177], which is unsuper-
vised and uses all the gene ontology classes 
from the gene ontology consortium [178].

RESULTS

Microarray gene expression analysis
To evaluate consistency in the expression 
patterns of patients within and between the 
three patient groups, dye-swaps were pooled 
and patient data was clustered (Genespring 
v7.2, Agilent, Amstelveen, NL) (figure 1). 
Unbiased cluster analysis of the expression 
profiles of all samples resulted in a clear 
clustering according to the neuropathology of 
the nonHS, HS and autopsy control groups 
(figure 1). No confounding factors were iden-
tified in the cluster diagram. This analysis 
validates the patient selection and shows that 
specific expression profiles can be found that 
are characteristic for the respective patholo-
gies.
In order to identify genes that were differen-
tially expressed between the nonHS group, 
the HS group and the autopsy controls we 
performed a MAANOVA analysis. In total 618 
significantly differentially expressed tran-
scripts were identified, distributed over the 
three comparisons (autopsy controls versus 
nonHS, autopsy controls versus HS and 
nonHS versus HS) (see figure 2). Comparing 
autopsy controls and nonHS revealed 322 dif-
ferentially expressed transcripts (302 coding 
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for known Refseq genes), comparing autop-
sy controls and HS revealed 322 transcripts 
(300 known), and comparing nonHS and HS 
revealed 206 transcripts (190 known). We 
found that 136 out of the 322 differentially 
expressed genes (42%) were identical when 
we compared both the nonHS and the HS 
group with the autopsy controls. This indi-
cates that, although the neuropathology in 
the two TLE groups is different, they share a 
large group of differentially expressed genes. 
However, clustering and statistical compari-
son of the nonHS and the HS groups also 
revealed some major differences between 
these patient groups (206 genes differentially 
expressed). Seven genes were differentially 
expressed in all three comparisons. Further 
analysis of these genes revealed that their 
expression was mildly affected in the nonHS 
group but strongly affected in the HS group 
(compared to autopsy controls). All signifi-
cantly differentially expressed genes for the 
three comparisons are listed in supplemen-
tary table 2 (online; Epilepsia.com). Table 2 
only shows the 25 most affected transcripts 
for each comparison. 

Quantitative RT-PCR analysis
To independently validate our results we 
used qPCR to quantify mRNA levels. Eight 
genes were selected based upon differential 
expression and function. As shown in figure 
3, the qPCR analysis for these eight genes 
replicates almost all the microarray data. 
From a total of 24 comparisons (8 genes x 
3 comparisons), the results in 19 compari-
sons were replicated using qPCR (figure 
3). To analyze the overall reliability of the 
microarray data in more detail, we plotted 
the microarray gene expression (versus the 
reference mRNA pool) for each individual pa-
tient against patient qPCR gene expression 
(versus the reference gene PSMD2) (figure 
4). The correlation between microarray and 
qPCR values was significant (r = 0.58, P < 
0.0001), and comparable to other validation 

studies [179]. 

Gene ontology (GO) analysis
To identify functionally relevant gene clus-
ters we performed GO analysis using the 
web tool Panther. Although for exploratory 
research P-values of 0.05 are often used, 
we used a cutoff of 0.01 to select the most 
relevant functions, processes and pathways 
(table 3). The most striking overrepresenta-
tion of genes was found in the immunity and 
defense process and in chemokine function 
when comparing HS versus autopsy controls, 
in chaperonin function and the ubiquitin pro-
teasome pathway when comparing nonHS 
versus autopsy controls and in neuronal ac-
tivities and the ionotropic glutamate receptor 
pathway when comparing HS versus nonHS 
patients. Similar results were obtained when 
larger gene lists with less strict statistical 
tests were applied. 

DISCUSSION

We have used large-scale expression profil-
ing to identify genes that are differentially 
expressed between specimens from hippo-
campi surgically removed from TLE patients 
(with and without hippocampal sclerosis) 
and from autopsy controls. The study was 
performed using a common reference pool 
design, which enabled the unbiased three-
way analysis of differential gene expression 
between the three experimental groups. 
Throughout the study we placed emphasis 
on patient selection, reliability and repro-
ducibility control. We validated our selection 
of patients and autopsy controls by cluster 
analysis of the gene expression profiles of 
each individual patient and the microarray 
expression profiles were verified by qPCR 
analysis. The qPCR validation has recently 
been replicated in an independent patient 
population [van Gassen & de Graan, unpub-
lished]. We have carefully selected autopsy 
control patients with a short post-mortem de-
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Array 
feature

RefSeq Gene symbol Fold 
change

P-value Average 
signal

Gene description

HS versus control      
6174 NM_002984 CCL4 ▲  21.94 0 2355 Small inducible cytokine A4

5774 NM_017634 KCTD9 ▲  14.82 0 1767 Potassium channel 
tetramerisation domain 
containing protein 9

5869 NM_002983 CCL3 ▲  12.15 0 1393 Small inducible cytokine A3

18169 NM_002982 CCL2 ▲  3.98 0 1011 Small inducible cytokine A2

3547 NM_005252 FOS ▲  3.73 0 744 Proto-oncogene 
protein c-fos

6264 NM_004105 EFEMP1 ▲  3.63 0 2524 EGF-containing fibulin-
like extracellular 
matrix protein 1

3166 NM_024411 PDYN ▲  3.60 0 984 Beta-neoendorphin-
dynorphin

18868 NM_004028 AQP4 ▲  3.53 0 2012 Aquaporin-4

17914 NM_002166 ID2 ▲  3.30 0 1087 DNA-binding protein 
inhibitor ID-2

5946 NM_000165 GJA1 ▲  3.18 0 6680 Gap junction alpha-
1 protein

11766 NM_003118 SPARC ▲  3.09 0 5246 Osteonectin

12600 NM_000576 IL1B ▲  2.99 0 490 Interleukin-1 beta

4076 NM_024843 CYBRD1 ▲  2.65 0 930 cytochrome b reductase 1

5960 NM_001387 DPYSL3 ▲  2.57 0 1244 Dihydropyrimidinase-
related protein 3

8268 NM_002414 CD99 ▲  2.54 0 4863 T-cell surface 
glycoprotein E2

14614 NM_000371 TTR ▼  3.58 0 549 Transthyretin

18365 RP11-436K8.1 ▼  2.82 0 4618 novel transcript

19051 NM_032121 NP_115497.3 ▼  2.80 0 18147 implantation-
associated protein

5334 NM_003097 SNRPN ▼  2.74 0 18376 Small nuclear 
ribonucleoprotein 
associated protein N

19112 NM_153831 PTK2 ▼  2.72 0 9643 Focal adhesion kinase 1

9356 NM_020746 MAVS_HUMAN ▼  2.69 0 11471 Mitochondrial antiviral 
signaling protein

6624 NM_032781 PTPN5 ▼  2.69 0 3293 Tyrosine-protein 
phosphatase non-
receptor type 5

15923 NM_003518 HIST1H2BG ▼  2.64 0 17984 Histone H2B.a/g/h/k/l

17035 NM_018038 NP_060508.1 ▼  2.61 0 6738  

14174 XM_292012 PABPC1 ▼  2.57 0 1217 Polyadenylate-
binding protein 1

Table 2 continues
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Array 
feature

RefSeq Gene symbol Fold 
change

P-value Average 
signal

Gene description

nonHS versus control  
6174 NM_002984 CCL4 ▲  24.47 0 3412 Small inducible 

cytokine A4
5774 NM_017634 KCTD9 ▲  10.76 0 1379 Potassium channel 

tetramerisation domain 
containing protein 9

5869 NM_002983 CCL3 ▲  9.84 0 1250 Small inducible 
cytokine A3

3166 NM_024411 PDYN ▲  4.51 0 1165 Beta-neoendorphin-
dynorphin

18169 NM_002982 CCL2 ▲  3.33 0 912 Small inducible 
cytokine A2

244 NM_001888 CRYM ▲  2.69 0 1840 Mu-crystallin homolog

17914 NM_002166 ID2 ▲  2.67 0 950 DNA-binding protein 
inhibitor ID-2

8005 NM_006379 SEMA3C ▲  2.63 0 564 Semaphorin-3C precursor

18868 NM_004028 AQP4 ▲  2.52 0 1724 Aquaporin-4

12600 NM_000576 IL1B ▲  2.50 0 446 Interleukin-1 beta

14614 NM_000371 TTR ▼  3.67 0 544 Transthyretin

5334 NM_003097 SNRPN ▼  3.28 0 16917 Small nuclear 
ribonucleoprotein 
associated protein N

19112 NM_153831 PTK2 ▼  3.24 0 8928 Focal adhesion kinase 1

19051 NM_032121 NP_115497.3 ▼  3.15 0 16984 implantation-
associated protein

9475 NM_000405 GM2A ▼  3.14 0 3937 Ganglioside GM2 activator

15923 NM_003518 HIST1H2BG ▼  3.06 0 17403 Histone H2B.a/g/h/k/l

17035 NM_018038 NP_060508.1 ▼  3.05 0 6213  

18365 RP11-436K8.1 ▼  2.94 0 4435 novel transcript

13687 ENSG00000 
196620

▼  2.77 0.0026 503  

15345 ENSESTG 
00000025210

▼  2.71 0 5038  

7333 NM_014653 NP_055468.2 ▼  2.66 0 1372  

9356 NM_020746 MAVS_HUMAN ▼  2.55 0 10510 Mitochondrial antiviral 
signaling protein

9274 Q8WYW1_ 
HUMAN

▼  2.51 0 33769  

15764 NM_016170 TLX2 ▼  2.51 0 19380 T-cell leukemia 
homeobox protein 2

1763 NM_004863 SPTLC2 ▼  2.50 0 34798 Serine 
palmitoyltransferase 2

Table 2 continued and continues
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Array 
feature

RefSeq Gene symbol Fold 
change

P-value Average 
signal

Gene description

HS versus nonHS  

6264 NM_004105 EFEMP1 ▲  2.88 0 2484 EGF-containing fibulin-
like extracellular 
matrix protein 1

3545 NM_014017 LM1P_HUMAN ▲  2.31 0 5272 Late endosomal/lysosomal 
Mp1 interacting protein

12106 NM_001129 AEBP1 ▲  2.31 0 1792 adipocyte enhancer 
binding protein 1

5634 ▲  2.23 0 2759 genomic:12-12399834-
12399902

6333 NM_002167 ID3 ▲  2.03 0 1642 DNA-binding protein 
inhibitor ID-3

11766 NM_003118 SPARC ▲  1.95 0 5639 Osteonectin

378 NM_002055 GFAP ▲  1.92 0 29541 Glial fibrillary acidic protein

1565 NM_007177 DRR1_HUMAN ▲  1.92 0 2537 Down-regulated in renal 
cell carcinoma 1

20442 NM_006425 NP_006416.3 ▲  1.90 0 10445 step II splicing factor SLU7

8353 NM_006472 TXNIP ▲  1.87 0 1474 thioredoxin 
interacting protein

7027 NM_006272 S100B ▲  1.87 0 7921 S-100 calcium-binding 
protein beta subunit

4076 NM_024843 CYBRD1 ▲  1.84 0 971 cytochrome b reductase 1

7867 NM_206821 MYBPC1 ▲  1.80 0 1096 Myosin-binding protein 
C, slow-type

876 NM_006621 AHCYL1 ▲  1.80 0 2224 Putative 
adenosylhomocysteinase 2

15988 NM_000524 HTR1A ▲  1.79 0 3361 5-hydroxytryptamine 
1A receptor

5946 NM_000165 GJA1 ▲  1.79 0 6994 Gap junction alpha-
1 protein

15537 NM_023927 GRAMD3 ▲  1.76 0 618 GRAM domain-
containing protein 3

10724 NM_000749 CHRNB3 ▲  1.71 0 4561 Neuronal acetylcholine 
receptor protein, 
beta-3 subunit

632 NM_000867 HTR2B ▼  2.72 0 303 5-hydroxytryptamine 
2B receptor

939 NM_018400 SCN3B ▼  2.03 0 2839 Sodium channel 
beta-3 subunit

1205 NM_001031701 NP_057659.1 ▼  2.00 0 968  

4497 NM_015193 ARC ▼  1.89 0 1074 activity-regulated 
cytoskeleton-
associated protein

6726 NM_012329 MMD ▼  1.88 0 2739 Monocyte to macrophage 
differentiation protein

11338 NM_003633 ENC1 ▼  1.84 0 2364 Ectoderm-neural 
cortex 1 protein

2947 NM_001682 ATP2B1 ▼  1.78 0 1759 Plasma membrane 
calcium-transporting 
ATPase 1

Table 2 continued. Significant differentially expressed gene list of the 25 genes with the highest fold change. Average 
signals were calculated from all patient expression values in each comparison. Genes were sorted based upon direc-
tion of change (indicated by up and down arrowheads) and fold change. A P-value of 0 represents P < 0.0001.
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lay and checked mRNA quality to monitor 
mRNA degradation and we used GO analysis 
(based on comparison of large gene clusters 
rather than individual genes) to minimize po-
tential confounding factors. However, due to 
the inherent problems of human TLE studies 
using autopsy samples [for discussion see 
180], we cannot exclude that some of the ob-
served differences between autopsy controls 
and TLE patients are due to anti-epileptic 
drug treatment, age difference or postmor-
tem sample collection.
To identify gene clusters involved in specific 
biological processes, molecular functions 
and pathways, we performed an unbiased 

analysis of over-representation in the three 
significant genes lists (online; Epilepsia.
com). Based on mRNA expression, genes 
involved in the biological process of immunity 
and defense were highly over-represented 
in the comparison between HS TLE patients 
and autopsy controls. The most affected func-
tional gene classes were chemokines and 
neuropeptides. These two gene classes were 
also highly affected when comparing nonHS 
with autopsy controls, but not when compar-
ing the HS and nonHS groups. These data 
provide strong support for the hypothesis 
that the brain immune system is important in 
TLE irrespective of the type of pathology. Our 

Biological Process A-HS A-nonHS NonHS-HS
Immunity and defense [981] 0.000382 [35] 0.189 [23] 0.337 [14]
Protein complex assembly [59] 0.319 [0] 0.00109 [6] 0.521 [1]
Protein folding [126] 0.229 [4] 0.00334 [8] 0.208 [3]
Cell structure [456] 0.478 [8] 0.514 [9] 0.000646 [15]
Cell structure and motility [818] 0.518 [16] 0.31 [18] 0.0014 [21]
Neuronal activities [470] 0.575 [9] 0.416 [10] 0.00632 [13]
Receptor protein tyrosine kinase signaling pathway [175] 0.252 [5] 0.248 [5] 0.0067 [7]
Cation transport [383] 0.388 [6] 0.205 [10] 0.00897 [11]
Ion transport [492] 0.387 [8] 0.0951 [14] 0.00907 [13]
Molecular Function A-HS A-nonHS NonHS-HS
Neuropeptide [21] 0.000808 [4] 0.000787 [4] 0.77 [0]
Chemokine [38] 0.00671 [4] 0.00655 [4] 0.623 [0]
Chaperonin [16] 0.734 [0] 0.0000172 [5] 0.819 [0]
Hydrogen transporter [37] 0.488 [0] 0.0000937 [6] 0.0782 [2]
Synthase and synthetase [188] 0.121 [1] 0.00119 [11] 0.208 [4]
Other proteases [28] 0.418 [1] 0.00224 [4] 0.294 [1]
Transporter [495] 0.103 [14] 0.0079 [18] 0.166 [9]
Cytoskeletal protein [562] 0.203 [14] 0.127 [15] 0.000257 [18]
Actin binding cytoskeletal protein [283] 0.185 [8] 0.303 [7] 0.00311 [10]
Select calcium binding protein [210] 0.116 [7] 0.622 [4] 0.00512 [8]
Vesicle coat protein [29] 0.0193 [3] 0.427 [1] 0.00592 [3]
Voltage-gated sodium channel [11] 0.808 [0] 0.809 [0] 0.00852 [2]
Ion channel [283] 0.359 [4] 0.539 [5] 0.00951 [9]
Pathway A-HS A-nonHS NonHS-HS
Ubiquitin proteasome pathway [65] 0.284 [0] 0.0000453 [8] 0.555 [1]
Huntington disease [129] 0.545 [2] 0.0398 [6] 0.00127 [7]
Ionotropic glutamate receptor pathway [51] 0.018 [4] 0.625 [1] 0.004 [4]

Table 3. Statistical analysis of gene ontology (GO) classifications. GO classes with P < 0.01 in one of the three com-
parisons are shown. Between [ ] is presented the total number of genes annotated per class in the reference gene 
list (most left) and in the gene lists of the three comparisons. A: autopsy control, HS: hippocampal sclerosis, nonHS: 
without hippocampal sclerosis. Bold indicates P < 0.01.
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data are in line with a recent meta-analysis 
of microarray datasets from animal studies 
implicating immune system related genes in 
all phases of epileptogenesis [156]. 
Further analysis of the genes involved in im-
munity and defense revealed that five genes 
in the comparison of autopsy controls versus 
HS, and four genes in the autopsy controls 
versus nonHS, were highly over-represented 
in the GO subclass of viral genome replica-
tion genes. All these genes were up-regu-
lated, three of them (CCL2, -3 and -4) were 
present in both comparisons. CCL3 and 
CCL4 showed the highest up-regulation (10 
to 20-fold) of all the genes identified. In the 
brain CCL3 and CCL4 are expressed pre-
dominantly by microglia and astrocytes [158]. 
Microglia and neurons may respond to che-
mokines, but the precise biological function 
of these chemokines in brain needs further 
investigation. Data from animal studies indi-
cate that up-regulation of CCL2, -3 and -4 also 
occurs in the early stages of epileptogenesis 
[144,156]. Thus, up-regulation of these che-
mokines in the human TLE hippocampus may 
not only contribute to the neuropathology, but 
also to epileptogenesis. Early up-regulation 
of chemokines, for instance after viral infec-
tion, may be a common pathway linking the 
various predisposing factors in the etiology of 
TLE, such as trauma, febrile seizures, menin-

gitis, encephalitis and tumors. Indeed, recent 
studies indicate that the role of viral infections 
in the etiology of TLE might be underesti-
mated [181-183]. Neuropeptide genes are 
also over-represented in both TLE groups, 
for example, secretogranin II (SCG2). Se-
cretoneurin, the active peptide derived from 
SCG2, exerts chemotaxis on monocytes and 
endothelial cells, processes closely related to 
chemokine function [184]. Several of these, 
including SCG2, play a role in the innate im-
munity and may also be involved in the etiol-
ogy of TLE [185]. Highly over-represented 
processes in our comparison of nonHS and 
HS patients included cell structure, neuro-
nal activities, and ion transport, and included 
the ionotropic glutamate receptor pathway. 
These expression changes probably reflect 
the neuropathological characteristics of the 

sclerotic hippocampus.
Pathway analysis of the comparison between 
the nonHS group and autopsy controls iden-
tified the ubiquitin/proteasome pathway to 
be highly up-regulated (about 50%). Biologi-
cal process and molecular function analysis 
showed an up-regulation (about 50%) of 
protein folding/complex assembly and chap-
eronins. Molecular function analysis also 
identified hydrogen transporters as highly 
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Figure 4. Correlation between microarray data and qPCR 
gene expression. Per patient microarray gene expression 
versus the reference mRNA pool (Rn) was plotted against 
patient qPCR gene expression versus the reference gene 
PSMD2 (Rn). Spearman’s r = 0.58. 
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over-represented. Three out of six of these 
hydrogen transporter genes are subunits of 
the vacuolar-type H(+)-ATPase, an enzyme 
important in protein sorting and receptor-me-
diated endocytosis. Disregulation of protein 
stability and degradation has been implicated 
in several neurodegenerative diseases in-
cluding Parkinson’s and Alzheimer disease 
[186]. The up-regulation of the ubiquitin and 
chaperonin pathways in nonHS hippocampi 
is not found in HS hippocampi. Whether this 
up-regulation contributes to the protection 
of neurons at risk or is related to specific 
nonHS pathology remains to be determined. 
Interestingly it has been shown that over-ex-
pression of chaperones can protect against 
neurodegeneration after chemically induced 
seizures [187]. 
Our data provides a concise overview of 
processes affected in TLE (summarized in 
figure 5) and might serve as starting point 
to investigate processes involved in human 
epileptogenesis and neuropathology in TLE. 
Moreover, the dataset provides a powerful 
tool to validate existing and future animal 
models. We found that chemokines genes 
were highly up-regulated in chronic TLE. As 
this up-regulation has also been shown in 
the early stages of epileptogenesis in animal 
models, it may not merely be a response to 
prolonged seizures, but may contribute to epi-
leptogenesis. In any case blocking the effects 
of chemokines might prove beneficial for TLE 
patients. In fact, immunotherapy in particular 
epilepsy syndromes has been successful for 
many years [155]. We propose that specific 
antagonists for the major receptor for CCL3 
and CCL4, like those under investigation for 
HIV/AIDS therapy [188], could be used to 
block most of the actions of CCL3 and 4 and 
could protect patients from progressive neu-
ronal damage and repetitive seizures. This 
hypothesis is presently under investigation.
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ABSTRACT

Voltage-dependent sodium channels consist of a pore-forming alpha-subunit and regulatory 
beta-subunits. Alterations in these channels have been implicated in temporal lobe epilepsy 
(TLE) and several genetic epilepsy syndromes. Recently we identified Navβ3 as a TLE 
regulated gene. Here we performed a detailed analysis of the hippocampal expression of 
Navβ3 in TLE patients with (HS) and without hippocampal sclerosis (nonHS), and compared 
expression with autopsy controls (AC). Immunoblot analysis showed that Navβ3 levels were 
dramatically reduced in the hippocampus, but not in the cortex of nonHS patients when 
compared to HS patients. This was confirmed by immunohistochemistry showing reduced 
Navβ3 expression in all principal neurons of the hippocampus proper. Sequence analysis 
revealed no Navβ3 mutations. The functional consequences of the reduced Navβ3 expression 
in nonHS patients are unknown. Altered Navβ3 expression might influence micro-circuitry in the 
hippocampus, affecting excitability and contributing to epileptogenesis in nonHS patients.
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INTRODUCTION

Voltage-dependent sodium channels (Nav) 

are essential for generation and propagation 
of action potentials in neurons and have been 
implicated in epilepsy [189]. Nav consist of a 
complex of pore-forming alpha-subunits and 
linked beta-subunits which are auxiliary com-
ponents modulating channel function. Beta-
subunits may also function as cell-adhesion 
molecules through extracellular Ig-like do-
mains and have been implicated in targeting 
Nav-complexes [reviewed by 190].
To date, 9 α-subunits and 4 β-subunits 
have been identified. Three of these genes 
(SCN1A, -2A and -1B) are linked to famil-
ial epilepsies [189]. Following experimental 
seizures in animals and in human chronic 
epilepsy, changes in the expression of 
Navα1.2, -1.3, -1.5, -1.6, Navβ1 and -2 have 
been reported [180,191-194]. In a microarray 
study we recently identified Navβ3 as one of 
the regulated genes in the hippocampus of 
TLE patients [195]. To investigate the role of 
Navβ3 in human TLE we studied Navβ3 ex-
pression in the hippocampus of AC, HS and 
nonHS patients.

MATERIAL AND METHODS

Patient samples
Hippocampal tissue of intractable TLE pa-
tients with complex partial seizures was 
obtained after surgery [196]. Informed and 
written consent was obtained from the pa-
tients for all procedures as approved by the 
Institutional Review Board. Hippocampal tis-
sue from AC (obtained from the Netherlands 
Brain Bank) and HS and nonHS patients was 
rapidly frozen (immunoblotting) or fixed and 
paraffin-embedded (immunohistochemistry) 
[196]. Relevant clinical patient data are listed 
in table 1.

Immunoblotting
Tissue homogenates were blotted as de-

scribed [196]. Blots were incubated with affin-
ity-purified rabbit anti-Navβ3 (raised against 
peptide RPEGGKDFLIYE; Biogenes GmbH, 
Berlin, Germany) (1:2000 in Tris-buffered sa-
line + 0.1% Tween and 10% normal human 
serum (NHS)) [197] and processed as de-
scribed [196]. Controls without anti-Navβ3 did 
not reveal staining. Films were quantified by 
optical density (OD) measurement with Im-
ageJ (v1.38) and normalized to a reference 
sample run on all blots.

Immunohistochemistry
Immunostaining was performed on hippo-
campal sections as previously reported [196]. 
Anti-Navβ3 (diluted 1:400 in phosphate-buff-
ered saline + 2% NHS and 0.05% bovine se-
rum albumin) was applied overnight at room 
temperature. Serial dilutions (10-50x excess) 
of immunizing peptide incubated with anti-
Navβ3, progressively reduced staining show-
ing specificity of the primary antibody. Con-
trols without anti-Navβ3 did not reveal stain-
ing.

Splice-variant analysis of the Navβ3 
gene SCN3B
Two SCN3B splice-variants have been de-
scribed. Variant 1 (GI:93587339) and variant 
2 (GI:93587331). Variant 1 retains intron-1 
in its 5’-UTR, possibly affecting translation. 
Therefore, splice-variant ratio analysis was 
performed by qPCR on the same patient 
material as previously described [195]. One 
primer-pair was designed to recognize both 
SCN3B splice-variants and one primer-pair 
was designed to only recognize the intron-1-
retention variant (table 2). Expression ratios 
between total SCN3B transcript and intron-
1-retention variant transcript were calculated 
for nonHS and HS patients.

Genotyping of SCN3B
DNA of HS and nonHS patients was isolated 
from frozen cortex tissue. Primer sets used to 
amplify and sequence the coding regions in-
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Patient
Epileptic 

focus
Sex 

(M/F)
Age 
(y)

Age at 
onset (y)

Neuropathological 
diagnosis Used for Medication

HS        
1 left F 56 19 MTS W4 WB1 La, O, P
2 right F 12 9 MTS W4 WB1,CX  La, O
3 right F 39 14 MTS W4 WB1,CX C, La
4 right F 20 8 MTS W4 WB1,CX La, T
5 left F 19 1,5 MTS W4 WB1,CX C, La
6 right M 55 1,5 MTS W4 WB1 C, La, V
7 left F 34 6 MTS W4 WB2 C
8 left M 19 13 MTS W4 WB2 O
9 right M 30 25 MTS W4 WB2 L
10 right F 27 10 MTS W4 WB2 L, O
11 right F 32 1 MTS W4 WB2 La
12 right F 39 30 MTS W4 WB2,IHC La, T
13 right F 38 12 MTS W4 IHC L
14 left F 39 30 MTS W4 IHC C, G
15 right F 44 9 MTS W4 IHC La, P
16 right M 27 0,5 MTS W4 IHC C, D, G, La
17 right M 1 0 MTS W4 IHC -
NonHS        
18 right M 41 33 Vascular malformation IHC C, L
19 right F 17 2,5 Ganglioglioma WB1,CX O, La
20 left M 43 38 Pilocytair astrocytoma WB1,CX C
21 right F 42 14 DNET WB1,CX O
22 right F 23 12 Posttraumatic epilepsy WB1,CX O, La
23 left M 16 12 Ganglioglioma WB1,CX O, La
24 right M 24 20 Gangliocytoma WB1,CX C
25 left M 31 26 Ganglioglioma WB2 C, Cl, La
26 left M 46 17 Normal WB2 C, T
27 left M 24 21 Dysgenesis WB2 C, La, L
28 right M 48 17 Posttraumatic epilepsy WB2,IHC C, L, V
29 right F 33 22 Normal WB2,IHC C, Cl
30 right M 40 25 Astrocytoma IHC C, La
31 left F 24 10 Ganglioglioma IHC O
32 right M 17 6 Cortical microdysgenesis IHC Cl, P, O, T
Autopsy control   PMD (h)    
33 - F 67 14,5 Normal hippocampus WB2 -
34 - F 47 4 Normal hippocampus WB2 -
35 - M 51 7,7 Normal hippocampus WB2,IHC -
36 - F 53 7,5 Normal hippocampus WB2,IHC -
37 - F 61 6,2 Normal hippocampus IHC -
38 - F 59 6,3 Normal hippocampus WB2 -
39 - M 53 14,5 Normal hippocampus WB2,IHC -
40 - F 55 30 Normal hippocampus WB2 -
41 - M 54 12 Normal hippocampus WB1 -
42 - M 74 27 Normal hippocampus WB1 -
43 - M 66 11,5 Normal hippocampus WB1 -
44 - F 32 16 Normal hippocampus WB1 -
45 - F 74 22 Normal hippocampus WB1 -
46 - F 63 17 Normal hippocampus WB1 -
47 - M 55 22 Normal hippocampus IHC -

Table 1. Relevant clinical data on temporal lobe epilepsy (TLE) patients and autopsy controls used in this study. Age 
at tissue collection was significantly (ANOVA) higher in autopsy controls (57.6 ± 10.8 years) but did not differ between 
patients with hippocampal sclerosis (HS; 31.2 ± 14.4 years) and without hippocampal sclerosis (nonHS; 31.3 ± 11.3 
years). Age of epilepsy onset was statistically different between HS (11.1 ± 9.8 years) and nonHS (18.4 ± 9.6 years) 
patients (P = 0.05), but duration of epilepsy (delta age at onset and age) was not statistically different between HS (20.0 
± 14.4 years) and nonHS (12.9 ± 9.4 years) patients (P = 0.11). Reported are means ± standard deviation. Statistical 
analysis was performed using a Student’s t-test unless otherwise stated. MTS: mesial temporal sclerosis, W4: Wyler 4 
[46], PMD: post mortem delay, M: male, F: female, WB: western blot, CX: cortex, qPCR: quantitative PCR, IHC: immu-
nohistochemistry, O: Oxcarbazepine, C: Carbamazepine, P: Phenytoin, V: Valproate, Cl: Clobazam, L: Levetiracetam, 
T: Topiramate, La: Lamotrigine, Ph: Phenobarbital, G: Gabapentine, D: Diazepam.
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cluding intron-exon boundaries of the SCN3B 
gene are provided as supplemental material. 
Direct sequencing was performed on the ABI 
3100 automated sequencer (PE Applied Bio-
systems, Foster City, CA, USA) using stan-
dard procedures. Sequences were analyzed 
with Mutation Explorer v3.01 (SoftGenetics, 
LLC., State College, PA, USA).

Statistical analysis
Data were analyzed with SPSS v12.01 for 
significant group differences using one-way 
ANOVA combined with a post-hoc LSD test, 
unless otherwise stated. P < 0.05 was con-
sidered significant.

RESULTS

Navβ3 quantification in hippocampal 
homogenates
Representative Navβ3 immunoblots of AC, 
nonHS and HS patients are shown in figure 
1a (WB1 group see table 1). As expected 
[197], a single immunoreactive band (appar-
ent Mr=50 kDa) was detected in TLE patients. 
In AC additional bands (apparent Mr=42-48 
kDa) were found, with varying intensities. As 
these bands are most likely breakdown pro-
ducts, Navβ3 content was measured as the 
sum of all bands. Preadsorption of the anti-
serum with the immunizing peptide abolished 
staining (figure 1). Hippocampal Navβ3 con-
tent was lowest in nonHS patients (figure 1) 
compared to HS patients (P < 0.03) and AC. 
We verified these results in an independent 
patient group (WB2 group, see table 1)(P < 
0.02). When data of both groups (WB1+WB2) 
was pooled, significance increased (P = 
0.0008) and Navβ3 expression in HS patients 
was significantly higher (P < 0.05) than in AC. 
No difference was found in Navβ3 content 
between cortex homogenates of nonHS and 
HS patients (P = 0.76, figure 1). 

Navβ3 immunohistochemistry 
To analyze Navβ3 distribution we performed 

immunohistochemistry (IHC group see table 
1). In ACs immunoreactivity (IR) was present 
in principle neurons in cornu amonis (CA) 
subregions, particularly CA2. In fiber tracks 
intense punctuate IR was present. CA neu-
rons showed polarized IR in the soma. In 
contrast, in nonHS patients Navβ3 IR was 
very low. Only faint IR was present in prin-
ciple neurons and fiber tracks. In HS patients 
IR in the remaining principle neurons was 
comparable to AC. In CA1, intensive scat-
tered IR was present, reminiscent of astro-
cytes and/or microglia. 

Splice-variant analysis
For SCN3B, two splice-variants have been 
described so far. Although coding for the 
same protein, translation could be affected. 
To investigate alterations in splice-variant 
expression ratio between HS and nonHS 
patients, ratios between expression of the in-
tron-1-retention variant and expression of the 

AB AB + P

50 kD -

40 kD -
Control nonHS HS

non
HS HS

HIP CX HIP

HIP1 HIP2 CX

2.5

5.0

7.5

10.0 Control nonHS HS

O
D

* *

6 6 6 6 65 6 4

Figure 1. Quantification of Navβ3 contents in the 
hippocampus of two control, nonHS and HS patient 
groups. Below the figure, typical immunoblot examples 
showing hippocampal band patterns of control, nonHS 
and HS patients. Also shown are typical cortical band 
patterns of a nonHS and HS patient. Preadsorption of 
the Navβ3 antibody with immunizing peptide blocks all 
immunoreactivity. Quantification of optical densities (OD) 
shows a significant reduction of protein immunoreactivity 
in the hippocampus (HIP) of nonHS patients (in both 
independent HIP1 and HIP2 groups). No reduction was 
present in cortex (CX) samples from the same patients. 
Numbers of patients used are indicated in the bars. Data 
are expressed as means ± standard error of the mean. *P 
< 0.05. nonHS: without hippocampal sclerosis, HS: with 
hippocampal sclerosis, AB: antibody, P: peptide.
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sum of both variants were calculated for both 
patient groups. No difference in splice-variant 
ratio was identified (HS: 0.21 ± 0.01; nonHS: 
0.19 ± 0.03; Students t-test P = 0.64). 

Mutation analysis
To exclude a mutational origin of the changes 
in expression level, the SCN3B gene was 
genotyped in 13 HS and 7 nonHS patients. 
No coding mutations were identified. Identi-
fication of heterozygote base pairs in all pa-
tients made larger sized deletions unlikely. 

DISCUSSION

The present study demonstrates that expres-
sion of Navβ3 in the hippocampus of human 
TLE patients is extensively down-regulated in 
nonHS TLE patients. Known splice-variations 
possibly influencing translation and coding 
mutations interfering with anti-body bind-
ing were excluded by qPCR and genotyp-
ing respectively. We cannot exclude that the 
observed differences between AC and TLE 
patients are due to anti-epileptic drug treat-
ment, age difference or postmortem sample 
collection. However, these factors cannot be 
the cause of the differences observed be-
tween the two TLE patient groups.

GC CA2 CA1

Figure 2. Immunostaining of hippocampal sections show-
ing typical examples of the distribution of Navβ3 immuno-
reactivity in a non-epileptic control (A, B and C), an epi-
leptic non-sclerotic (nonHS; D, E and F) and an epileptic 
sclerotic (HS; G, H and I) hippocampus. Shown are den-
tate gyrus granule cells (A, D and G), CA2 pyramidal neu-
rons (B, E and H) and CA1 pyramidal neurons (C, F and 
I). Arrowheads denote dentate gyrus granule cells (GC), 
large arrows denote CA2 pyramidal neurons, small arrows 
denote CA1 pyramidal neurons. Width of each figure sec-
tion is 100 µm.

Quantification showed a significant down-reg-
ulation of Navβ3 in nonHS patients compared 
to HS patients and AC. It is highly unlikely 
that the Navβ3 down-regulation in nonHS 
patients was due to protein breakdown, be-
cause tissues from nonHS and HS patients 
were collected and treated according to the 
same protocol, and in contrast to the AC, 

Gene Accession forward primer reverse primer product 
length (bp)

start 
position (bp)

end position 
(bp)

Sequence PCR

SCN3B 
exon 2

NT_033899.7 TGGCTGAAGG
CTGTTTTCTT

AGTTCGTCCC 
AAAGGGTTTC

657 27086349 27087005

SCN3B 
exon 3

NT_033899.7 GAGAAGGAGC 
CAGTGTTTGC

CAGGGGAAGG 
ATTTCAGTCA

518 27078603 27079120

SCN3B 
exon 4

NT_033899.7 TCACTCGTGG 
AAAACTGCTG

TGTCCTTCCC 
TGTCTTTGCT

514 27075489 27076002

SCN3B 
exon 5

NT_033899.7 ATGAAGAGGG 
TGGAGGATGA

TCCACTGCTC
GGCTACTTCT

482 27071204 27071685

SCN3B 
exon 6

NT_033899.7 AGAGGCAGGT 
GGATGTATGG

TCCTTCCCCA
TCTTGTGTTC

621 27066779 27067399

qPCR

SCN3B 
variant 1

NM_018400.3 AGTTCGTCCC 
AAAGGGTTTC

GCCTCCACCT 
CCTCTCTCTT

266 708 973

SCN3B 
variant 1+2

NM_018400.3 CCTGGGCATT 
AGGACTGAAA

GTGTAAACTG
GGCAGCACCT

176 2241 2416

Table 2. Sequence and qPCR primer specifications
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showed no signs of protein breakdown on 
the blots (figure 1). Moreover, we show that 
Navβ3 down-regulation occurs specifically 
in the hippocampus and not in the cortex. 
Navβ3 expression in HS patients was slightly 
higher when compared to AC. This may in 
part be caused by breakdown of the Navβ3 
protein in the AC. In view of the extensive 
neuronal death in HS hippocampi, we would 
have expected a reduction in Navβ3 expres-
sion. Apparently, the loss of neuronal Navβ3 
expression is compensated by Navβ3 expres-
sion in other cells (see below).
Immunohistochemistry (figure 2) confirmed 
the extensive down-regulation of Navβ3 ex-
pression throughout the hippocampus of 
nonHS patients which was shown by immu-
noblotting. Although much lower, the Navβ3 
expression pattern resembled that of AC hip-
pocampi. Neuronal IR in HS patients was 
comparable to AC. In areas with neuronal 
loss, extensive IR was present, presum-
ably in microglia and/or astrocytes, a finding 
which has also been described for the Navβ1 
variant [192] and can account for the relative 
high expression found by immunoblotting. 
The fact that Navβ3 down-regulation was 
only present in the hippocampus of nonHS 
patients and not in the cortex of these pa-
tients suggests hippocampal specific expres-
sion regulation. SCN3B mRNA up-regulation 
in nonHS patients [195] was also restricted 
to the hippocampus [unpublished]. The mis-
match between mRNA [195] and protein ex-
pression, suggests that Navβ3 protein down-
regulation in nonHS patients is translationally 
or post-translationally regulated. Post-trans-
lational regulation would be in line with up-
regulation of ubiquitination and proteasomal 
degradation processes found specifically in 
nonHS patients [195]. Alternatively, reduced 
Navβ3 expression could be due to cleavage 
by beta-site amyloid precursor protein-cleav-
ing enzyme (BACE1) and gamma-secretase 
[198]. 
Although the functional consequences of the 

reduced hippocampal expression of Navβ3 
in nonHS patients are unknown, the impor-
tance of the hippocampus in the generation 
of seizures and epilepsy suggest a causal 
relationship between Navβ3 down-regulation 
and epilepsy. Nav-subunit composition deter-
mines the activation/inactivation kinetics of 
the channel [190], therefore reduced expres-
sion of Navβ3 is likely to affect Nav-activation/
inactivation and excitability. Navβ-subunits 
are also important for targeting Nav-subunits 
to their normal locations. Regulation of Navβ3 
expression could play a role in dysgenesis 
and other developmental pathologies often 
associated with nonHS TLE (see table 1). 
Investigating the electrophysiological and tar-
geting effects of reduced expression of Navβ3 
will be necessary to determine the functional 
role of this reduction and could help to un-
derstand the process of epileptogenesis in 
nonHS patients. 
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ABSTRACT

CCL3 and -4 chemokine expression has been identified in the brain short- but also long-
term after seizures and has also been identified in human temporal lobe epilepsy (TLE). 
Chemokine receptor activation results in release of intracellular Ca2+ and activation of several 
transduction pathways and has been shown to modulate neuronal activity. Knowledge about 
the consequences of activation of CCL3 receptors in the hippocampus is limited, therefore we 
investigated the effects of chronic CCL3-treatment on Ca2+ dynamics in cultured hippocampal 
neurons. Immunohistochemical studies showed high expression of the chemokines CCL3 
and -4 in the TLE hippocampus, but not in the hippocampus of autopsy controls. The effect of 
exogenous application of CCL3 on hippocampal neurons was studied in a hippocampal culture 
preparation. CCL3 was tested at high concentrations to simulate pathological states. Chronic 
CCL3 treatment increased average Ca2+ levels and the number and mean peak amplitude of 
Ca2+ oscillations. CCL3 treatment also increased NMDA receptor subunit expression (NR1 
and NR2A/B). No direct toxic effect of CCL3 exposure was detected based on morphology 
and neurotoxicity analysis. These results suggest important roles for CCL3 in modulating 
neuronal functioning in epilepsy and other neuronal pathologies. Blocking the effects of these 
chemokines could be beneficial for TLE patients and is currently under investigation. 
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INTRODUCTION

Chemokines, a class of small proteins in-
volved in inflammatory and chemoattractive 
processes [199], were initially characterized 
in the immune system, where they were 
shown to act through G-protein coupled re-
ceptors and several transduction pathways, 
including inhibition of adenylate cyclase and 
activation of phospholipase C (PLC) [157]. 
Recent studies show that chemokines and 
their receptors are also expressed in the cen-
tral nervous system (CNS), including in the 
hippocampus, thalamus, cortex and cerebel-
lum [200] where they function as components 
of the innate immune system. Microglia and 
astrocytes of the CNS are prominent sources 
of chemokines, but also neurons can pro-
duce chemokines [reviewed by 201]. In the 
CNS chemokines not only act as mediators 
during an immune response, but they can 
also influence neuronal development [202], 
neuronal death [161,203] and modulate neu-
ronal activity [204]. Chemokine expression in 
the central nervous system (CNS) is gener-
ally low, but elevated levels are produced 
in response to brain injury and disease, and 
result in activation and chemoattraction of 
immune cells such as monocytes, which in-
filtrate the CNS [159,160]. Increased chemo-
kine expression can be harmful to neurons, 
either through direct toxic effects (calcium 
release) or by activating cytotoxic microglia 
[203]. 
A number of studies show that elevated lev-
els of CCL3 and/or -4, members of the che-
mokine family, are produced in the CNS dur-
ing conditions associated with neuroinflam-
mation [205-207]. Recently, we and others 
showed that the chemokines CCL3 and -4 
and other components of the innate immune 
system were highly up-regulated in the hip-
pocampus of temporal lobe epilepsy (TLE) 
patients [195,208]. Increased levels of CCL3 
and CCL4 were also found during epilepto-
genesis in animal models for TLE [144,156]. 

Their up-regulation in all stages of epilepto-
genesis [reviewed by 156] suggest that they 
play a pivotal role in epileptogenesis.
To explore this possibility, we investigated 
CCL3 and CCL4 protein distribution in the 
hippocampus of human TLE patients using 
immunohistochemical techniques and char-
acterized the cells expressing these chemo-
kines. Subsequently, we determined if CCL3 
could affect the functional properties of hip-
pocampal neurons using a culture model 
system and an exposure paradigm involving 
chronic treatment.

MATERIAL AND METHODS

Patient samples
Hippocampal tissue of pharmaco-resistant 
TLE patients with complex partial seizures 
and of autopsy control patients was obtained 
as previously described [195]. Informed and 
written consent was obtained from the pa-
tients for all procedures as approved by the 
Institutional Review Board. Patients were 
carefully selected based on their neuropa-
thology, anamnesis, ethnic background, gen-
der, age at surgery, age of epilepsy onset 
and use of medication. Hippocampal scle-
rosis was diagnosed and classified accor-
ding to Wyler (W0-4) [46]. Only W0 patients 
(no hippocampal sclerosis, nonHS) and W4 
(extensive hippocampal sclerosis, HS) were 
used. At the time of surgery, all TLE patients 
received anti-epileptic medication either as 
mono- or polytherapy. Relevant clinical data 
for the TLE patients included in this study are 
listed in table 1. Average ages are reported 
as mean ± standard deviation (SD).

Antibodies
The following primary antibodies were used 
for immunostaining of sections and immu-
noblotting; a goat polyclonal antibody raised 
against human CCL3 (1:200, Santa Cruz Bio-
technology, Santa Cruz, CA, USA), human 
CCL4 (1:200, Santa Cruz Biotechnology) 
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and rat NR1 subunit of the NMDA receptor 
(NMDA-R1, 1:1000, Santa Cruz Biotechno-
logy); a mouse monoclonal antibody raised 
against human HLA-DR (1:80, M0746; Dako, 
Haverlee, BE) and rat beta-actin (1:10000, 
Sigma, St. Louis, MO, USA) and a rabbit poly-
clonal antibody raised against the rat NR2A/
B subunit of the NMDA receptor (NMDA-
R2A/B, 1:500, Chemicon International, Tem-
ecula, CA, USA). Secondary antibodies used 
for western blotting were a goat anti-rabbit, 
goat anti-mouse or rabbit anti-goat (1:10000, 
Southern Biotech, Birmingham, AL, USA). 
Rabbit anti-goat (1:200, Dako) and goat anti-
mouse(1:400, Dako) secondary antibodies 
were used for immunohistochemistry of the 
sections.

Immunohistochemistry
Immunostaining was performed on 7 μm 
thick coronal hippocampal paraffin sections 
as described previously [196]. Sections were 
deparaffinized with xylene, rehydrated in 
graded ethanol and washed in 0.01 M phos-
phate-buffered saline (PBS) (pH 7.4). To re-
duce endogenous peroxidase activity all sec-
tions were pretreated with 3% H2O2 in PBS 
for 30 minutes at room temperature. Sections 
were rinsed thoroughly in PBS after each 
(pre)incubation. To expose immunoreactive 
sites, sections to be labeled with the CCL4 
antibody were incubated in 10mM SodiumCi-
trate (pH 6.0) for 20 minutes and microwaved 
in the same solution for 7 minutes at 750 Watt. 
No microwave pre-treatment was needed for 
labeling with the CCL3 antibody. Non-spe-
cific background staining was minimized by 
incubation with 10 mM Tris/HCl, 5 mM EDTA, 
150 mM NaCl, 0.25% gelatine (v/v), 0.05% 
Tween 20 (w/v) (pH = 8.0) supplemented with 
0.5% milk powder (ELK, Campina) for 1 h. 
Next, the sections were incubated with the 
respective primary antibody in PBS (CCL3 or 
CCL4) overnight at room temperature. Bioti-
nylated secondary rabbit anti-goat antibody 
supplemented with 2% normal human serum 

and 0.05% BSA was applied for 30 minutes. 
Sections were incubated for 30 minutes with 
the Vectastain ABC-reagent (Vectastain Elite, 
Vector Laboratories, Burlingame, CA). Immu-
noreactivity was visualized with 3,3-diamino-
benzidine (DAB: Sigma Chemical Company, 
St Louis, MO) as the chromogen. Before 
mounting in Entellan (Merck, Darmstadt, 
Germany), sections were dehydrated in al-
cohol and submerged in xylene. Experiments 
without primary antibodies showed no stain-
ing. For pre-adsorption controls the primary 
antibody was incubated overnight with a 10-
50x excess of blocking peptide. 

Cell cultures
Hippocampal cultures were prepared from 
embryonic day 21 rat (Sprague-Dawley, 
Charles River) hippocampus as previously 
described [209]. Under sterile condition hip-
pocampi were dissected, minced and tritu-
rated without enzymatic treatment. The cell 
suspensions were plated on Matrigel (BD 
Biosciences, Bedford, MA, USA) coated tis-
sue culture dishes for immunoblotting and 
toxicity assays, or on Matrigel and poly-
lysine-D coated glass bottom culture dished 
(MatTek Corp, Ashland, MA, USA) for calcium 
imaging. Approximately two hippocampi were 
added to a culture dish used for Western 
blotting and one hippocampus was added for 
calcium imaging. At the second day in vitro 
(DIV), the anti-mitotic agent 5-fluorodeoxy-
uridine (20 µg/µl, three day treatment) was 
added to limit the number of non-neuronal 
cells. Antibiotics were not used. Unless other-
wise stated all chemicals were obtained from 
Sigma (St Louis, MO, USA). Animal care and 
all experimental procedures were carried out 
in accordance with standards set forth by 
the Animal Care Committee of The Scripps 
Research Institute.

Chronic CCL3 treatment
Cultures from each dissection were divided 
into control and chronic CCL3 treatment 
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Figure 1. Representative photomicrographs of CCL3 (A, D), CCL4 (B, E) and HLA-DR (C, F) immunoreactivity 
in the hippocampal CA1 (A-C) and dentate gyrus (DG; D-F) area of a TLE patient with severe hippocampal scle-
rosis. Sections C and F were counterstained with hematoxylin. Arrows in A and B denote corpora amylacea. SO: 
stratum oriens, ML: molecular layer, GC: granule cells of the dentate gyrus, PML: polymorphic layer.

Figure 2. Representative photomicrographs of CCL3 immunoreactivity in the hippocampal CA1 (A-C) and den-
tate gyrus (D-F) areas of an autopsy control (A, D), a TLE patient without hippocampal sclerosis (nonHS; B, C) 
and a TLE patients with severe hippocampal sclerosis (HS; D, F). The insert in fi gure B shows strong neuropil 
staining in the CA3 area. ML: molecular layer, GC: granule cells of the dentate gyrus, PML: polymorphic layer.
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groups. Recombinant rat CCL3 (BSA-free, 
Peprotech, Rocky Hill, NJ, USA) was recon-
stituted in 0.1% bovine serum albumin (BSA; 
fatty acid free) to a final concentration of 50 
µM. At 9 DIV, CCL3 was added to the cul-
tures during each media change. No CCL3 
was added to the control cultures. In pre-
vious studies, CCL3 induced chemotaxis of 
lymphocytes under a concentration range of 
~1-100 nM, with a maximum response at 10 
nM [210]. Therefore, CCL3 was used in the 
final concentrations of 20, 50, 100 and 200 
nM to model neuroinflammatory conditions 
under which CCL3 levels are elevated.

Neurotoxicity assays
Cell survival was assessed using the MTT 
assay (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide) to measure mi-
tochondrial activity [211] as described [212]. 
At 12 DIV, cell cultures (controls and treated 
with CCL3) were exposed to MTT (0.5 mg/
ml). After 2h at 37°C, MTT was removed and 
isopropanol was added to dissolve the con-
verted dye. After 1h at room temperature, 
absorbance of the dye was measured at 570 
nm. Data for MTT was normalized to the val-
ues measured in the control cultures.

Immunoblotting
Hippocampal cell cultures (12 DIV) were 
scraped off culture plates as described be-
fore [209]. Samples (10 µg of protein) were 
separated by NuPAGE 4-12% Bis-Tris gels 
(Invitrogen, Carlsbad, CA, USA) and trans-
ferred onto Immobilon-P membranes (Mil-
lipore, Billerica, MA, USA). After washing, 
membranes were blocked with casein (Pierce 
Biotechnology, Rockford, IL, USA) in PBS or 
Tris-buffered saline (TBS) containing 0.1% 
Tween-20 and incubated at room tempera-
ture with primary antibody. After washing, 
membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody, 
washed and visualized using the ECL system 
(Pierce Biotechnology, Rockford, IL, USA) 

and Kodak Biomax ML films (Kodak, Roches-
ter, NY, USA). Working concentrations of the 
primary and secondary antibodies were se-
lected to allow detection under linear condi-
tions. Relative densitometry was performed 
using NIH Image software (http://rsb.info.nih.
gov/nih-image). Membranes were stripped, 
washed and reprobed with beta-actin to nor-
malize for variability in loading. Samples of 
CCL3-treated and control cultures (both in 
duplicate) were run on the same gel.

Calcium imaging
The effects of acute and chronic CCL3 treat-
ment on intracellular Ca2+ levels were de-
termined using standard microscopic fura-2 
digital imaging techniques [213,214]. Briefly, 
at 12-16 DIV, hippocampal cultures were in-
cubated for 30 min with the Ca2+ -sensitive 
fura-2/AM fluorescent dye as previously de-
scribed [215]. Live fluorescence images of 
neurons in a microscopic field were acquired 
and data was collected at 0.8 second inter-
vals. Calibration was performed using fura-2 
salt solutions with known Ca2+ concentrations 
(Molecular probes calibration kit). Typical 
Rmax, Rmin, and Fo/Fs values were 0.40, 
1.19 and 1.82, respectively. The low level 
of background fluorescence and adjustment 
of the black level of the SIT camera elimi-
nated the need for background subtraction 
methods. All experiments were performed 
at room temperature. On each experimen-
tal day Ca2+ levels were recorded in control 
and CCL3-treated cultures from the same 
culture set. Neurons were identified by their 
size and morphology. To assess acute ef-
fects, 100 mM CCL3 in physiological saline 
was added to the cultures 10 minutes prior 
to data acquisition. To measure Ca2+ levels in 
resting neurons, 100 nM Tetrodotoxin (TTX, 
Calbiochem, San Diego, CA, USA) in Mg2+ 
-free physiological saline was used to block 
spontaneous synaptic activity in the cultures. 
To measure intracellular Ca2+ signals in re-
sponse to a brief application of NMDA, NMDA 
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Patient Epileptic 
focus

Sex 
(M/F)

Age 
(y)

Age at 
onset (y)

Neuropathological diagnosis Medication

HS       
1 left F 56 19 MTS W4 La, O, P
2 right F 12 9 MTS W4  La, O
3 right F 39 14 MTS W4 C, La
4 right F 20 8 MTS W4 La, T
5 left F 19 1,5 MTS W4 C, La
6 right M 55 1,5 MTS W4 C, La, V
7 left F 34 6 MTS W4 C
8 left M 19 13 MTS W4 O
9 right M 30 25 MTS W4 L
10 right F 27 10 MTS W4 L, O
11 right F 32 1 MTS W4 La
12 right F 39 30 MTS W4 La, T
13 right F 38 12 MTS W4 L
14 left F 39 30 MTS W4 C, G
15 right F 44 9 MTS W4 La, P
16 right M 27 0,5 MTS W4 C, D, G, La
17 right M 1 0 MTS W4 -
NonHS       
18 right M 41 33 Vascular malformation C, L
19 right F 17 2,5 Ganglioglioma O, La
20 left M 43 38 Pilocytair astrocytoma C
21 right F 42 14 DNET O
22 right F 23 12 Posttraumatic epilepsy O, La
23 left M 16 12 Ganglioglioma O, La
24 right M 24 20 Gangliocytoma C
25 left M 31 26 Ganglioglioma C, Cl, La
26 left M 46 17 Normal C, T
27 left M 24 21 Dysgenesis C, La, L
28 right M 48 17 Posttraumatic epilepsy C, L, V
29 right F 33 22 Normal C, Cl
30 right M 40 25 Astrocytoma C, La
31 left F 24 10 Ganglioglioma O
32 right M 17 6 Cortical microdysgenesis Cl, P, O, T
Autopsy control   PMD (h)   
33 - F 67 14,5 Normal hippocampus -
34 - F 47 4 Normal hippocampus -
35 - M 51 7,7 Normal hippocampus -
36 - F 53 7,5 Normal hippocampus -
37 - F 61 6,2 Normal hippocampus -
38 - F 59 6,3 Normal hippocampus -
39 - M 53 14,5 Normal hippocampus -
40 - F 55 30 Normal hippocampus -
41 - M 54 12 Normal hippocampus -
42 - M 74 27 Normal hippocampus -
43 - M 66 11,5 Normal hippocampus -
44 - F 32 16 Normal hippocampus -
45 - F 74 22 Normal hippocampus -
46 - F 63 17 Normal hippocampus -
47 - M 55 22 Normal hippocampus -

Table 1. Relevant clinical data on temporal lobe epilepsy (TLE) patients and autopsy controls used in this study. Age 
at tissue collection was significantly (ANOVA) higher in autopsy controls (57.6 ± 10.8 years) but did not differ between 
patients with hippocampal sclerosis (HS; 31.2 ± 14.4 years) and without hippocampal sclerosis (nonHS; 31.3 ± 11.3 
years). Age of epilepsy onset was statistically different between HS (11.1 ± 9.8 years) and nonHS (18.4 ± 9.6 years) 
patients (P = 0.05), but duration of epilepsy (delta age at onset and age) was not statistically different between HS (20.0 
± 14.4 years) and nonHS (12.9 ± 9.4 years) patients (P = 0.11). Reported are means ± standard deviation. Statistical 
analysis was performed using a Student’s t-test unless otherwise stated. MTS: mesial temporal sclerosis, W4: Wyler 4 
[46], PMD: post mortem delay, M: male, F: female, WB: western blot, CX: cortex, qPCR: quantitative PCR, IHC: immu-
nohistochemistry, O: Oxcarbazepine, C: Carbamazepine, P: Phenytoin, V: Valproate, Cl: Clobazam, L: Levetiracetam, 
T: Topiramate, La: Lamotrigine, Ph: Phenobarbital, G: Gabapentine, D: Diazepam.
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(20 nM) was dissolved in Mg2+ -free physi-
ological saline and acutely applied by a brief 
pressure (0.5 second) ejection from a glass 
micropipette. A dye (fast green) was included 
in the solution to monitor neuronal NMDA 
exposure. Axograph software (Axon Instru-
ments, Foster City, CA) was used to measure 
average amplitudes during spontaneous Ca2+ 
oscillations. Ca2+ responses were quantifi ed 
by the peak amplitude (peak minus baseline), 
time to peak (seconds after NMDA exposure) 
and duration of the peak (measured at half-
maximum peak amplitude). Mean values for 
average Ca2+ level and peak amplitudes were 
calculated for the population of neurons stud-
ied under control conditions and data from 
all treatment groups were normalized to this 
value.

Statistical analysis
Statistical signifi cance (P ≤ 0.05) was deter-
mined using the one-group Student’s t-test 
or unpaired Student’s t-test. Data are report-
ed as means ± standard error of the mean 
(SEM).

RESULTS

CCL3 and CCL4 immunoreactivity in the 
hippocampus of human TLE patients
In the hippocampus of TLE patients with se-
vere hippocampal sclerosis (HS), high num-
bers of CCL3 and -4 immunoreactive (IR) 
corpora amylacea were detected in the CA1 
area (arrows fi gure 1A, B and fi gure 2C), 
specifi cally in the part with massive neuronal 
death. In the hippocampus of nonHS patients 
and controls, corpora amylacea were pres-
ent in lower numbers scattered throughout 
the hippocampus. Strong CCL3 IR was also 
detected in the capillaries and capillary en-
dothelium of the hippocampus (fi gure 1A, ar-
rowhead). Strong neuropil staining for CCL4, 
but not for CCL3, was observed in the stratum 
oriens (SO). Long CCL3 and -4 IR cells/pro-
cesses were detected between the dispersed 

granule cells (GC) of the HS hippocampus 
(arrows fi gure 1D, E and fi gure 2F). In this 
area many similar HLA-DR IR cells (fi gure 
1F) could be detected. Little HLA-DR staining 
was present in the CA1 area (fi gure 1C).
In nonHS patients, both CCL3 and CCL4 
(CCL4 not shown) showed neuropil IR in the 
dentate gyrus, primarily in the polymorphic 
layer (PML) (fi gure 2E), molecular layer (ML) 
and around CA3 neurons (insert fi gure 2B). 
Neither of these patterns were observed in 
the control patients (fi gure 2A, D). When pri-
mary antibody was omitted, no staining was 
observed (results not shown). Pre-adsorption 
controls showed progressively lower IR with 
increasing peptide levels, showing specifi city 
of the antibodies. 

Characteristics of hippocampal 
cultures after chronic CCL3 exposure
Hippocampal cultures contained primarily as-
trocytes and neurons. Cultures were exposed 
to CCL3 (20, 50 and 200 nM) to simulate 
conditions during neuroinfl ammation. CCL3 
treatment lasted for 3 days and was started 
at 6 DIV when the neurons and synaptic net-
works in culture were well-developed.
The morphological features of the cultures 
and of neurons and astrocytes were not no-
ticeably affected by CCL3 treatment at any 
of the concentrations. Total protein content 
of cultures with and without CCL3 treatment 

Figure 3. Culture characteristics after chronic CCL3 treat-
ment. A. Total protein levels in control and CCL3-treated 
cultures. B. Toxicity (measured by MTT assay) for control 
and CCL3-treated cultures. Data represents mean values 
± SEM. Dashed lines represent control levels. Numbers in 
boxes represent number of cultures used.
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Figure 4. Chronic (A-E) and acute (F) CCL3 treatment alters Ca2+ signaling in hippocampal neurons A. Representative 
Ca2+ signal in a chronic CCL3-treated hippocampal neuron. B. Effect of chronic CCL3 treatment on average Ca2+ levels 
in spontaneously active neurons. C. Effect of chronic CCL3 treatment on resting (TTX-treated) hippocampal neurons. D. 
Average peak amplitude in response to chronic CCL3 treatment. E. Number of oscillations in response to chronic CCL3 
treatment. F. Representative Ca2+ signal in acutely CCL3-treated hippocampal neuron. Data represents mean values ± 
SEM. Numbers in boxes are the number of neurons studied. Dashed lines represent control levels. * Statistical signifi cant 
compared to control.



CCL3 modulates neuronal activity

53

was identical (figure 3A), indicating that treat-
ment had no overall effect on culture growth 
and viability. In addition, measurement of 
toxicity using the MTT assay showed that 
chronic CCL3 exposure did not alter cell sur-
vival (figure 3B).

Effects of chronic and acute 
CCL3 exposure on Ca2+ signals in 
neurons of hippocampal cultures
In cultured hippocampal neurons, spontane-
ous intracellular Ca2+ changes are observed 
and correlate with electrical events such as 
synaptic potentials and action potentials 
[216]. Spontaneous Ca2+ oscillations are 
often synchronized within one field of neu-
rons and this activity has been shown to be 
produced by synaptic network activity [216]. 
Both NMDA receptors (NMDA-R) and L-type 
Ca2+ channels play prominent roles in gen-
erating these Ca2+ oscillations during synap-
tic network activity in hippocampal neurons 
[216,217].
Spontaneous Ca2+ oscillations were mea-
sured in individual neurons of control and 
chronically CCL3-treated (20 and 100 nM) 
cultures and were quantified by measure-
ment of average Ca2+ levels, peak amplitudes 
(minus resting Ca2+ levels) and number of 
oscillations during a standardized recording 
period of 150 seconds (figure 4A). 
The average Ca2+ level in control neurons 
was 97 ± 2 nM (n = 418). A small (10%) but 
significant increase in average Ca2+ level was 
observed in neurons in chronic CCL3-treated 
cultures compared with control cultures (fig-
ure 4B). Chronic treatment of cultures with 
100 nM CCL3 increased the peak amplitude 
of the Ca2+ oscillations by about 40% (con-
trols 24 ± 1 nM; n = 418), whereas treatment 
with 20 nM CCL3 had no effect (figure 4D). 
Chronic CCL3 treatment (20nM and 100 nM) 
also increased the number of Ca2+ oscilla-
tions (figures 4A, E). To determine whether 
acute application of CCL3 altered Ca2+ dy-
namics, 100 nM CCL3 was added to control 

cultures prior to measuring Ca2+ levels. Acute 
CCL3 treatment increased the average neu-
ronal Ca2+ level by about 50% (controls: 82 ± 
3 nM; n = 177) (figure 4F). 
To determine if a CCL3-induced change in 
resting Ca2+ levels contributed to the increase 
in average Ca2+ levels observed in CCL3-
treated neurons, resting Ca2+ levels were 
measured after applying TTX to the medium. 
The resting Ca2+ level in control neurons was 
129 ± 3 nM (n = 331). Chronic treatment of 
cultures with 20 nM CCL3 did not affect the 
neuronal resting Ca2+ level, whereas treat-
ment with 100 nM slightly decreased (15%) 
the resting Ca2+ level (figure 4C).

Effect of chronic CCL3 treatment on 
NMDA-evoked Ca2+ signals
Ca2+ influx through NMDA-R activation plays 
an important role in the generation of Ca2+ 
oscillations associated with synaptic network 
activity in hippocampal neurons [217]. To de-

[C
a2

+
] (

nM
)

BA

CCL3 (nM)

0

1

2

3

4

5

6

Ti
m

e 
to

 p
ea

k 
(s

) *

C

331 162 221

CCL3 (nM)
0 20 100

0
2
4
6
8

10
12
14

D
ur

at
io

n 
pe

ak
 (s

)

*
D

331 162 221

P
ea

k 
am

pl
itu

de
 (n

or
m

) 2.5

Time (s)

0

200

400

600

0 20 40

NMDA

CCL3

control

0 20 100
CCL3 (nM)

0

0.5

1

1.5

2

*

*

331 162 221

0 20 100

Figure 5. NMDA-evoked Ca2+ responses in cultured hip-
pocampal neurons chronically treated with CCL3. A. Rep-
resentative traces of an NMDA-evoked Ca2+ signal in a 
control and chronic CCL3-treated neuron. B-D. Effect of 
chronic CCL3 treatment on NMDA-induced peak ampli-
tude (B), time to peak (C), and peak duration (D). Data 
represents mean values ± SEM. Numbers in boxes are 
the number of neurons studied. Dashed lines represent 
control levels. * Statistical significant compared to control.
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termine if the NMDA-R could play a role in 
the enhanced Ca2+ oscillations in the chronic 
CCL3 treated cultures, responses of hippo-
campal neurons to NMDA exposure in control 
and chronic CCL3 treated cultures were mea-
sured. Responses to NMDA were quantified 
by measurement of peak amplitude, time to 
peak and peak duration. Cells were exposed 
to NMDA (20 nM) by a brief pressure ejection 
from a micropipette. This resulted in a promi-
nent neuronal Ca2+ response in both con-
trol and CCL3-treated cultures (figure 5A). 
The peak amplitude of the Ca2+ response to 
NMDA in control neurons was 246 ± 10 nM 
(n = 331). In cultures treated with 20 and 100 
nM CCL3, NMDA exposure elicited a neuro-
nal Ca2+ response with a significantly larger 
peak amplitude (30 and 200%, respectively) 
(figure 5B). In 100 nM CCL3-treated cultures, 
the NMDA induced Ca2+ response peaked 
significantly earlier (figure 5C) and peak du-
ration was significantly increased (figure 5D) 
compared to controls. 

Effect of chronic CCL3 exposure 
on NMDA-R subunit expression
The increased magnitude of the Ca2+ re-
sponse produced by NMDA application in the 
CCL3-treated cultures could occur through a 
variety of mechanisms. One possible mecha-
nism is through increased levels of NMDA-R 
in the cultures chronically treated with CCL3. 

To determine if the increase in Ca2+ signal-
ing was indeed associated with changes in 
NMDA-R levels, the effect of CCL3 treatment 
on expression of NMDA-R subunits was ex-
amined by immunoblotting. Cultures were 
chronically treated with CCL3 (0, 20, 50 or 
200 nM) and blots were probed with specific 
NR1 and NR2A/B antibodies to determine 
relative subunit protein levels (figure 6C). 
Chronic CCL3 treatment increased the level 
of NR1 (at 20 and 50 nM CCL3) and NR2A/B 
(at 50 nM CCL3) protein (figure 6A, B). 

DISCUSSION

Our results show that the chemokines CCL3 
and -4 are highly expressed in the dentate 
gyrus of TLE patients. Expression is mainly 
confined to IR cells in the dentate gyrus of HS 
patients and to neuropil staining of the PML, 
ML and CA3 in nonHS patients. Studies of 
neuronal effects of exposure to CCL3 using 
a culture preparation show that acute and 
chronic exposure of cultured rat hippocampal 
neurons to CCL3 causes increased Ca2+ lev-
els and increased synaptic activity. Chronic 
CCL3 exposure also increased the level of 
protein for NMDA-R subunits and this effect 
was associated with a parallel increased 
magnitude of the Ca2+ response to NMDA. 
CCL3 did not influence neuronal morphology 
and survival.

Figure 6. Immunoblot analysis of NR1 and NR2A/B NMDA-R subunits. A-B. NMDA-R subtype levels normalized to beta-
actin levels in cultures chronically treated with different concentrations of CCL3. C. Representative immunoblots showing 
expression of beta-actin, NR1 and NR2A/B NMDA-R subunits. Data represents mean values ± SEM. Numbers in boxes 
are number of cultures used. Dashed lines represent control levels. * Statistical significant compared to control.
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CCL3 and -4 immunopositive cells in 
the hippocampus of TLE patients
CCL3 and -4 immunostaining in human con-
trol and epileptic hippocampus showed a 
marked distribution pattern. Little or no stain-
ing was present in controls and intense neu-
ropil staining was found in the PML, ML and 
CA3 of nonHS patients (figure 2E). In HS 
patients high numbers of IR corpora amyla-
cea were identified (especially in CA1) and 
strong IR was found in long cells/processes 
in between GC in the dentate gyrus. 
The PML contains primarily interneurons 
and granule cell axons and contains a high 
level of chemokine IR in the absence of im-
mune cells. Connection areas, like the ML 
and CA3 were also highly IR. The absence 
of immune cells suggests chemokine produc-
tion by either astrocytes or neurons, possibly 
affecting calcium dynamics and excitability of 
surrounding neurons. In HS patients no neu-
ropil staining was identified in the PML (figure 
2D), but long processes between the dis-
persed GC layer were CCL3/4 IR (figure 1E,  
F and 2F). In this layer staining for HLA-DR 
revealed an almost identical staining pattern 
(figure 1H), suggesting that these CCL3/4 
positive processes belong to activated mi-
croglia. Activated microglia are the major 
source of brain chemokines, including CCL3 
and CCL4, and in various brain tissues these 
cells express CCL3 and -4 [201]. Activation of 
microglia is prominent in the hippocampus of 
HS patients [218] and the density of activated 
microglia appears to correlate with the dura-
tion and frequency of seizures [219,220]. In 
the CA1 area of HS patients large numbers 
of highly CCL3/CCL4 IR corpora amylacea 
were present. The CA1 area of HS patients is 
characterized by severe neuron loss/degen-
eration. Corpora amylacea develop in glial 
processes, are associated with neurodegen-
eration [221] and have been described in HS 
pathologies previously [222].The low levels 
of HLA-DR IR, a marker for activated glia, 
in the CA1 area of HS patients suggest that 

necrosis was complete. 
 
Effect of CCL3 treatment on 
Ca2+ dynamics
The presence of high amounts of CCL3 and 
-4 suggest a role for these chemokines in sei-
zures and TLE. Therefore, we investigated 
the effects of acute and chronic CCL3 treat-
ment on Ca2+ dynamics and network proper-
ties in cultured hippocampal neurons.Che-
mokines, like CCL3, can activate signaling 
pathways through binding to G-protein cou-
pled receptor, which induces release of Ca2+ 
from intracellular stores. CCL3-induced Ca2+ 
dynamics were examined using Fura-2 imag-
ing techniques. An increase in average Ca2+ 
levels was observed in cultures acutely treat-
ed with CCL3 (figure 4F). These results are 
in agreement with results showing that acute 
CCL3 application evoked intracellular Ca2+ 
transients in cultured hippocampal neurons 
[204]. To mimic pathological states, such as 
epilepsy, CCL3 was chronically added to the 
cultures, resulting in an increase in average 
Ca2+ levels (figure 4A), This increase was not 
due to effects on resting Ca2+ levels (figure 
4C). Chronic CCL3 exposure increased the 
number and mean peak amplitude of Ca2+ 
oscillations (figures 4A, D and E). Our results 
suggest that chronic CCL3 exposure mainly 
affects Ca2+ dynamics dependent on neuro-
nal activity. 

Effect of CCL3 treatment on neuronal 
Ca2+ dynamics induced by NMDA
Because NMDA-R activation plays an impor-
tant role in the generation of Ca2+ oscilla-
tions, the effect of chronic CCL3 treatment on 
NMDA-evoked Ca2+ signals was assessed. 
Chronic CCL3 (20 and 100 nM) treatment in-
creased Ca2+ responses to NMDA exposure 
(figure 5) and 100 nM CCL3 increased the 
peak Ca2+ response of NMDA by approxi-
mately 100% (figure 5B). These effects were 
associated with increased NMDA-R subunit 
expression. NR1 and NR2A/B subunits, the 
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principle NMDA-R subunits expressed in the 
hippocampus [223,224], were up-regulated 
(approximately 50%) after chronic exposure 
to 20-50 nM CCL3 (figure 6). The highest 
concentration of CCL3 (200 nM) did not af-
fect NMDAR subunit levels, possibly due to 
concentration-dependent desensitization of 
the chemokine receptor. Although high lev-
els of NMDA-Rs could cause excitotoxicity, 
no direct effects of chronic CCL3 exposure 
was detected based on morphology and 
neurotoxicity analysis (figure 3). Up-regula-
tion of NMDA-Rs is highly relevant to epi-
lepsy, because this may lead to increased 
excitatory neurotransmission and could con-
tribute to the development of epileptic sei-
zures and excitotoxicity [225-228]. Indeed, 
NMDAR activation has been implicated in 
epileptogenesis and in the development of 
epileptiform discharges [229-232]. Up-regu-
lation of NMDARs has also been shown in 
animal models for TLE and in human TLE 
studies [225-227,233,234]. Moreover, block-
ing the NMDAR1 by auto-antibodies potently 
reduced seizures and seizure damage [235]. 
These results show that chronic CCL3 expo-
sure can result in up-regulation of NMDA-Rs, 
which in their turn can contribute to the devel-
opment of epilepsy. 

CCL3 as therapeutic target
These data suggest important roles for CCL3 
in modifying neuronal functioning in epilepsy 
and other neuronal pathologies associated 
with increased levels of CCL3. Although che-
mokine up-regulation in human TLE patients 
represents a chronic state with continuing sei-
zures, chemokine up-regulation is not likely 
to be merely a response to seizures, as it was 
found to be up-regulated in all stages of epi-
leptogenesis [156]. In hippocampal culture, 
chronic CCL3 exposure potently increased 
NMDAR subunit expression and responses. 
Particularly in the dentate gyrus area of TLE 
patients we identified high levels of CCL3 
and -4. Continuing high levels of CCL3 could 

increase the expression levels of the NMDAR 
in hippocampal neurons, thus increasing 
their vulnerability to seizures, excitotoxicity 
and contributing to neuronal death. 
Blocking the effects of chemokines might 
prove beneficial for TLE patients. Immuno-
therapy in particular epilepsy syndromes has 
been successful for many years [155]. As 
many diseases are associated with chemo-
kines and chemokine receptors, several che-
mokine intervention approaches have been 
explored [236]. Some involve the use of an-
tibodies that can bind to chemokines or their 
receptors and block their function. Others fo-
cus on the development of specific receptor 
antagonists. Approaches that block most of 
the actions of CCL3 and/or CCL4, and thus 
are expected to be most efficient in protecting 
patients from progressive neuronal damage 
and possibly repetitive seizures, are currently 
under investigation. 
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ABSTRACT

Febrile seizures (FS) are the most prevalent seizures in children. Although FS are 
largely benign, complex FS increase the risk to develop temporal lobe epilepsy (TLE). 
Studies in rat models for FS have provided information about functional changes 
in the hippocampus after complex FS. However, our knowledge about the genes 
and pathways involved in the causes and consequences of FS is still limited. To 
enable molecular, genetic and knockout studies, we developed and characterized a 
FS model in mice and used it as a phenotypic screen to analyze FS susceptibility.  
Hyperthermia was induced by warm-air in 10-14 day-old mice and induced FS in all 
animals. Under the conditions used seizure-induced behavior in mice and rats was 
similar. In adulthood, treated mice showed increased hippocampal Ih-current 
and seizure susceptibility, characteristics also seen after FS in rats. Of the seven 
genetically diverse mouse strains screened for FS susceptibility, C57BL/6J mice 
were among the most susceptible, whereas A/J mice were among the most resistant. 
Strains genetically similar to C57BL/6J also showed a susceptible phenotype.  
Our phenotypic data suggest that complex genetics underlie FS susceptibility and show that 
the C57BL/6J strain is highly susceptible to FS. As this strain has been described as resistant 
to convulsants, our data indicate that susceptibility genes for FS and convulsants are distinct. 
Insight into the mechanisms underlying seizure susceptibility and FS may help to identify 
markers for the early diagnosis of children at risk for complex FS and TLE, and may provide 
new leads for treatment. 
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INTRODUCTION

Febrile seizures (FS) are considered to be 
relatively benign convulsions induced by fe-
ver [3]. Up to the age of 5 years, 2% to 4% 
of all West-European children will suffer from 
at least one FS [85]. Retrospective studies 
showed a relationship between complex FS 
and temporal lobe epilepsy (TLE) with mesial 
temporal sclerosis. Thirty to fifty percent of 
patients with TLE had a history of prolonged 
FS during childhood [11]. It is still unclear if 
FS themselves contribute to the development 
of TLE, or whether a prenatal lesion, brain 
insult or a genetic predisposition exits, which 
is causal to both FS and TLE [87,88].
Epidemiological studies showed that the eti-
ology of FS is influenced by genetic suscep-
tibility [103], and FS twin studies suggested 
a hereditability of up to 70% [104]. Monoge-
netic FS disorders have provided valuable 
information about the genes involved in fa-
milial febrile seizure syndromes [105]. How-
ever, little is known about genes influencing 
the susceptibility to non-familial FS seen in 
sporadic patients. Association studies have 
identified susceptibility genes, but have been 
difficult to reproduce [106]. 
The most frequently used FS animal model 
is the warm-air induced hyperthermia (HT) 
model in rats (postnatal day 10-11) which 
induces seizures originating from the hippo-
campus and amygdala [108]. This and other 
hyperthermia models [and the original paper 
by 107,109] have provided valuable informa-
tion about the effects of FS on hippocampal 
development, network reorganization, plas-
ticity and epileptogenesis [reviewed by 110]. 
Recently, it has been shown that these pro-
longed FS can result in mild spontaneous 
electro-clinical seizures in 35% of the adult 
rats [111].
Susceptibility to chemically- or electrically–in-
duced seizes have been studied in genetic 
and phenotypic diverse mouse strains [128]. 
For example, C57BL/6J mice are relatively 

resistant to these seizures, compared to A/J 
mouse and several QTLs for these seizures 
have been identified [128,237-240]. Knock-
out and transgenic mice have also been used 
to study the role of specific genes, for in-
stance IL-1 beta, in epilepsy and FS [116]. 
So far, no data are available on the com-
plex genetics of febrile seizure susceptibility 
in mice or rats. Recently, recombinant inbred 
and consomic strains have been constructed 
from several commonly used mouse strains 
[241] to facilitate forward genetic strategies 
used to identify QTLs and genes in complex 
traits [242]. 
Here, we describe the characterization of a 
prolonged FS model in mice. This model can 
be used to study the long-term effects of pro-
longed FS and the genetic components in 
FS susceptibility. We have characterized the 
main features of this model and compared 
them with those of the rat model [108,110]. 
Subsequently, we developed a partially au-
tomated, high-throughput phenotypic screen 
to identify genes influencing susceptibility 
for FS and tested FS susceptibility in seven 
mouse inbred strains.

MATERIALS AND METHODS

Animals
Neonatal male Sprague Dawley rats (Hsd:
SD) were obtained from Harlan Winkelmann 
GmbH (Borchen, Germany). Three litters 
were culled to ten male pups on the first 
postnatal day (P1) and supplied with a foster 
mother on P8. Rat pups were weaned on 
P21 and housed two per cage. Mice were 
bred from pairs of C57BL/6J, B6(Cg)-Tyrc-2J/
J, DBA/2J, AKR/J, C3H/HeJ, A/J and BALB/
cByJ mice and raised by their mother, all 
obtained from Jackson Laboratories (ME, 
USA). Time of birth was recorded daily. At 
P0-P2 (P0 defined as day of birth), nests 
were reduced or culled to a maximum of six 
pups, usually consisting of both male and fe-
male pups. Mice pups were weaned on P21 
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and housed maximum four per cage. Animals 
were kept in a controlled 12 hour light-dark 
cycle with a temperature of 22 ± 1ºC and 
were given unrestricted access to food (2111 
RMH-TM diet; Hope Farms, Woerden, The 
Netherlands) and water. All animals were 
housed in transparent Plexiglas cages with 
wood-chip bedding and tissue for nest build-
ing. All experiments conformed to institutional 
guidelines of the University Medical Center 
Utrecht.

Prolonged FS induction paradigm in mice
This paradigm was developed to study the 
long-term consequences of prolonged FS in 
mice. Body weight was determined in 8-10-
day-old C57BL/6J mice (only males) and at 
least 30 minutes before the HT procedure; 
mice were injected subcutaneously with tem-
perature sensitive transponders (IPTT-300, 
Plexx, Elst, The Netherlands). Core body 
temperature was quickly raised using a tem-
perature regulated (automatic system) lami-
nar stream of warm air (41-48ºC) directed 
vertically down into a Plexiglas cylindrical 
chamber of 46 cm height and 13 cm diam-
eter. Air temperature was measured near the 
chamber wall at a height of approximately 
2 cm. Air temperature was maintained (± 
0.5ºC) by feedback electronics, which au-
tomatically adjusted heating levels several 
times per second in response to the air tem-
perature. When a lower air temperature was 
required to prevent animal overheating, the 
system adapts within seconds. Overall noise 
production by the system was <30dB. Two 
chambers were used, one for control mice 
(core body temperature maintained at 35ºC) 
and one for HT (defined as core body tem-
perature >39ºC) mice. To prevent skin burn 
and adverse effects on behavior, the tem-
perature of the chamber floor (glass) was 
maintained at 35ºC and 39ºC, respectively, 
by heat exchange using an external thermo-
static circulation water bath (Julabo, Seel-
bach, Germany). Chamber temperature was 

maintained at 32ºC for control mice and at 
47ºC for HT mice. Mice were placed one 
by one on the floor of the preheated cham-
bers and the experiment was started. Mouse 
core body temperature was measured ev-
ery minute by wireless transponder readout 
(WRS-6006/6007, Plexx). Using temperature 
transponders, core body temperatures could 
be recorded from outside the chamber, thus 
avoiding interference with behavior. More-
over, this method allowed controlling core 
body temperatures more precisely during 
the HT period (figure 1). It also prevented 
the fluctuations in core body temperature ob-
served after animals were removed for ap-
proximately 10 seconds from the chamber 
for rectal measurements. Moreover, HT could 
be induced with a lower air temperature (T2, 
figure 1). HT was typically reached within 2.5 
minutes. After the core temperature of the HT 
mice had reached 42ºC, air temperature was 
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Figure 1. Typical example of mouse core body tempera-
ture measurements with transponders and a rectal probe. 
Rectal (R) and transponder (T) core temperature were 
measured in the same C57BL/6J mouse and gave similar 
results (arrowheads). However, handling of the animals 
during the rectal temperature measurement resulted in 
a temperature drop of approximately 0.5ºC (arrows). T2 
represents a separate experiment in which the tempera-
ture was measured with a transponder without rectal mea-
surements and without handling. When only transponders 
were used for measurements (to prevent temperature 
drops during rectal measurements), maximum core body 
temperature achieved was higher than with rectal mea-
surements (T2).
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adjusted to maintain a core body tempera-
ture between 41.5ºC and 42ºC. Time and 
temperature data was logged automatically 
on a computer (DASHost v1.0, Plexx) and 
were used to calculate seizure duration and 
temperature characteristics (table 1). HT was 
maintained for 30 minutes. Then, mice were 
partly submerged in water of room tempera-
ture to quickly normalize their core body tem-
perature and were returned to their mother. 
Controls were treated as HT pups, except 
that the temperature of the animals was kept 
at 35ºC. Control pups were from the same 
litters as those exposed to HT. Behavioral 
analysis was performed as described for the 
phenotypic screen (see also table 2).

Prolonged FS induction paradigm in rats
Experimental prolonged FS were induced 
in 10-day-old rats as described [108,243]. 
Briefly, one rat pup was placed in a Plexiglas 
cylindrical chamber and exposed to heated 
air (41-53ºC). Core temperature was mea-
sured every 2.5 minutes using a rectal ther-
mo probe. HT was typically reached within 5 
minutes. To provoke prolonged HT, core body 
temperatures were maintained between 41-
42ºC for 30 minutes. After 30 minutes of HT, 
the rat pups were cooled in a water bath at 
room temperature and returned to their moth-
er. Controls were treated as HT rat pups, ex-
cept that the temperature of the air was kept 
at 35ºC. Control pups were from the same 

litters as those exposed to HT. Behavioral 
analysis was performed as described for the 
phenotypic screen (see also table 2).

Pentylenetetrazol-induced seizures 
after prolonged FS in mice
At 8-12 weeks after the FS induction paradigm 
(P10), C57BL/6J mice were intravenously 
(tail vein) infused with the non-competitive 
GABAA-receptor antagonist pentylenetetra-
zol (PTZ; 0.04 mg/μl in phosphate-buffered 
saline) (Sigma, The Netherlands), using a 
25x3/8 gauge needle with an infusion rate of 
4 μl per 10 seconds. We used PTZ as convul-
sant because, unlike excitotoxins, it does not 
cause cell death, and is less likely to induce 
secondary epilepsies [244]. Also, PTZ does 
not have to be metabolized to be effective 
and has a rapid turnover. Then, mice were 
placed into a behavioral testing arena (30 cm 
diameter) and infusion was started after ap-
proximately 30 seconds and continued until a 
dose of 60 mg/kg body weight was reached 
[245]. Throughout the experiment (total du-
ration 10 minutes), animals were monitored 
and behavioral parameters were scored and 
video taped. Latencies to the first occurrenc-
es of the following seizure endpoints were 
recorded: PTZ-stage 1 - twitch of limb; PTZ-
stage 2 - repeated clonic seizures or abor-
tive generalized seizure; PTZ-stage 3 - fully 
generalized seizure; PTZ-stage 4 - tonic-hind 
limb extension seizure (White, 1998). Video 

Mouse Rat
Control 
(n = 8)

HT
(n = 8)

Control
(n = 8)

HT
(n = 8)

Weight at P10 (g) 6.0 ± 0.3 6.2 ± 0.2 21.0 ± 1.1 20.8 ± 0.6
Animals with seizures (%) 0 100 0 100
Latency to clonic seizure (minutes) NA 7.6 ± 0.9 NA 7.5 ± 2.1
Temperature at first clonic seizure (°C) NA 41.3 ± 0.2 NA 41.7 ± 0.1
Tonic-clonic seizure latency (minutes) NA 8.8 ± 0.9 NA 7.5 ± 2.1
Tonic-clonic seizure duration (minutes) 0 22.5 ± 1.6 0 22.5 ± 2.1
Average core temperature (°C) 34.9 ± 0.1 41.2 ± 0.1 36.0 ± 0.1 41.6 ± 0.1
Maximal core temperature (°C) 35.3 ± 0.2 41.9 ± 0.1 36.6 ± 0.1 42.2 ± 0.1

Table 1. Hyperthermia and seizure characteristics in C57BL/6J mice and Sprague Dawley rats. NA (not applicable). 
Data are expressed as means ± SEM. 
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tape analysis was used to obtain precise la-
tencies and behavioral scores. To test the 
hypothesis for increased susceptibility to PTZ 
after FS, statistical analysis between control 
and HT was performed using a one-tailed 
Student’s t-test, and reported as t degrees of 

freedom=value, P-value. Data are expressed as 
mean ± SEM. P-values < 0.05 were consid-
ered significant.

Electrophysiological recordings from 
mouse and rat hippocampal slices after 
prolonged FS
Electrophysiological recordings on hippo-
campal slices were performed as previously 
described [243]. Briefly, at 6-7 weeks (C57BL/
6J mice) after FS animals were decapitated. 
Brains were removed rapidly and immersed 
in ice-cold, MgSO4-rich artificial cerebrospinal 
fluid and transverse slices (450 µm) were cut 
from the medial hippocampus. Intracellular 
recordings from hippocampal CA1 pyrami-
dal neurons were obtained with sharp glass 
electrodes (resistance: 60~90 MΩ) filled with 
KAc (3M) and potentials were recorded using 
an Axoclamp-2B amplifier (Axon Instruments, 
Foster City, CA, USA) in bridge-mode. Rest-
ing membrane potentials (RMP) were deter-
mined when the membrane potential had sta-
bilized. Only cells with stable bridge-balance 
and RMP were used for analysis. During re-
cordings, the holding potential was manually 
clamped at -65 mV. The input resistance (Rin) 
was calculated using a small hyperpolariz-
ing current injection (250 pA, 50 ms; [243]). 
Activation of Ih was measured by determin-

ing the amplitude of the voltage-sag during a 
hyperpolarizing current injection (0.1–0.8 nA, 
250 ms; [243]). In all experiments bicuculline 
(free base; 10 µM; Sigma, St. Louis, USA) 
was present to prevent inhibitory postsyn-
aptic potentials. Data were digitized at 10 
kHz and subsequently analyzed using CED 
hardware and signal software v2.00 (CED 
Ltd., Cambridge, UK). To test the hypothesis 
for increased Ih activation after FS, statistical 
analysis between control and HT was per-
formed using a Student’s t-test and reported 
as t degrees of freedom=value, P-value. Data are 
expressed as mean ± SEM. P < 0.05 was 
considered significant.

Phenotypic screen for FS susceptibility
To analyze FS susceptibility in mouse strains, 
we adapted the FS paradigm for high through-
put analysis. We used 14-day-old instead of 
10-day-old mice, because they are more au-
tonomous, have increased survival and their 
behavioral repertoire is more elaborated and 
constant. Air temperature was automatically 
maintained at 50ºC throughout the pheno-
typic screen. This is higher than the tempera-
ture used in the prolonged FS induction para-
digm, where an air temperature of 41-48ºC 
was used to keep the core body tempera-
ture at 41.5-42ºC. To prevent skin burn and 
adverse effects on behavior at this higher air 
temperature, the bottom plate temperature 
was maintained at 37ºC (2ºC lower than in 
the prolonged FS induction paradigm). The 
total time of the phenotypic screen was short-
ened to 15 minutes (about 30 minutes in the 

Stage Behavior Description
Stage 0 Normal Normal explorative behavior
Stage 1 Hyperactivity Hyperactive behavior, jumping and rearing
Stage 2 Immobility

Ataxia
Sudden total immobility (duration 3-10 seconds)
Unsteady, jerky gait

Stage 3 Circling
Shaking
Clonic seizures

Running tight circles (approx. 2 circles / second)
Whole body shaking
Contractions of hind- and forelimbs with reduced consciousness

Stage 4 Tonic-clonic convulsions Continuous tonic-clonic convulsions with loss of consciousness
Table 2. Classification of mouse behavior during hyperthermia
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prolonged FS induction paradigm).
At P10, weight was determined of C57BL/6J 
(n=10), B6(Cg)-Tyrc-2J/J (n=8), DBA/2J (n=9), 
AKR/J (n=10), C3H/HeJ (n=8), A/J (n=12) 
and BALB/cByJ (n=9) mice and mice were 
injected subcutaneously with a temperature 
sensitive transponder (IPTT-300, Plexx) and 
returned to their mother within two minutes. 
At P14, weight was determined again and 
animals were placed in the heat chamber. 
Core body temperature was quickly raised 
as described before. Animal behavior was 
recorded by two cameras, one from the top 
and one from the side. 
The observer recorded latencies to stage 2, 3 
and 4 behavioral seizures (for descriptions of 
stages see table 2). As coat color might influ-
ence heat exchange during the experiment, 
we measured the core body temperature of 
C57BL/6J (black coat) and B6(Cg)-Tyrc-2J/J 
(white coat) every 2.5 minutes during our 
screen (data not shown). Coat color had no 
effect on core body temperature during our 
screen. Because some strains did not show 
the particular phenotype within the duration 
of the screen, Cox proportional hazard re-
gression was used for statistical analysis of 
observer latencies (Winawer et al., 2007). 
To limit the number of statistical test, only 
statistics of all strains versus the C57BL/6J 
strain were calculated (table 3). One-way 

ANOVA (Dunnett post-hoc test) was used 
to compare P14 strain weights versus P14 
C57BL/6J weights (table 3) and reported as 
F degrees of freedom=value, P-value. To validate ob-
server latencies, latency to complete arrest 
of the heat-induced hyperkinesias (immobility 
latency) and latency to circling behavior were 
detected and quantified using video tracking 
and behavioral analysis software Ethovision 
(version 3.2.16 Noldus BV, Wageningen, The 
Netherlands). Mice were detected by subtract-
ing the background image from the live video. 
Animal arena position (two-dimensional co-
ordinates), total animal area (average: 1175 
pixels) and changes in animal area (measure 
for how much the animal moved between 
data points; approximately 150 pixels dur-
ing normal behavior) were recorded 25 times 
per second. The changed area data (25 data 
points/second) was used to calculate the cir-
cling and immobility latency (Microsoft Excel 
Macro). Immobility was defined as the first 
immobility episode (changes in mouse sur-
face area < 100 pixels/data sampling) of at 
least 4 seconds occurring at least 2 minutes 
after the start of the experiment (to exclude 
novelty induced behavior). Circling behavior 
was defined as a change in mouse surface 
area > 300 pixels/data sampling lasting for 
at least 0.4 seconds. Cumulative distance 
moved was calculated in 30 second bins.
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Figure 2. Time course of body weights after the FS paradigm in 10-day-old C57BL/6J mice and Sprague Dawley rats. 
At the first time point measured after hyperthermia (HT), weight of HT animals was reduced compared to controls. Data 
are expressed as means ± SEM. * P < 0.05.
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RESULTS

Behavioral characterization and optimal 
parameters to study the long-term-
effects of prolonged FS in mice
Postnatal days 8-14 correspond roughly to 
the stage of brain development at which 
human children are most susceptible to FS 
[246,247]. Eight-day-old C57BL/6J mice dis-
played HT-induced seizures, but behavioral 
characterization proved to be difficult as, at 
this age, mice showed little locomotion. Be-
havioral analysis was much more reliable 
and reproducible when FS were induced in 
10-day-old mice.
HT induction criteria were optimized for mice 
so that seizure duration, average core body 
temperature and maximum core body tem-
perature achieved during induction were sim-
ilar to rats (table 1). Seizures were evoked 
in 100% of the animals, with an average to-
tal FS duration of 22.5 minutes. Mortality, 
in the HT paradigm was very low (< 5%) in 
C57BL/6J mice. Ten-day-old mice showed a 
behavioral repertoire (summarized in table 2) 
during HT similar to rats (Baram et al., 1997). 
Stage 4 duration was recorded and was used 
as a measure for FS induction quality (ideally 
20-25 minutes). Mice with a stage 4 dura-
tion of <17.5 minutes were excluded from 
further analysis. Behavioral seizures stopped 
instantly when normal core body temperature 
was restored. The next day, HT animals were 
indistinguishable from their control littermates 
by visual inspection. Ten-day-old mice were 
chosen as optimum age for investigating the 
long-term effects of prolonged FS.

Effect of prolonged FS on body 
weight gain in mice and rats
As changes in body weight after FS might be 
a confounding factor for investigating long-
term consequences, body weight gain was 
investigated in a separate group of animals 
(figure 2). Body weight was measured 3, 14 
and 56 days after HT for mice and 4, 18 and 

46 days after HT for rat. On day 3 and 4 after 
HT, respectively, HT mice (n = 11) and rats 
(n = 27) were significantly lighter (Student’s 
t-test, mice: t 20 = 2.52, P = 0.02; rat: t 5 = 2.02, 
P = 0.048) than control mice (n = 11) and rats 
(n = 25). HT did not affect body weight at any 
of the other time points (mice: 14 days after 
HT, t 10 = 0.19, P = 0.86; 56 days after HT, t 10 

= 0.49, P = 0.63) (rats: 18 days after HT, t 50 

= 1.38, P = 0.17; 46 days after HT, t 34 = 0.98, 
P = 0.33).

Effect of prolonged FS on 
sensitivity to pentylenetetrazol
To investigate whether prolonged FS in mice 
increase seizure susceptibility later in life, 
adult mice of 10-17 weeks old (control: 28.6 
± 0.6 g, n = 10; HT: 28.3 ± 0.8 g, n = 10), 
were tested with an increasing dose of PTZ. 
Animals received a cumulative dose of 60 
mg/kg. Control animals usually displayed 
only short clonic seizures, after which they 
quickly recovered. 
As expected, HT animals had a shorter la-
tency to PTZ-stage 1 (HT: n =10; control: n = 
10, t 18 = 2.59, P = 0.0092) and to PTZ-stage 2 
seizures (HT: n = 9; control: n = 10, t 17 = 2.69, 
P = 0.0078) compared to control animals (fig-
ure 3). No control animals progressed into 
PTZ-stage 4, while one HT animal did. Due to 
large inter-animal variation, latencies to PTZ-
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Figure 3. Susceptibility of adult control and hyperther-
mia (HT) C57BL/6J mice to pentylenetetrazol-induced 
seizures. Latencies until stage 1 and 2 seizures were 
significantly reduced in HT animals (n = 9) versus con-
trol animals (n = 10). The interval between stage 1 and 2 
seizures was significantly shorter in HT animals. Data are 
expressed as means ± SEM. * P < 0.05, ** P < 0.01.
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stage 3 seizures were not statistically differ-
ent between control and HT animals (HT: n = 
5, 184 ± 23 seconds; control: n = 6, 214 ± 19 
seconds; t 9 = 1.03, P = 0.17). Additionally, 
the interval between PTZ-stage 1 and PTZ-
stage 2 seizures was significantly shorter in 
HT compared to control animals (HT: n = 9; 
control: n = 10, t 17 = 1.99, P = 0.031) (figure 
3).

Electrophysiological recordings in mice 
after prolonged FS
To investigate electrophysiological properties 
of hippocampal neurons after prolonged FS in 
mice, sharp electrode current-clamp record-
ings were made from CA1 pyramidal neurons 
(13 control neurons; 8 HT neurons; 7 mice 
per group). The RMP of neurons from HT ani-

mals was significantly depolarized compared 
with control animals (figure 4C; t 19 = 2.48, P 
= 0.023). In addition, as a measure for the 
Ih-current, the depolarizing sag during a hy-
perpolarizing current injection was increased 
in CA1 pyramidal cells from HT animals com-
pared with controls (figure 4A). However, the 
input resistance (Rin) from HT animals was 
significantly reduced compared with control 
animals (control, 27.1 ± 2.1 MΩ, n = 13 neu-
rons from 7 mice; HT, 19.5 ± 2.1 MΩ, n = 8 
neurons from 7 mice; t 19 = 2.38, P = 0.028). 
To quantify this effect despite the difference 
in Rin, we selected all experiments in which 
the hyperpolarizing current injection resulted 
in an initial voltage drop to -120 mV (selected 
range -118 to -124 mV: control mean -120.1 ± 
2.4 mV; HT mean -120.3 ± 2.1 mV). On aver-
age, the current injection required to elicit an 
initial voltage drop to -120 mV was larger in 
HT animals compared with controls (control, 
678 ± 31 pA, n = 13 neurons from 7 mice; HT, 
781 ± 36 pA, n = 11 neurons from 7 mice; t 22 
= 2.19, P = 0.039). The voltage-sag following 
the hyperpolarization to -120 mV was sig-
nificantly larger in HT animals compared with 
controls (figure 4B) (control, n = 13 neurons 
from 8 mice; HT, n = 11 neurons from 8 mice; 
t 22 = 5.31, P = 0.000025). This increase in the 
depolarizing sag in HT animals was accom-
panied by an increase in rebound depolariza-
tion following the negative current injection. 
Actually, in some HT animals this rebound 
depolarization elicited action potentials (fig-
ure 4A, arrowhead). The Ih-current blocker 
ZD7288 (10 µM) completely inhibited both 
the voltage-sag and the rebound potential 
in control and HT animals (data not shown). 
Our mice findings are in agreement with pre-
vious published results in rat [120,243] and 
these electrophysiological data validate our 
mouse model.

Phenotypic screen for FS susceptibility
Subsequently, we analyzed FS susceptibil-
ity using our phenotypic screen in several 
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Figure 4. Voltage sag amplitude and resting membrane 
potential in CA1 pyramidal cells of hyperthermia (HT) and 
control mice. A. Top panels: typical examples of the volt-
age response of CA1 pyramidal cells to a hyperpolarizing 
current injection. The arrowhead indicates the occurrence 
of a rebound action potential. The example trace is an av-
erage of 5 individual traces, therefore the amplitude of the 
action potential is reduced. Bottom panels: overlay to il-
lustrate the increased voltage-sag in HT (solid trace) com-
pared to control (dotted trace) animals. B. The average 
amplitude of the voltage-sag elicited by an initial hyperpo-
larizing current to -120 mV is increased in HT compared to 
control mice. C. The average resting membrane potential 
is more depolarized in HT compared to control mice. Data 
are expressed as means ± SEM. * P < 0.05, ** P < 0.01.
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 B6(Cg)-
Tyrc-2J/J 
(4m, 4f)

C57BL/6J

(6m, 4f)

BALB/
cByJ 

(3m, 6f)

AKR/J 

(4m, 6f)

DBA/2J 

(6m, 3f)

A/J 

(7m, 5f)

C3H/HeJ 

(5m, 3f)
Immobility 
latency 
(seconds)

146.0 
± 13.4

HR = 1.61
P = 0.337

163.7 
± 8.8

NA
NA

191.7 
± 9.5 

HR = 0.16
P = 0.012

179.0 
± 14.0

HR = 0.59
P = 0.265

237.2 
± 23.6 

HR = 0.11
P = 0.000

271.8 
± 21.5

HR = 0.05
P = 0.000

245.7 
± 21.8 

HR = 0.06
P = 0.000

Circling 
latency 
(seconds)

352.3 
± 14.7

HR = 1.24
P = 0.660

350.3 
± 22.2
NA
NA

900
± 0.0

HR = 0.02
P = 0.000

900
± 0.0

HR = 0.01
P = 0.000

384.5 
± 0.4

HR = 0.61
P = 0.332

900
± 0.0

HR = 0.01
P = 0.000

900
± 0.0

HR = 0.01 
P = 0.000

Shaking 
latency 
(seconds)

323.4 
± 20.5

HR = 12.43
P = 0.000

499.0 
± 39.4
NA
NA

502.2 
± 32.0

HR = 2.74
P = 0.134

487.4 
± 21.4

HR = 0.77
P = 0.577

440.1 
± 27.6

HR = 2.74
P = 0.049

824.0 
± 39.4

HR = 0.11
P = 0.000

625.1 
± 67.3

HR = 0.46
P = 0.168

Tonic-clonic 
convulsion 
latency 
(seconds)

452.3 
± 20.5

HR = 5.54
P = 0.003

599.0 
± 48.9
NA
NA

604.9 
± 26.0

HR = 2.14
P = 0.284

661.0 
± 51.1

HR = 0.30
P = 0.019

740.6 
± 76.5 

HR = 0.21
P = 0.004

838.0 
± 33.1

HR = 0.16
P = 0.000

877.8 
± 18.2 

HR = 0.14
P = 0.000

Body 
weight (g)

6.8 ± 0.1
P = 0.199

7.2 ± 0.2
NA

9.0 ± 0.1
P = 0.000

7.0 ± 0.2
P = 0.265

7.2 ± 0.3
P = 0.993

7.9 ± 0.2
P = 0.233

8.1 ± 0.2
P = 0.009

Table 3. Phenotypic diversity of FS susceptibility in seven inbred mouse strains. Values of behavioral parameters rep-
resent average latencies (seconds) recorded during a 15-minute period of hyperthermia at P14. If a particular seizure 
behavior did not occur during this period, a latency value of 900 seconds was given. Strains in this table were ordered 
based on tonic-clonic convulsion latency. B6(Cg)-Tyrc-2J/J was the most susceptible strain, whereas C3H/HeJ was the 
least susceptible strain for this parameter. Latencies, Cox proportional hazard ratios (HR) and significances for laten-
cies of all strains versus the C57BL/6J strain are listed. Body weights of all strains versus the C57BL/6J strain are 
also listed. m (male), f (female), NA (not applicable). Data are expressed as means ± SEM. P < 0.05 was considered 
significant and indicated in bold font.

mouse strains. We placed 14-day-old male 
and female C57BL/6J, B6(Cg)-Tyrc-2J/J, DBA/
2J, AKR/J, C3H/HeJ, A/J and BALB/cByJ 
mice (see table 3) for 15 minutes in the HT 
chamber with an air temperature of 50ºC. 
The behavioral repertoire in this phenotypic 
screen is stereotyped and very well compa-
rable to the behavior observed at P10 (ta-
ble 2) and therefore also classified as such. 
Latencies until immobility (stage 2), circling 
(stage 3), whole body shaking (stage 3) and 
tonic-clonic convulsions (stage 4) were re-
corded by the observer as a measure for FS 
susceptibility. To visualize progression of the 
behavioral repertoire in C57BL/6J animals, 
average observer recorded latencies were 
indicated in the cumulative distance moved 
plot of C57BL/6J animals (figure 5). 
Latencies until stage 2 and 3 in C57BL/6J 
mice were also automatically measured 
(Ethovision system) and were compared to 
data recorded by the observer (table 4). A 
highly significant correlation was present be-

tween automatically and observer recorded 
data (Pearson r > 0.97, P < 0.0001) and 
analysis with the Bland and Altman method 
for comparing two methods [248] also con-
firms that Ethovision detection and observa-
tion are equally reliable in detecting these 
phenotypes. 
All strains showed the sudden immobility pre-
viously described in rats [116] and all strains 
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Figure 5. Cumulative distance moved of C57BL/6J mice 
during the febrile seizure phenotypic screen. Distance 
moved data of C57BL/6J mice (n = 10) averaged over 
30 second time bins. The vertical dotted lines represent 
average observer recorded latencies of the C57BL/6J ani-
mals (taken from table 3). Data are expressed as means 
± SEM.
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developed tonic-clonic convulsions within our 
15 minute screen, although in some strains 
not all individual animals developed these 
convulsions. In four strains (AKR/J, C3H/
HeJ, A/J and BALB/cByJ) HT did not elicit 
the circling behavior, whereas it was clearly 
elicited in the other three strains. Table 3 
summarizes the phenotypic diversity of FS 
susceptibility in the mouse strains examined 
as reflected by average latencies to a particu-
lar behavioral phenotype during the HT. As 
strategies and mechanisms for coping with 
an increase in body temperature could be dif-
ferent between strains, we analyzed whether 
body temperature gain during the phenotypic 
screen was different between strains. No 
inter-strain differences in body temperature 
gain could be identified. As there were sig-
nificant inter-strain differences in body weight 
at P14 (ANOVA: F 6,59 = 15.71, P = 1.12E-10, 
strain P-values are shown in table 3) and 
both genders were used, we treated body 
weight and gender as covariate in the Cox 
proportional hazard regression analysis (ta-
ble 3). Weight and gender as covariates did 
not substantially influence statistical results.

DISCUSSION

As FS are one of the most common early pre-
cipitating lesions in the etiology of TLE, inves-
tigating the genetic predisposition and long-
term effects of FS are of great importance. 
Several susceptibility genes have been iden-
tified in large human families [105], especially 
in the more severe FS phenotypes (for ex-
ample GEFS+), but little is known about sus-
ceptibility in sporadic FS. Most data on the 
long-term effects of prolonged FS has been 
gathered using a rat HT model [108,110]. 
Since this rat model is not suitable for genetic 
studies, we developed a mouse FS model. 
Due to the limited size of 10-day-old mouse 
pups, several adaptations were needed. 
These include wireless body-temperature 
measurements using transponders (figure 
1) to reduce body temperature variation and 
handling, and an automated air temperature 
control system to ensure precise core body 
temperature control. To test the validity of the 
prolonged FS model in the mouse species, 
we compared a number of key features with 
the rat model. Subsequently, we investigated 
FS susceptibility of several behaviorally and 
genetically distinct mouse strains. 

The behavioral characteristics of the HT -
induced FS in C57BL6/J mice were similar 
to those in Sprague Dawley rats (see table 
2) [108]. All mice subjected to HT developed 
FS. Cooling the mice to normal core body 
temperature instantaneously terminated the 
behavioral seizures. Mice exposed to HT 
showed a short-lasting impairment in body 
weight gain (figure 2), as observed in rats 
[249]. This is probably due to a temporary 
reduction in food intake, but is unlikely to con-
tribute to the long-term changes observed 
after prolonged FS. 
Human studies have suggested that FS en-
hance excitability and increase the risk to 
develop unprovoked seizures later in life 
[11]. Our results show that prolonged FS in 

Animal Immobility 
latency (seconds)

Circling latency 
(seconds)

# O E O E

1 187 177 334 342

2 140 145 368 369

3 180 169 386 410

4 144 135 432 438

5 135 126 435 435

6 142 141 395 410

7 141 143 267 263

8 191 181 361 364

9 187 182 313 328

10 188 181 306 301

Table 4. Inter observer-Ethovision reliability in detecting 
behavioral phenotypes. Latency values (in seconds) for 
immobility and circling behavior in 10 C57BL/6J mice 
during HT at P14 measured by an observer (O) and 
Ethovision (E). Both detection methods produce statisti-
cally highly comparable results.
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mice enhance sensitivity to PTZ-induced 
seizures significantly (figure 3). The reduced 
interval between PTZ-stage 1 and PTZ-stage 
2 seizures suggests impairments in inhibi-
tory pathways after early-life seizures. The 
long-term reduction in seizure threshold is 
in agreement with data from the rat model 
[122] and suggests that prolonged FS induce 
long-lasting changes in the brain. Indeed, we 
found a depolarized RMP, increased depo-
larizing voltage-sag and increased rebound 
depolarization in CA1 pyramidal neurons of 
HT animals (figure 4). These mice data con-
firm earlier studies in rat [120] and rat data 
previously published by our lab [243]. These 
long-term electrophysiological alterations in 
the hippocampus are likely to contribute to 
the observed reduction in seizure threshold. 
Our data show that HT-induced changes in 
rat and mice are highly similar. Thus, the 
mice FS model can be used to study epilep-
togenesis after prolonged FS for instance in 
genetically modified animals. 

We subsequently developed a phenotypic FS 
susceptibility screen in 14-day-old mice suit-

able for large scale testing of mice strains. 
This screening assay takes only 15 minutes 
per animal and is highly sensitive, because 
within this period, the mice pups show the 
complete HT-induced behavioral repertoire 
(see table 2 and 3) starting with immobility, 
circling and shaking. Heat-induced immobil-
ity is considered as the first sign of FS [116]. 
In C57BL/6J mice circling, occurring shortly 
after immobility, was a prominent phenotype, 
possibly caused by unilateral seizure activ-
ity. The direction of the circular movement 
alternated within the same mouse. Circling 
has occasionally been observed in humans 
as a distinctive phenotype in generalized and 
focal epilepsy [250]. In other animal models 
for epilepsy this circling phenotype has also 
been described [251]. 
To evaluate whether components of the HT-
induced behavioral repertoire were influ-
enced by common genotypes, strains were 
ordered based on evolutionary distances 
[252] (figure 6). Strikingly, the genetically 
most related strains C57BL/6J, B6(Cg)-Tyrc-

2J/J (C57BL/6J, but with white coat color) and 
DBA/2J, were the only strains showing the 
circling phenotype. Evaluating immobility, 
whole body shaking and tonic-clonic convul-
sions, the BALB/cByJ and C57BL/6J were the 
strains most susceptible for FS, while A/J and 
C3H/HeJ were most resistant. The differenc-
es in FS susceptibility could not be attributed 
to differences in body weight or temperature 
gain during the phenotypic screen. It is also 
very unlikely that developmental differences 
between these strains caused the observed 
differences in FS susceptibility. All mice test-
ed at P14 had open eyes and pilot experi-
ments with strains tested at P10 (C57BL/6J 
and A/J) showed a consistent difference in 
FS susceptibility. These results suggest com-
plex genetic components for these traits. The 
average latencies for immobility and tonic-
clonic convulsions were correlated (Pearson 
r = 0.93; P < 0.01) suggesting that immobility 
was indeed the first behavioral sign of FS.
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Figure 6. Phenotypic diversity of febrile seizure suscepti-
bility in seven inbred mouse strains. Strains are listed on 
the x-axis, sorted by evolutionary distances based on a 
genetically determined family tree of mouse strains [252]. 
Latency values were taken from Table 3. B6(Cg)-Tyrc-2J/J 
is the most susceptible strain and A/J the least suscep-
tible. Data are expressed as means ± SEM.



Chapter 5

70

Interestingly, the C57BL/6J strain was 
amongst the strains with the highest suscep-
tibility to FS, while the A/J strain was one 
of the least susceptible strains (table 3 and 
figure 6). This is in contrast to our expecta-
tions, as A/J mice are much more susceptible 
to chemically- and electrically-induced sei-
zures then C57BL/6J mice [128,253]. This 
could be partly due to the difference in the 
developmental stage at which the seizures 
were induced. In the chemically- and electri-
cally-induced seizure models, seizures are 
induced in adult animals, while the FS are 
induced in 14-day-old pups. The striking dif-
ference in sensitivity to FS as compared to 
chemically- and electrically-induced seizures 
indicates that different mechanisms deter-
mine the sensitivity to these distinct seizures 
types. Therefore it is to be expected that FS 
susceptibility genes are distinct from those 
contributing to susceptibility to chemically- 
and electrically-induced seizures [128,237-
240]. Possibly not only susceptibility genes, 
but also the molecular mechanism induced 
by FS may be distinct from those induced by 
chemically and electrically evoked seizures. 

These observations warrant further experi-
ments identifying loci and genes contribut-
ing to FS susceptibility (QTL analysis). QTL 
analysis classically involved large numbers 
of animals, but can be simplified by the use 
of recombinant inbred and consomic strains, 
which both have been constructed for the 
C57BL/6J and A/J strains [241]. We are in 
the process of screening these strains for FS 
susceptibility and have identified a number 
of strains carrying QTLs for EEG confirmed 
FS susceptibility [chapter 7]. The phenotyp-
ic screen for FS susceptibility is also highly 
suitable to test susceptibility in genetically 
modified mice and to test the effectiveness of 
anti-epileptic drugs.
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ABSTRACT

Febrile seizures (FS), the most prevalent seizures in young children, increase seizure 
susceptibility and the risk to develop temporal lobe epilepsy (TLE) later in life. To investigate 
the relationship between FS and TLE and to identify critical and functional mediators involved 
in epileptogenic processes we performed gene expression profiling on the hippocampal of 
mice at different times after FS. Prolonged experimental FS were elicited in 10-day-old mice 
by warm-air induced hyperthermia. Hippocampal microarray analysis was performed at 1 
hour, 3, 14 and 56 days after FS. Statistically differentially expressed genes were analyzed 
for over-representation of gene ontology (GO) classes. Transcriptional and stress responses 
were identified as most affected at 1 hour after FS, and active neuronal repair and remodeling 
was identified at 3 and 14 days after FS. At 56 days after FS, Camk2a was down-regulated. 
The GO classes immune system, angiogenesis and deregulation of the glutamate-glutamine 
cycle were identified throughout the process of epileptogenesis. These results show that FS 
induce an initial wave of transcriptional regulation in the hippocampus, inducing processes 
involved in neuronal repair and remodeling, immune reactions, angiogenesis and an altered 
glutamate-glutamine cycle. These processes probably lead to network reorganizations and 
eventually to down-regulation of Camk2a. Camk2a has been implicated in various forms of 
epilepsy and maybe an important mediator of epileptogenesis after FS and a potential target 
for intervention.
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INTRODUCTION

Febrile seizures (FS) occur in 2-4% of West-
ern-European children and are the most 
prevalent seizures in young children [85]. FS 
are characterized by convulsions induced by 
fever, without the evidence of an intracranial 
infection [3]. FS with complex features (re-
currence or duration longer than 15 minutes) 
increase the risk for temporal lobe epilepsy 
(TLE) and can be recognized as precipitating 
event in 30-50% of TLE patients [11]. It is not 
clear whether FS themselves contribute to 
the development of TLE, or whether a prena-
tal lesion, brain insult or a genetic predisposi-
tion is causal to both FS and TLE [87,88]. 
Several TLE animal models have been used 
to investigate epileptogenesis induced in 
adult animals by status epilepticus (SE). In 
these adult models SE is induced by a che-
moconvulsant or electrical stimulation and 
brains of these animals have been studied at 
various times after SE [reviewed by 133]. Mo-
lecular analysis indicates the involvement of 
glutamate receptors, neurotrophin receptors, 
Ca2+-regulated enzymes, astrocytes and im-
munity-related processes in epileptogenesis 
in these models [133,144]. 
Although these adult TLE models show neu-
ropathological characteristics that resemble 
human TLE, initiation of epileptogenesis in 
these models is not comparable to that in 
human TLE. In human TLE SE is not a ma-
jor precipitating event initiating epileptogen-
esis and precipitating events usually occur in 
early childhood [reviewed by 132]. Therefore 
juvenile animal models for TLE have been 
developed. In some of these models brain 
damage (fluid percussion or hypoxia) is in-
duced in a developmental period comparable 
with early childhood in humans. These mod-
els lack the high epilepsy induction rate, but 
do show several of the characteristics remi-
niscent of human TLE [132]. A recent meta-
analysis of longitudinal regulated genes in 
these juvenile models indicated roles for cell 

death and survival, neuronal plasticity and 
immune response in epileptogenesis [156]. 
In other juvenile models prolonged FS are 
induced by elevation of the body tempera-
ture in pups, at a developmental age when 
FS occur in children [108,109,254]. These 
prolonged experimental FS reduce seizure 
threshold [122,254], have been associated 
with mechanisms underlying hyperventilation 
[109] and may result in mild spontaneous 
electro-clinical seizures in a small percent-
age of animals [111]. Besides these effects 
on excitability, several FS-induced specific 
molecular and functional changes have been 
described [reviewed by 110]. These changes 
include altered expression/function of hyper-
polarization-activated cyclic-nucleotide-gated 
(HCN) channels [120,243,254,255] and the 
increased expression of interneuronal can-
nabinoid 1 receptors (CNR1) [109,118]. Al-
though these data have provided insight into 
some of the processes affecting the intricate 
balance between inhibition/excitation in the 
hippocampus after prolonged FS, a detailed 
analysis of the short- and long-term molecu-
lar changes after FS is needed to understand 
the underlying mechanisms leading to plas-
ticity changes, increased seizure susceptibil-
ity and epileptogenesis, possibly resulting in 
TLE. 
To investigate the short- and long-term ef-
fects of prolonged FS, we induced prolonged 
experimental FS in highly FS susceptible 
C57BL/6J mice (10-day-old) by hyperthermia 
[254] and performed a genome-wide microar-
ray and gene ontology analysis of hippocam-
pal gene expression at one hour, three, 14 
and 56 days after FS. 

MATERIAL AND METHODS

Animals
Mice were bred from pairs of C57BL/6J mice 
(Jackson Laboratories, ME, USA) and raised 
by their mother. Time of birth was recorded 
daily. At P0-P2 (P0 defined as day of birth), 
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litters were reduced or culled to a maximum 
of six male pups. Pups were weaned on 
P21 and housed maximum four per cage. 
Animals were kept in a controlled 12h light-
dark cycle with a temperature of 22 ± 1ºC 
and were given unrestricted access to food 
(2111 RMH-TM diet; Hope Farms, Woerden, 
The Netherlands) and water. Animals were 
housed in transparent Plexiglas cages with 
wood-chip bedding and tissue for nest build-
ing. All experiments conformed to institutional 
guidelines of the University Medical Center 
Utrecht.

Warm-air induced prolonged febrile 
seizures 
Hyperthermia (HT) in mice was induced by 
quickly raising core body temperature with 
a temperature regulated laminar stream of 
warm air (41-48ºC) as previously described 
[254]. Briefly, body weight was determined 
in 10-day-old C57BL/6J male mice. At least 
30 minutes before the HT procedure mice 
were injected subcutaneously with tempera-
ture sensitive transponders (IPTT-300, Plexx, 
Elst, The Netherlands). Two chambers were 
used, one for age-, weight- and litter-matched 
normothermic control mice (NT; core body 
temperature maintained at 35ºC) and one 
for HT (defined as core body temperature 
>39ºC) mice. Chamber temperature was 
maintained at 32ºC for NT mice and at 47ºC 
for HT mice. Mice were placed one by one on 
the floor of the preheated chambers and the 
experiment was started. Core body tempera-
ture was measured every minute by wire-
less transponder readout (WRS-6006/6007, 
Plexx). HT was typically reached within 2.5 
minutes. After the core temperature of the HT 
mice had reached 42ºC, air temperature was 
adjusted to maintain a core body temperature 
between 41.5ºC and 42ºC. Time and tem-
perature data was logged automatically on 
a computer (DASHost v1.0, Plexx). HT was 
maintained for 30 minutes. Then, mice were 
partly submerged in water of room tempera-

ture to quickly normalize core body tempera-
ture and were returned to their mother. NT 
mice were simultaneous treated as HT mice, 
except that the core body temperature of the 
animals was kept at 35ºC. 

Hippocampal dissection and RNA 
isolation
At one hour, 3 days, 14 days and 56 days 
after HT animals were sacrificed by decapita-
tion and brains were removed. Hippocampal 
tissue was dissected, collected and stored at 
-80°C. Total RNA was isolated, purified and 
checked for quality as described [195]. 

Microarray analysis
To investigate the causality between FS and 
TLE and to identify critical and functional me-
diator genes during epileptogenesis, acute, 
short- and long-term effects of prolonged 
FS on gene expression were investigated 
in whole hippocampal samples of C57BL/6J 
animals one hour (HT1h; n = 8), three days 
(HT3d; n = 6), 14 days (HT14d; n = 6) and 
56 days (HT56d; n = 6) after HT. Two-chan-
nel oligonucleotide microarray analysis was 
performed as described [174,195]. Briefly, 
cDNA from 2 μg total RNA was synthesized 
using a T7 oligo(dT)24VN primer (Ambion, 
Cambridgeshire, UK). The T7 Megascript kit 
(Ambion) was used for cRNA synthesis and 
its quality was analyzed. Cy3 or Cy5 fluoro-
phores (GE Healthcare Europe, Diegem, BE) 
were coupled to 2000 ng NT and HT cRNA. 
The degree of label incorporation was mon-
itored and hybridizations were set up with 
1500 ng of Cy3 and 1500 ng of Cy5 labeled 
cRNA, always hybridizing a NT and HT sam-
ple on the same chip, including a dye-swap 
(technical replicate). Just before hybridizing 
HT and NT sample were mixed and frag-
mented (AM8740, Austin, TX, USA).
The mouse Array-Ready oligo set (version 
3, Operon Biotechnologies, Cologne, DE) 
was printed on UltraGAPS slides (Corning, 
Schiphol-Rijk, NL). Slides were washed by 
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Gene name Refseq ID Ratio P-value Description
HT1h up FW corrected
Cyr61 NM_010516 7.67 0.00000 cysteine rich protein 61 
Slit2 NM_178804 5.50 0.00000 slit homolog 2 (Drosophila) 
Jun NM_010591 3.06 0.00000 Jun oncogene 
Nr4a1 NM_010444 2.93 0.00000 nuclear receptor subfamily 4, group A, member 1 
Fos NM_010234 2.88 0.00000 FBJ osteosarcoma oncogene 
Egr1 NM_007913 2.52 0.00000 early growth response 1 
Hsp110 NM_013559 2.45 0.00000 heat shock protein 110 
Hspb1 NM_013560 2.35 0.00000 heat shock protein 1 
Dusp1 NM_013642 2.27 0.00000 dual specificity phosphatase 1 
Dnajb1 NM_018808 2.19 0.00000 DnaJ (Hsp40) homolog, subfamily B, member 1 
Atf3 NM_007498 2.06 0.00000 activating transcription factor 3 
Ctgf NM_010217 2.02 0.00000 connective tissue growth factor 
Ube2q2 AK042515.1 2.01 0.00000 ubiquitin-conjugating enzyme E2Q (putative) 2
Gem NM_010276 1.98 0.00000 GTP binding protein
Arc NM_018790 1.92 0.00000 activity regulated cytoskeletal-associated protein 
Wnt10b NM_011718 1.87 0.00000 wingless related MMTV integration site 10b 
Phlda1 NM_009344 1.73 0.00000 pleckstrin homology-like domain, family A, member 1 
Pdcd2l NM_026549 1.72 0.00000 programmed cell death 2-like 
Mfsd11 NM_178620 1.65 0.00000 major facilitator superfamily domain containing 11
Ecd NM_027475 1.63 0.00000 ecdysoneless homolog (Drosophila) 
D4Wsu53e NM_023665 1.62 0.00000 DNA segment, Chr 4, Wayne State 

University 53, expressed
Mrgpra3 XM_001003345 1.61 0.00000 MAS-related GPR, member A2 
Gadd45g NM_011817 1.61 0.00000 growth arrest and DNA-damage-inducible 45 gamma 
Bag3 NM_013863 1.61 0.00000 Bcl2-associated athanogene 3 
Btg2 NM_007570 1.59 0.00000 B-cell translocation gene 2, anti-proliferative 
Edn1 NM_010104 1.58 0.00000 endothelin 1 
Sfrs10 XR_002915 1.58 0.00000 splicing factor, arginine/serine-rich 10
Hspe1-rs1 XM_911363 1.57 0.00000 heat shock protein 1 (chaperonin 

10), related sequence 1 
Mt1 NM_013602 1.54 0.00000 metallothionein 1 
Mfap1 XM_982954 1.52 0.00000 microfibrillar-associated protein 1
HT1h down FW corrected
3300001P08Rik NM_026313 0.62 0.00000 RIKEN cDNA 3300001P08 gene 
Ptgds NM_008963 0.67 0.00000 prostaglandin D2 synthase (brain) (Ptgds), mRNA 
Cldn5 NM_013805 0.68 0.00000 claudin 5 
Tia1 NM_011585 0.70 0.00000 cytotoxic granule-associated RNA binding protein 1 
Slc7a10 NM_017394 0.72 0.00000 solute carrier family 7, member 10 
D4Wsu53e NM_023665 0.73 0.00000 DNA segment, Chr 4, Wayne State 

University 53, expressed
Sox18 NM_009236 0.74 0.00000 SRY-box containing gene 18 
Slc2a1 NM_011400 0.75 0.00000 solute carrier family 2, member 1 
Lfng NM_008494 0.76 0.00000 lunatic fringe gene homolog (Drosophila) 
Gmpr NM_025508 0.76 0.00000 guanosine monophosphate reductase 
Gmpr NM_025508 0.77 0.00000 guanosine monophosphate reductase 
Hes5 NM_010419 0.79 0.00000 hairy and enhancer of split 5 (Drosophila) 
Ramp2 NM_019444 0.80 0.00000 receptor (calcitonin) activity modifying protein 2 
H1f0 NM_008197 0.80 0.00440 H1 histone family, member 0 (H1f0), mRNA 
Sult1a1 NM_133670 0.80 0.00000 sulfotransferase family 1A, phenol-

preferring, member 1 
Gjb6 NM_001010937 0.80 0.00000 gap junction membrane channel protein beta 6 
Bcl6 NM_009744 0.81 0.00000 B-cell leukemia/lymphoma 6 
Pdgfra NM_011058 0.81 0.00000 platelet derived growth factor 

receptor, alpha polypeptide 
AB182283 XM_109794 0.81 0.00000 cDNA sequence AB182283 
Snx14 NM_172926 0.81 0.00000 sorting nexin 14 
Mfsd2 NM_029662 0.82 0.00000 major facilitator superfamily domain containing 2 
Coro1a NM_009898 0.82 0.00000 coronin, actin binding protein 1A 
Rnase4 NM_021472 0.82 0.01360 ribonuclease, RNase A family 4 
Pcdh20 NM_178685 0.82 0.00000 protocadherin 20 
Dicer1 NM_148948 0.82 0.00000 Dicer1, Dcr-1 homolog (Drosophila) 
BC022623 NM_177632 0.82 0.00000 cDNA sequence BC022623 
Mylip NM_153789 0.82 0.00000 myosin regulatory light chain interacting protein 
Lrfn2 NM_027452 0.83 0.00000 leucine rich repeat and fibronectin 

type III domain containing 2 
Tfrc NM_011638 0.83 0.00000 transferrin receptor 
Sfrs6 NM_026499 0.83 0.00000 splicing factor, arginine/serine-rich 6 

Table 1 continues
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Gene name Refseq ID Ratio P-value Description
HT3d up BH corrected
Nfix NM_010906 1.33 0.04021 nuclear factor I/X 
Elavl3 NM_010487 1.23 0.02799 ELAV-like 3 (Hu antigen C) 
Dpysl3 NM_009468 1.17 0.00831 dihydropyrimidinase-like 3 
Hmgb1 NM_010439 1.16 0.01127 high mobility group box 1 
Tia1 NM_011585 1.15 0.03621 cytotoxic granule-associated RNA binding protein 1 
Ptprd NM_001014288 1.14 0.01531 protein tyrosine phosphatase, receptor type, D 
Nrxn3 NM_172544 1.14 0.02612 neurexin III 
S100a4 NM_011311 1.13 0.04453 S100 calcium binding protein A4 
BC011426 NM_145490 1.13 0.00900 cDNA sequence BC011426 
Tm7sf2 NM_028454 1.12 0.00949 transmembrane 7 superfamily member 2 
Nrxn1 NM_020252 1.12 0.04571 neurexin I 
Pabpn1 NM_019402 1.12 0.02649 poly(A) binding protein, nuclear 1 
Mfge8 NM_008594 1.12 0.00905 milk fat globule-EGF factor 8 protein 
Vcam1 NM_011693 1.12 0.04818 vascular cell adhesion molecule 1 
Lbp NM_008489 1.12 0.04571 lipopolysaccharide binding protein 
Hod NM_175606 1.11 0.02649 homeobox only domain 
Tnc NM_011607 1.11 0.04571 tenascin C 
Fgfr1 NM_001079908 1.11 0.04571 fibroblast growth factor receptor 1 
Mark2 NM_007928 1.10 0.04561 MAP/microtubule affinity-regulating kinase 2 
Aqp4 NM_009700 1.10 0.02464 aquaporin 4 
Hrasls3 NM_139269 1.10 0.04818 HRAS like suppressor 3 
H2afx NM_010436 1.10 0.02750 H2A histone family, member X 
Atic NM_026195 1.10 0.02338 AICAR transformylase/IMP cyclohydrolase 
Rpl12 NM_009076 1.10 0.02750 ribosomal protein L12 
Chl1 NM_007697 1.10 0.03993 cell adhesion molecule with homology to L1CAM 
Mapre1 NM_007896 1.09 0.01531 microtubule-associated protein, 

RP/EB family, member 1 
Tmem145 NM_183311 1.09 0.04818 transmembrane protein 145 
Ltbp3 NM_008520 1.09 0.00900 latent transforming growth factor 

beta binding protein 3 
Ddx20 NM_017397 1.09 0.04571 DEAD (Asp-Glu-Ala-Asp) box polypeptide 20 
Ugp2 NM_139297 1.09 0.04021 UDP-glucose pyrophosphorylase 2 
Fmnl1 NM_001077698 1.09 0.03334 formin-like 1 
Pbxip1 NM_146131 1.09 0.04571 pre-B-cell leukemia transcription 

factor interacting protein 1 
L2hgdh NM_145443 1.08 0.02612 L-2-hydroxyglutarate dehydrogenase 
Cav1 NM_007616 1.08 0.04571 caveolin, caveolae protein 1 
Col6a1 NM_009933 1.08 0.04921 procollagen, type VI, alpha 1 
HT3d down BH corrected
Hbb-b2 NM_008220 0.74 0.00074 hemoglobin, beta adult minor chain 
Hba-a2 NM_008218 0.82 0.03069 hemoglobin alpha, adult chain 2 
Mal NM_010762 0.85 0.00108 myelin and lymphocyte protein, T-

cell differentiation protein 
Adrb3 NM_013462 0.87 0.03621 adrenergic receptor, beta 3 
Htra1 NM_019564 0.88 0.01609 HtrA serine peptidase 1 
Gjb6 NM_001010937 0.88 0.03621 gap junction membrane channel protein beta 6 
Mobp NM_001039364 0.88 0.01999 myelin-associated oligodendrocytic basic protein 
Vsnl1 NM_012038 0.89 0.03998 visinin-like 1 
9530077C05Rik NM_026739 0.90 0.03664 RIKEN cDNA 9530077C05 gene 
Cnp1 NM_009923 0.90 0.02820 cyclic nucleotide phosphodiesterase 1 
Mag NM_010758 0.90 0.03179 myelin-associated glycoprotein 
Rasd1 NM_009026 0.90 0.04021 RAS, dexamethasone-induced 1 
Lynx1 NM_011838 0.91 0.03010 Ly6/neurotoxin 1 
Ly6c NM_010738 0.91 0.04021 lymphocyte antigen 6 complex, locus A 
4931407K02Rik NM_029946 0.91 0.02649 RIKEN cDNA 4931407K02 gene 
Gsn NM_146120 0.91 0.04571 gelsolin 
Ltb4r2 NM_020490 0.91 0.02464 leukotriene B4 receptor 2 
Mfap4 NM_029568 0.92 0.02649 microfibrillar-associated protein 4 
Itpka NM_146125 0.92 0.04571 inositol 1,4,5-trisphosphate 3-kinase A 
Shank3 NM_021423 0.92 0.04818 SH3/ankyrin domain gene 3 
Ecm2 NM_001012324 0.92 0.03179 extracellular matrix protein 2, female 

organ and adipocyte specific 
Psma1 NM_011965 0.92 0.04388 proteasome (prosome, macropain) 

subunit, alpha type 1 
Pkhd1 NM_153179 0.92 0.04818 polycystic kidney and hepatic disease 1 
Lgi4 NM_144556 0.92 0.04571 leucine-rich repeat LGI family, member 4 
Mid1 NM_010797 0.92 0.04571 midline 1 
Sh3bgrl3 NM_080559 0.92 0.03018 SH3 domain binding glutamic acid-rich protein-like 3 
Ctcfl XM_913620 0.93 0.04818 CCCTC-binding factor (zinc finger protein)-like 
Olfr1298 NM_146886 0.93 0.04668 olfactory receptor 1298 

Table 1 continued and continues
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Gene name Refseq ID Ratio P-value Description
HT14d up BH corrected
Ncor1 NM_011308 1.27 0.04663 nuclear receptor co-repressor 1 
Cnp1 NM_009923 1.26 0.01587 cyclic nucleotide phosphodiesterase 1 
Cldn11 NM_008770 1.24 0.01367 claudin 11 
Snx30 NM_172468 1.21 0.01446 sorting nexin family member 30 
Efhc2 NM_028916 1.18 0.03173 EF-hand domain (C-terminal) containing 2 
Wasl NM_028459 1.15 0.01446 Wiskott-Aldrich syndrome-like (human) 
Hspa8 NM_031165 1.15 0.01446 heat shock protein 8 
Card11 NM_175362 1.15 0.01587 caspase recruitment domain family, member 11 
HT14d down BH corrected
A630075K04 XM_974206 0.85 0.02904 RIKEN cDNA A630075K04 gene
Mgp NM_008597 0.86 0.00460 matrix Gla protein 
HT56d down FW corrected
Camk2a NM_177407 0.90 0.0318 calcium/calmodulin-dependent protein kinase II alpha 
Table 1 continued. Top 30 differentially expressed genes (up- and down-regulated) at HT1h and all differentially 
expressed Refseq genes at HT3d, HT14d and HT56d. FW: family wise, BH: Benjamin Hochberg. Ratios represent 
expression values of hyperthermic animals divided by expression values of normothermic animals. 

hand and scanned. Scanned slides were 
quantified and the background-corrected 
with Imagene v5.6.1 (BioDiscovery, El Se-
gundo, USA) and Loess normalized per print-
tip [175]. To identify significant differentially 
expressed transcripts, ANOVA analysis was 
applied (R/MAANOVA version 0.98-3, http://
www.r-project.org/). In a fixed effect analysis, 
sample, array and dye effects were modeled. 
P-values were determined by a permutation 
F2-test, in which residuals were shuffled 5000 
times globally after Benjamin and Hochberg 
(BH) or family-wise (FW) error correction. P < 
0.05 was considered significant. 

Quantitative RT-PCR
cDNA was synthesized from the RNA sam-
ples used for the microarray using oligo-dT 
primers. The qPCR reaction was performed 
using the LightCycler (Roche, Almere, NL) 
and the Fast Start DNA Master PLUS SYB-
Rgreen I kit (Roche). Primer (Sigma Geno-
sys, Cambridge, UK) specifications are listed 
in supplementary table 1. Gene expression 
was calculated as normalized ratio and nor-
malized to the housekeeping gene peptidyl-
prolyl isomerase A (Ppia). All samples were 
analyzed in duplicate and reported as mean 
± standard error of the mean (SEM). To com-
pare qPCR with microarray data, data were 
analyzed using one-tailed Student’s t-tests, 
with P < 0.05 considered significant.

Gene ontology (GO) analysis
For GO and pathway analysis, significant 
transcript lists (P < 0.05, minimal 15% 
change) and a reference list comprising all 
transcripts present on the microarray chip 
were imported into the software tool Pan-
ther (www.pantherdb.org) [176]. Of the 
26,754 probes which could be mapped to a 
RefSeq identifier, a total of 18,103 unique 
transcripts could be mapped to Panther and 
these were used to generate the reference 
gene list containing all the annotated genes 
in our microarray screen. Up- and down-
regulated genes lists were mapped against 
the Panther database. Panther’s GO classes 
are greatly abbreviated and simplified to fa-
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Figure 1. Microarray gene expression validation by qPCR 
analysis. Gene expression levels (Rn) in NT (normother-
mic) and HT (hyperthermic) animals. compared to micro-
array gene expression ratios (Rm) indicated below the fig-
ure. P < 0.05 was considered significant (Student’s t-test). 
Indicated are means ± standard error of the mean. 
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  Refseq ID Ratio Description
Apoptosis

Phlda1 NM_009344 1.73 Pleckstrin homology-like domain, family A, member 1
 Mcl1 NM_008562 1.30 Myeloid cell leukemia sequence 1
Cell proliferation/differentiation

Cyr61 NM_010516 7.67 Cysteine rich protein 61
Slit2 NM_178804 5.50 Slit homolog 2 (Drosophila)
Gadd45g NM_011817 1.61 Growth arrest and DNA-damage-inducible 45 gamma
Btg2 NM_007570 1.59 B-cell translocation gene 2, anti-proliferative
Edn1 NM_010104 1.58 Endothelin 1
Myd116 NM_008654 1.33 Myeloid differentiation primary response gene 116

 Gadd45b NM_008655 1.31 Growth arrest and DNA-damage-inducible 45 beta
Cell structure

Ank3 NM_170689 1.33 Ankyrin 3, epithelial
 Cldn5 NM_013805 0.68 Claudin 5
Chaperone/Chaperonin

Hsp110 NM_013559 2.45 Heat shock protein 110
Hspb1 NM_013560 2.35 Heat shock protein 1
Dnajb1 NM_018808 2.19 DnaJ (Hsp40) homolog, subfamily B, member 1
Bag3 NM_013863 1.61 Bcl2-associated athanogene 3
XM_911363 XM_911363 1.57 Similar to 10 kDa heat shock protein, mitochondrial
Hspd1 NM_010477 1.37 Heat shock protein 1 (chaperonin)
Dnaja4 NM_021422 1.36 DnaJ (Hsp40) homolog, subfamily A, member 4

 EG623924 XM_974050 1.33 Predicted gene, EG623924
Development

Arc NM_018790 1.92 Activity regulated cytoskeletal-associated protein
Wnt10b NM_011718 1.87 Wingless related MMTV integration site 10b
Fbxo5 NM_025995 1.33 F-box protein 5
Adm NM_009627 1.32 Adrenomedullin
Adamts1 NM_009621 1.31 A disintegrin-like and metallopeptidase (reprolysin 

type) with thrombospondin type 1 motif, 1
Lfng NM_008494 0.76 Lunatic fringe gene homolog (Drosophila)

 Ptgds NM_008963 0.67 Prostaglandin D2 synthase (brain)
G-protein mediated signaling

Gem NM_010276 1.98 GTP binding protein (gene overexpressed in skeletal muscle)
 XM_001003345 XM_001003345 1.61 Similar to MAS-related GPR, member A2
mRNA splicing

Rbm12b NM_028226 1.41 RNA binding motif protein 12B
Tia1 NM_011585 0.70 Cytotoxic granule-associated RNA binding protein 1

 3300001P08Rik NM_026313 0.62 RIKEN cDNA 3300001P08 gene
mRNA transcription

Jun NM_010591 3.06 Jun oncogene
Nr4a1 NM_010444 2.93 Nuclear receptor subfamily 4, group A, member 1
Fos NM_010234 2.88 FBJ osteosarcoma oncogene
Egr1 NM_007913 2.52 Early growth response 1
Atf3 NM_007498 2.06 Activating transcription factor 3
Pdcd2l NM_026549 1.72 Programmed cell death 2-like
Ecd NM_027475 1.63 Ecdysoneless homolog (Drosophila)
Hes1 NM_008235 1.44 Hairy and enhancer of split 1 (Drosophila)
Id1 NM_010495 1.41 Inhibitor of DNA binding 1
Klf10 NM_013692 1.41 Kruppel-like factor 10
Atf4 NM_009716 1.38 Activating transcription factor 4
Nab2 NM_008668 1.38 Ngfi-A binding protein 2
Klf6 NM_011803 1.31 Kruppel-like factor 6
Maff NM_010755 1.30 V-maf musculoaponeurotic fibrosarcoma 

oncogene family, protein F (avian)
 Sox18 NM_009236 0.74 SRY-box containing gene 18
Protein Phosphorylation

Dusp1 NM_013642 2.27 Dual specificity phosphatase 1
Dusp6 NM_026268 1.38 Dual specificity phosphatase 6
Mast1 NM_019945 1.35 Microtubule associated serine/threonine kinase 1
Aurkb NM_011496 1.35 Aurora kinase B
Ppp2r2a NM_028032 1.31 Protein phosphatase 2 (formerly 2A), regulatory 

subunit B (PR 52), alpha isoform
 Trib1 NM_144549 1.31 Tribbles homolog 1 (Drosophila)
Transporter

Slc2a1 NM_011400 0.75 Solute carrier family 2 (facilitated glucose transporter), member 1
 Slc7a10 NM_017394 0.72 Solute carrier family 7, member 10
Various

Ctgf NM_010217 2.02 Connective tissue growth factor
Amotl2 NM_019764 1.51 Angiomotin like 2
Has1 NM_008215 1.49 Hyaluronan synthase1
Serpine1 NM_008871 1.49 Serine (or cysteine) peptidase inhibitor, clade E, member 1
XM_992322 XM_992322 1.36 Similar to H-2 class I histocompatibility 

antigen, L-D alpha chain precursor
Pcdhb6 NM_053131 1.34 Protocadherin beta 6
Rnmtl1 NM_183263 1.33 RNA methyltransferase like 1

 Gmpr NM_025508 0.76 Guanosine monophosphate reductase
Unclassified

D4Wsu53e NM_023665 0.73-1.62 DNA segment, Chr 4, Wayne State University 53, expressed
Mfsd11 NM_178620 1.65 RIKEN cDNA 2600014M03 gene
Mt1 NM_013602 1.54 Metallothionein 1
EG382804 XM_982954 1.52 Predicted gene, EG382804
Yipf6 XM_985822 1.50 Yip1 domain family, member 6
Ccdc7 NM_029061 1.50 Coiled-coil domain containing 7
Lmbrd1 NM_026719 1.49 LMBR1 domain containing 1
LOC672809 XM_001001544 1.47 Hypothetical protein LOC672809
1200016B10Rik NM_025819 1.42 RIKEN cDNA 1200016B10 gene

 1700007K13Rik NM_027040 1.35 RIKEN cDNA 1700007K13 gene
Table 2. Differentially expressed genes 1 hour after HT (expression change > 1.3), ordered based on gene ontology. 
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Biological Process HT1h up HT1h down HT3d up HT3d down
Stress response [175] 0.0000000392 [14] 0.485 [2] 0.275 [1] 0.776 [0]
Protein folding [128] 0.0000000699 [12] 0.303 [0] 0.791 [0] 0.831 [0]
mRNA transcription regulation [1069] 0.00000068 [33] 0.462 [9] 0.411 [1] 0.205 [0]
mRNA transcription [1424] 0.0000985 [34] 0.431 [12] 0.512 [2] 0.382 [1]
Cell proliferation and differentiation [761] 0.000382 [21] 0.278 [9] 0.161 [3] 0.0946 [3]
Nucleoside/nucleotide/nucleic 
acid metabolism [2526]

0.000771 [48] 0.0415 [32] 0.0334 [9] 0.275 [2]

Immunity and defense [1172] 0.00197 [26] 0.203 [14] 0.637 [2] 0.236 [3]
Protein phosphorylation [575] 0.00437 [15] 0.554 [5] 0.283 [2] 0.431 [0]
MAPKKK cascade [167] 0.00438 [7] 0.21 0] 0.736 [0] 0.786 [0]
Protein metabolism and 
modification [2458]

0.00698 [43] 0.521 [23] 0.155 [2] 0.294 [2]

Lipid, fatty acid and steroid 
metabolism [683]

0.0845 [4] 0.00191 [15] 0.356 [2] 0.367 [0]

Chromatin packaging and 
remodeling [163]

0.584 [2] 0.00445 [6] 0.258 [1] 0.79 [0]

Phospholipid metabolism [128] 0.214 [0] 0.00724 [5] 0.791 [0] 0.831 [0]
Cell adhesion-mediated signaling [312] 0.517 [4] 0.212 [1] 0.0000197 [6] 0.364 [1]
Cell communication [988] 0.211 [15] 0.314 [11] 0.0000506 [9] 0.051 [4]
Cell adhesion [497] 0.286 [4] 0.492 [5] 0.000253 [6] 0.516 [1]
Neurogenesis [533] 0.111 [10] 0.446 [4] 0.00266 [5] 0.541 [1]
Ectoderm development [605] 0.115 [11] 0.334 [4] 0.00457 [5] 0.587 [1]
Pre-mRNA processing [215] 0.26 [4] 0.323 [3] 0.00704 [3] 0.733 [0]
Blood circulation and gas exchange [79] 0.0707 [3] 0.479 [0] 0.865 [0] 0.00579 [2]
Molecular Function HT1h up HT1h down HT3d up HT3d down
Chaperone [142] 0.00000000297 [14] 0.266 [0] 0.771 [0] 0.815 [0]
Chaperonin [20] 0.000112 [4] 0.83 [0] 0.964 [0] 0.972 [0]
Other chaperones [79] 0.000431 [6] 0.479 [0] 0.865 [0] 0.892 [0]
Transcription factor [1524] 0.000719 [33] 0.344 [16] 0.465 [2] 0.343 [1]
Hsp 70 family chaperone [11] 0.00796 [2] 0.903 [0] 0.98 [0] 0.984 [0]
Histone [51] 0.542 [0] 0.00141 [4] 0.0891 [1] 0.929 [0]
Nuclease [153] 0.158 [0] 0.00328 [6] 0.755 [0] 0.802 [0]
Transferase [744] 0.115 [5] 0.00424 [15] 0.397 [2] 0.335 [0]
Glycosyltransferase [192] 0.328 [1] 0.00957 [6] 0.703 [0] 0.757 [0]
Cell adhesion molecule [320] 0.537 [4] 0.427 [2] 0.000273 [5] 0.372 [1]
Other receptor [207] 0.288 [1] 0.128 [4] 0.00635 [3] 0.741 [0]
CAM family adhesion molecule [71] 0.574 [1] 0.516 [0] 0.00752 [2] 0.0973 [1]
Extracellular matrix structural protein [73] 0.415 [0] 0.493 [1] 0.00793 [2] 0.0999 [1]
Myelin protein [12] 0.866 [0] 0.894 [0] 0.978 [0] 0.000142 [2]
Select calcium binding protein [235] 0.0584 [0] 0.111 [0] 0.0685 [2] 0.00457 [3]
Pathway HT1h up HT1h down HT3d up HT3d down
Circadian clock system [13] 0.000558 [3] 0.886 [0] 0.977 [0] 0.981 [0]
Apoptosis signaling pathway [120] 0.000692 [7] 0.693 [1] 0.803 [0] 0.841 [0]
Oxidative stress response [65] 0.00123 [5] 0.546 [0] 0.888 [0] 0.911 [0]
Table 3. Statistical analysis of gene ontology (GO) classifications. GO classes with P < 0.01 are shown. Numbers in 
parenthesis represent total number of genes annotated per class in the reference gene list (most left) and in the gene 
lists. Bold indicates P < 0.01. HT1h: 1 hour after hyperthermia (HT), HT3d: 3 days after HT.

cilitate high-throughput analyses. Significant 
lists were statistically compared to the refer-
ence list for significant over-representation of 
genes within the GO classes for molecular 
function, biological process and pathways. 
Only highly significant (P < 0.01) GO classes 
are shown. Significant GO classes with only 

one regulated gene were excluded. More 
in-depth analyses were performed with the 
software tool Webgestalt (bioinfo.vanderbilt.
edu/webgestalt) [177], which is unsupervised 
and uses all the GO classes from the GO 
consortium [178]. To identify overrepresented 
transcription factor-binding sites within the 
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promoters of genes in our significant gene 
lists, the web tool GATHER (gather.genome.
duke.edu) was used [256].

RESULTS

Hippocampal mRNA expression 1 
hour after prolonged febrile seizures
To investigate acute mRNA expression chang-
es induced by prolonged FS, hippocampal 
mRNA content of HT mice was compared 
with NT mice (HT1h group) by microarray 
hybridization. 1952 statistically significant dif-
ferentially expressed probes were identified 
(BH error correction). Because of the large 
number of significant probes, we applied a 
more stringent error correction method (FW 
error correction). After FW error correction 
660 statistically significant differentially ex-
pressed probes were identified. Of these 
660, 461 probes were up-regulated and 199 
probes were down-regulated in HT mice. Fil-
tering by fold-change (at least 15% change), 
resulted in 259 (231 coding for known Refseq 
genes, 220 unique) up-regulated probes and 
192 (184 coding, 172 unique) down-regulat-
ed probes. Several highly up-regulate genes 
belong to the immediate early genes (for ex-
ample Cyr61, Jun, Fos, Egr1 and Nr4a1) and 
to heat-shock proteins (Hsp110, Hspb1 and 
Dnajb1). Top 10 down-regulated genes in-
clude Slc2a1, Sox18, Cldn5 and Ptgds. Table 
1 lists the top 30 up- and down-regulated 
genes. Table 2 lists and orders the genes 
(expression changes > 1.30x) based on gene 
ontology. All significant genes are listed in 
supplementary table 2. 
To independently validate the HT1h microar-
ray results, we used qPCR to quantify mRNA 
levels of several genes in the HT and NT 
animals. Jun, Cyr61, Atf3, Egr1 and Arc were 
selected for validation (figure 1). Verifying 
microarray results, these five genes were 
up-regulated in HT animals compared to NT 
animals.

Short- and long-term mRNA expression 
changes in the hippocampus after 
prolonged FS
To investigate the short- and long-term mRNA 
expression changes induced by prolonged 
FS, hippocampal HT3d, HT14d and HT56d 
tissue was used for microarray analysis. At 
these time-points statistical analysis (with 
stringent FW error correction) revealed that 
the genes Hbb-b2, Mal and Mobp were down-
regulated at HT3d. Mgp was down-regulated 
and Cldn11 was up-regulated at HT14d. 
Camk2a was down-regulated at HT56d. Less 
stringent error correction (BH correction) 
showed that at HT3d, 91 probes (35 up- and 
28 down-regulated unique Refseq genes) 
were differentially expressed, at HT14d 12 
probes (8 up- and 2 down-regulated Refseq 
genes) and at HT56d one down-regulated 
probe (Camk2a). Table 1 lists all unique Ref-
seq genes regulated at these time-points. 
Among the down-regulated genes at HT3d 
several myelin associated genes were identi-
fied (Mobp, Cnp1, Mag, and Lgi4). The up-
regulated genes included Hmgb1, Nrxn1 and 
Nrxn3. Instead of down-regulated, several 
myelin associated genes were up-regulated 
at HT14d (Cldn11 and Cnp1).

Gene ontology (GO) analysis of acutely 
regulated genes
To identify functionally relevant gene clus-
ters acutely regulated after prolonged FS we 
performed GO analysis using the web tool 
Panther. This analysis groups differentially 
expressed genes according to molecular 
function, biological processes and pathways. 
Significant gene lists (HT1h) were uploaded 
and mapped against the Panther database. 
217 unique transcripts out of 231 up-regu-
lated probes and 168 unique transcripts out 
of 184 down-regulated probes could be 
mapped against the Panther database. Gene 
lists were statistically compared to the refer-
ence gene list to identify significant overrep-
resentation of genes within the gene ontology 
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classes for molecular functions and biological 
processes (table 3). Although for exploratory 
research P-values < 0.05 are often used, 
we used a cutoff of 0.01 to select the most 
relevant functions and processes. The most 
striking over-representation of up-regulated 
genes was found in stress response, protein 
folding, mRNA transcription regulation, cell 
proliferation/differentiation and chaperone/
chaperonin classes. Immunity/defense and 
MAPKKK cascade genes were also over-
represented. In the down-regulated genes, 
nuclear processes were overrepresented 
(chromatin packaging and remodeling, his-
tones and nucleases). 
More detailed analysis (Webgestalt) of up-
regulated genes showed overrepresentation 
of heat response (5 genes, P = 0.0000028), 
glial cell differentiation (3 genes, P = 0.0035), 
angiogenesis (9 genes, P = 0.000017), 
MAPK phosphatase activity (3 genes, P = 
0.000079) and nuclear genes (72 genes, P 

= 0.000000011). Detailed analysis of down-
regulated genes showed over-representation 
of electrochemical potential-driven transport-
er activity (6 genes, P = 0.0072) and iron ion 
transporter activity (2 genes, P = 0.00028).

Gene ontology (GO) analysis of short 
and long-term regulated genes
Significant gene lists were uploaded and 
mapped against the Panther database. For 
HT3d 33 unique up-regulated transcripts and 
26 unique down-regulated transcripts and 
for HT14d 8 up-regulated transcripts and 2 
down-regulated transcripts could be mapped 
against the Panther database. At 56 days 
after HT only Camk2a was regulated and 
therefore this time-point was not investigated 
using Panther. Gene lists were statistically 
compared to the reference list as described 
before. At 3 days after HT genes involved in 
cell adhesion (6 genes, P = 0.0000197) and 
communication (9 genes, P = 0.0000506) 

Annotation % 
genome

% 
genelist

# genes Bayes 
factor

P-value

V$E2F1_Q3_01 27 50 82 16 6.59E-06
V$E2F1_Q6: E2F-1 51 74 121 15 6.59E-06
V$E2F_Q3_01 34 56 92 14 6.59E-06
V$CREB_02: cAMP-responsive 
element binding protein

10 26 42 12 6.59E-06

V$E2F1_Q6_01 35 55 90 11 6.59E-06
V$CREBATF_Q6 29 46 75 8 6.59E-06
V$EGR3_01: early growth 
response gene 3 product

1 7 11 8 6.59E-06

V$DEAF1_01 19 34 56 8 6.59E-06
V$E2F1DP1_01: E2F-1:DP-1 heterodimer 28 45 73 7 9.93E-06
V$E2F_Q4: E2F 34 51 83 7 1.65E-05
V$E2F_Q6: E2F 73 87 143 7 1.65E-05
V$ATF1_Q6 6 16 9 7 2.30E-05
V$ATF_B: ATF binding site 3 10 17 7 2.65E-05
V$ATF_01: activating transcription factor 10 21 35 6 3.30E-05
V$CREB_Q4: cAMP-response 
element binding protein

8 18 30 6 3.30E-05

V$EGR2_01: Egr-2 1 7 11 6 3.30E-05
V$E2F1_Q4: E2F-1 28 43 71 6 4.97E-05
V$ATF4_Q2: activating transcription factor 4 24 38 63 6 4.97E-05
V$CREB_Q4_01 29 44 72 6 5.95E-05
Table 4. Statistical analysis (http://gather.genome.duke.edu) of transcription binding sites within the promoters of the 
HT1h up-regulated significant gene list. All transcription binding motives with Bayes factor > 6 are listed.
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were overrepresented in the up-regulated 
gene list. Neurogenesis genes (5 genes, P 
= 0.00266) were also overrepresented (table 
3). Myelin genes (2 genes, P = 0.000142) 
and genes involved in blood circulation and 
gas exchange (2 genes, P = 0.00579) were 
overrepresented in the down-regulated gene 
list (table 3). No statistically significant over-
represented GO classes were present in the 
14 days after HT gene lists.

Pathway analysis
To identify functionally relevant pathways we 
performed pathway analysis using the web 
tool Panther (table 3). At HT1h circadian 
clock system, apoptosis signaling and oxi-
dative stress response genes were overrep-
resented in the acutely up-regulated genes. 
At HT3d, HT14d and HT56d no significant 
overrepresented pathways were present. 
HT1h pathways were also investigated us-
ing Webgestalt. MAPK signaling pathway 
(KEGG pathways; 12 genes P = 0.000028), 
oxidative stress induced gene expression 
via Nrf2 (Biocarta pathways; 3 genes P = 
0.00000038), regulation of MAP kinase path-
ways through dual specificity phosphatases 
(Biocarta; 3 genes P = 0.00011) and pertus-
sis toxin-insensitive CCR5 signaling in mac-
rophage (Biocarta; 2 genes P = 0.0099) were 
overrepresented in the up-regulated genes. 
The chondroitin sulfate biosynthesis pathway 
(KEGG; 3 genes P = 0.00048) was overrep-
resented in the down-regulated genes.

Transcription factor binding site analysis
To identify factors important in transcriptional 
regulation in the acute phase after HT, over-
representation of transcription factor-binding 
sites within the promoters of the HT1h up-
regulated significant gene lists were investi-
gated. Of 220 unique probes with a Refseq 
identifier, 164 had a TRANSFAC annotation. 
Of these 164, 82 genes contained an E2f 
motive (Bayes factor 16.4, P = 6.6e-6) and 
42 genes contained a CREB motive (Bayes 

factor 12.2, P = 6.6e-6). Other significant mo-
tives include Egr2-3, Deaf, Atf1,-3 and -4. 
All transcription factor binding motives with 
Bayes factor > 6 are listed in table 4.

DISCUSSION

FS are one of the most common early pre-
cipitating lesions in the etiology of TLE. Thus, 
the elucidation of the acute, short- and long-
term effects of FS is of great importance. 
We hypothesized that FS induce expression 
changes in a group of critical mediators, 
which in their turn induce changes in func-
tional mediators ultimately leading to the 
functional changes observed and possibly 
TLE [reviewed by 110] (summarized in fig-
ure 2). Therefore, we investigated the acute, 
short- and long-term effects of FS on mRNA 
expression in a mouse model for FS. Hippo-
campal expression profiles of normothermic 
control mice were compared to those of ani-
mals that experienced prolonged FS at HT1h 
(critical mediators), HT3d, HT14d and HT56d 
(functional mediators).

Critical mediators after prolonged FS
Investigating the acute effects (HT1h) of 
prolonged experimental FS on hippocampal 
gene expression can provide insight in the 
initial processes leading to functional altera-
tions. We identified 660 significant differen-
tially expressed probes and have verified 
several of these effects by qPCR expression 
analysis (figure 1). As expected, we iden-
tified several up-regulated immediate early 
genes (IEG) and heat-shock proteins. Among 
the IEG was Fos, which was also found to 
be up-regulated in an earlier FS study [119]. 
Up-regulation of heat-shock proteins was ex-
pected in response to hyperthermia, [257], 
but interestingly, up-regulation of these genes 
was also shown in response to seizures and 
in human epilepsy [258,259]. We found that 
more than 30% (23 of 62; see table 5) of 
our HT1h differentially expressed genes 
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are identical to those identified acutely after 
nicotine-induced seizures [260]. Additionally, 
five out of six genes identified as seizure 
responsive genes after pentylenetetrazol-in-
duced generalized seizures [261], were also 
identified in our study (Fbxo33, Egr1, Nr4a1, 
Btg2 and Sgk). Thus, although it is difficult to 
distinguish between hyperthermia and sei-
zure responsive genes, our results indicate 
that some of the acute expression changes, 
presumably at least those genes previously 
associated with seizures, may be considered 
as critical mediators in the early phases after 
FS. 

To identify gene clusters involved in specific 
biological processes, molecular functions 
and pathways, we performed an unbiased 
analysis of over-representation in the signifi-
cant up- and down-regulated transcript list (P 
< 0.05, minimal 15% change; supplementary 
table 1). Genes involved in the biological pro-
cess of stress response and protein folding 
were highly over-represented in the up-regu-
lated transcript list. Most of these genes are 
chaperones and are likely to be up-regulated 
in response to fever and seizures. Genes 
involved in mRNA transcription regulation, 
cell proliferation and differentiation, immunity 
and defense were also over-represented. 
Most of the genes involved in transcriptional 
regulation were also classified as immediate 
early genes and act as transcription factors. 
Therefore we analysed over-representation 
of transcription factor-binding sites within the 
promoters of up-regulated significant tran-
scripts (table 4). Several over-represented 
binding motives showed regulation of the 
corresponding transcription factor family. For 
example, Atf4 was up-regulated and 63 up-
regulated genes contained the Atf4 binding 
site in their promoter (V$ATF4_Q2), which 
was a significant over-representation. In the 
down-regulated transcript list most strik-
ing over-representation was present in the 
classes chromatin packaging/remodeling, 

histone and nucleases, implying more effects 
on transcriptional regulation. These results 
show that transcriptional programs can be 
identified from complex gene lists and that 
transcriptional regulation acutely after pro-
longed FS model shares properties with oth-
er seizure models [260,261].
 
Gene ontology analysis showed that the 
MAPK signaling pathway was over-repre-
sented in the acutely up-regulated genes. 
Activation of the MAPK signaling pathway 
is in agreement with the transcription fac-
tor binding site analysis (table 4). All major 
MAPK cascades were activated [reviewed 
by 262,263]: the ERK signaling cascade or 
classical MAPK cascade, which is involved 
in proliferation and differentiation (see table 
3); the c-Jun N-terminal kinase (JNK) cas-
cade, which is involved in proliferation, dif-
ferentiation and inflammation; the p38 MAPK 
cascade, which is involved in differentiation 
and apoptosis; and finally the ERK5 cascade, 
which is involved in proliferation and differen-
tiation. The combined activation of all MAPK 
cascades probably resulted from the paral-
lel effects of seizure activity and heat-shock. 
Heat-shock studies in rats (50 minutes at 41-
41.5°C) identified in the hippocampus only 
activation of the p38 MAPK cascade, while 
the ERK en JNK signaling cascades were 
down-regulated [264]. Our results show ac-
tivation of all three signaling cascades, sug-
gesting that the ERK en JNK signaling cas-
cades were activated specifically in response 
to seizures. Kainate-induced seizures appear 
to activate only the JNK signaling cascade 
[265]. ERK2 has been implicated in human 
epilepsy [266] and has been shown to re-
spond to glutamate levels. A recent study 
also showed that chronic ERK activation in-
vivo caused phosphorylation of CREB (up-
regulated in our study), increased transcrip-
tion of Efnb2 and augmented NMDA recep-
tor 2B (NR2B) protein levels [267]. Efnb2 
over-expression resulted in increased NR2B 
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tyrosine phosphorylation, which was found 
to be essential for chronic ERK activation-
induced epilepsy in vivo [267]. NR2B levels 
were also found to be up-regulated in TLE 
patients [268]. In our study Efnb2 expression 
tended to be increased, but the increase was 
not significant after correction for multiple 
testing. Mapk1 (ERK2) and possibly Efnb2, 
could be critical mediators shortly after FS, 
contributing to transforming the brain to a 
more seizure susceptible state. 

Functional mediators after prolonged FS
Investigating short- and long-term molecular 
alterations after prolonged FS can provide 
insight in the genes contributing to the func-
tional changes described in this model [re-
viewed by 110,195]. Therefore gene expres-
sion was investigated in HT3d, HT14d and 
HT56d groups and when relevant related to 

critical mediators (HT1h). 

At HT3d cell adhesion/communication, extra-
cellular matrix and neurogenesis genes were 
over-represented in up-regulated genes, 
while myelin (eg. Cnp1 and Lgi4) and cal-
cium binding proteins were over-represented 
in down-regulated genes. At HT14d no over-
representation of GO classes was present, 
but several interesting genes were regulated 
(up-regulation of myelin genes Cldn11, Cnp1 
and actin remodeling gene Wasl). Regula-
tion of adhesion/communication, extracel-
luar matrix, neurogenesis, myelin and actin 
genes suggests active neuronal repair and 
remodeling in the post-FS hippocampus. Up-
regulation of these genes (eg. Tnc and Cnp1) 
may indicate active mossy fiber sprouting at 
HT14d [133,269], which occurs in this model 
[113]. Several other genes involved in neuro-

Gene Description Febrile 
seizures (HT1h)

Nicotine 
seizures

Ak3l1 adenylate kinase 3 alpha-like 1 1.13 1.33
Atf3 activating transcription factor 3 2.06 2.17
Btg2 B-cell translocation gene 2, anti-proliferative 1.59 1.63
Cyr61 cysteine rich protein 61 7.67 2.27
Dusp1 dual specificity phosphatase 1 2.27 1.57
Dusp6 dual specificity phosphatase 6 1.38 1.57
Egr1 early growth response 1 2.25 1.47
Egr2 early growth response 2 1.17 2
Errfi1 ERBB receptor feedback inhibitor 1 1.2 1.61
Fos FBJ osteosarcoma oncogene 2.88 3.34
Gem GTP binding protein 1.98 2.18
Klf10 Kruppel-like factor 10 1.41 1.6
Klf4 Kruppel-like factor 4 1.23 1.85
Nedd9 neural precursor cell expressed, developmentally 

down-regulated gene 9
1.12 1.32

Nr4a1 nuclear receptor subfamily 4, group A, member 1 2.93 2.74
Pcf11 cleavage and polyadenylation factor subunit homolog 1.19 1.34
Per1 period homolog 1 1.21 1.73
Ppan peter pan homolog 1.16 1.45
Rgs2 regulator of G-protein signaling 2 1.14 1.42
Sgk serum/glucocorticoid regulated kinase 1.2 1.74
Sox18 SRY-box containing gene 18 0.74 0.66
Tiparp TCDD-inducible poly(ADP-ribose) polymerase 1.16 1.64
Txnip thioredoxin interacting protein 1.23 1.36
Table 5. Overlap between genes regulated at HT1h and after nicotine-induced seizures [260].
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nal repair and remodeling showed a tendency 
to up-regulation at HT14d (Gfap, Kif1b, Vsnl1, 
Qk, Mag, Jup, Spin1 and Mbp), although this 
was not significant after error-correction. The 
FS model used in our study does not induce 
massive neuronal cell death and gliosis [113], 
but our results shows modest actin and my-
elin remodeling. Moreover, Gfap tended to 
be up-regulated, but to a variable degree, 
and was not significant after error-correction. 
Gfap up-regulation suggests reactive astro-
gliosis [270] which is also present in other 
TLE animal models and in human TLE [271]. 
In our study we used one of the most FS 
sensitive strains (C57BL/6J) [254], However, 
this strain is rather resistant to chemically- 
and electrically-induced seizures, which are 
accompanied by pronounced neuronal death 
[272]. Investigating the long-term effects of 
FS in a mouse strain more prone to neurode-
generation may be more suitable to investi-
gate FS-induced changes in actin and myelin 
remodeling. 

At 56 days after HT Camk2a was significantly 
down-regulated. Although, this was the only 
regulated gene at this time-point the impli-
cations are profound. Camk2 is abundantly 
expressed in the brain as a major constituent 
of the postsynaptic density and is involved 
in glutamate receptor trafficking during long-
term potentiation (LTP) [273]. Reduced ex-
pression of Camk2a has been shown to in-
duce limbic seizures in a dose-dependent 
way and several epilepsy/epileptogenesis 
models have also shown a down-regulation 
or reduced activity of this gene [reviewed by 
133]. The evidence of reduced CAMK2 activ-
ity during epileptogenesis, supported by ge-
netic and pharmacological studies, suggests 
that reduced CAMK2 activity is sufficient to 
induce changes that render the brain epilep-
tic and suggests that Camk2a plays a pivotal 
role in epileptogenesis irrespectively of the 
epilepsy model used. Data from a recurrent 
FS model has also shown that repetitive FS 

impair LTP [274], while recent data from our 
group suggests enhanced LTP after pro-
longed FS (Notenboom, Ramakers and de 
Graan, in preparation). The precise role of 
reduced Camk2a expression after prolonged 
experimental FS needs to be further investi-
gated.
Previous studies have shown that the CB1 
receptor (Cnr1) was robustly up-regulated 
in the whole hippocampus 2-10 days after 
experimental FS [109,118]. We did not find 
an up-regulated for this receptor, indicat-
ing that this receptor is regulated at protein 
level in this model. Although we did observe 
electrophysiological changes consistent with 
Hcn-channel expression alterations [254], we 
did not observe expressional differences for 
subunits of this channel, which have been 
described in this model before [117]. Modest 
Hcn-channel subtype expression differences 
were observed in specific sub-regions of the 
hippocampus and thus may have escaped 
detection in whole hippocampal samples.

Processes both critically and functionally 
involved after prolonged FS
Gene ontology analysis showed that the im-
munity and defense class was over-repre-
sented in the up-regulated genes at HT1h. 
Immunity and defense genes (26 transcripts 
up-regulated) included the chemokines Ccl2 
and -3 (both 1.2x up-regulated), which are 
important mediators of CCR5 signaling in 
macrophages [158]. Up-regulation of these 
chemokines was previously found in hippo-
campi of TLE patients [195], and in several 
animal models for epilepsy [144,reviewed by 
156]. They are important mediators of the 
innate immunity in response to stress, injury 
or infection [158] but can also have direct 
effects on neurons [215]. Ptgds, the gene re-
sponsible for synthesis of brain PGD2 was ro-
bustly down-regulated at HT1h (ratio: 0.67). A 
recent study also showed that Ptgds among 
other components of the prostaglandin path-
way, was acutely down-regulated after elec-
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trically induced status epilepticus, while up-
regulated in the latent and chronic phases 
[144]. In our study, Ptgds was the only affect-
ed gene in this pathway. Physiological con-
centrations of PGD2 were shown to potently 
rescue neurons in excitotoxicity paradigms 
[275,276], while conversely, in the context of 
an inflammatory stimulus enhances neuronal 
injury [277,278]. Additionally, PGD2 has been 
shown to have seizure-inhibiting properties 
[279]. A reduction in Ptgds will likely result in 
a reduction of PGD2 levels. In the FS model 
it is impossible to predict the effect of low 
levels of PGD2 as excitotoxicity and inflam-
mation are both present. Ptgds provides a 
promising target for detailed analysis of acute 
and long-term effects of FS. Hmgb1, which 
was up-regulated at HT3d, acts as a potent 
proinflammatory cytokine, responds to ele-
vated levels of tumor necrosis factor-alpha, 
interleukin-beta or lipopolysaccharide and is 
involved at the crossroads of the innate and 
adaptive immunity [reviewed by 280]. More-
over, Card11, a gene also involved in the 
innate and adaptive immune response was 
significantly up-regulated at HT14d [281]. 
The immune system has been implicated in 
both the acute and chronic phases of epi-
lepsy [144,156] and in human TLE [195]. Our 
data show that immunity and defense genes 
are also regulated in the acute, short- and 
long-term phases after FS. They are likely 

to play both critical and functional mediator 
roles during epileptogenesis after FS. 

Further in-depth analysis showed that sev-
eral angiogenesis genes were up-regulated 
at HT1h (Arts1, Ctgf, Cyr61, Id1, Serpine1 
and Tnfrsf12a). Cyr61, which was highly up-
regulated (7.7x), has been shown to promote 
angiogenesis [282], but has also been im-
plicated in neuronal cell death in a JNK and 
Srf (also up-regulated)-dependent way [283]. 
A role of Cyr61 and the other angiogenesis 
genes is also indicated by the up-regula-
tion of Hba-a2 and Hbb-b2, which probably 
represents an increased vascularization. In 
contrast, at HT3d, a down-regulation of the 
blood circulation and gas exchange GO pro-
cess was identified (table 2; genes Hba-a1, 
Hbb-b2 and Adrb3). Angiogenesis occurs in 
both animal models and human TLE [284]. 
Although the effects in the FS model are 
short-lasting, angiogenesis may play a role in 
hippocampal remodeling after FS.

The glutamate-glutamine cycle plays a 
key role in the regulation of glutamatergic 
transmission. Most extra-cellular glutamate 
is transported into glial cell by the glial glu-
tamate transporter (Slc1a2), converted into 
non-toxic glutamine by the enzyme glutamine 
synthetase (Glul). Glutamine is then trans-
ported back to the neuron, where the enzyme 

P10 1H 3D 14D 56D

Figure 2. Time-line diagram showing summary of critical and functional mediators after prolonged experimental febrile 
seizures induced epileptogenesis. Bar blackness shows peak effect of processes. P10: postnatal-day-10; 1H: 1 hour 
after hyperthermia (HT); 3D: 3 days after HT; 14D: 14 days after HT; 56D: 56 days after HT; MAPK: Mitogen-activated 
protein kinases; Glu/Gln cycle: glutamate/glutamine cycle.
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glutaminase (Gls) reconverts glutamine into 
glutamate. All three genes were regulated in 
the acute phase of our study (HT1h). Glul 
was down-regulated, while Slc1a2 and Gls 
were up-regulated. Up-regulation of Slc1a2 
suggests an increased capacity to transport 
extra-cellular glutamate. Down-regulation 
of Glul would reduce conversion of this ex-
tra-cellular glutamate. In the chronic phase 
(HT56d) part of the HT animals showed a 
strong down-regulation of Glul (Average ratio: 
0.80; P-value before correction: 0.000047; 
P-value after correction: 0.40). Reduced ex-
pression of Glul is likely to affect glutamate 
conversion and could lead to glutamate tox-
icity [285]. In parallel with reduced Glul ex-
pression [271,286], slow rates of glutamate-
glutamine cycling have been identified in the 
human TLE hippocampus [287]. Additionally, 
a 50% reduction in Glul dramatically increase 
the susceptibility to FS [chapter 8]. The short- 
and long-term effects of deregulation of this 
cycle are difficult to predict from expression 
studies, but our data suggests that this cycle 
plays both critical and functional roles in epi-
leptogenesis after FS.

Concluding remarks
This study provides the first concise over-
view of the molecular hippocampal changes 
induced by early life prolonged FS in mice. 
More than 600 genes, mainly involved in 
transcription and stress response were dif-
ferentially expressed acutely (1 hour) after 
prolonged FS. Three days later, fever genes 
were differentially expressed; most of them 
are involved in neuronal repair and remodel-
ing, a process that was still active 11 days 
later. Another 6 weeks later these processes 
had normalized, but Camk2a, one of the most 
consistently down-regulated genes in other 
epileptogenesis models, was down-regulat-
ed. Although subtle expression changes in 
specific cell populations could not be detect-
ed with our microarray approach [117], our 
results suggest that early life prolonged FS 

induce a process of local network reorganiza-
tion, possibly including mossy fiber sprouting 
[113], that is not associated with large overall 
expressional changes in the hippocampus 
and occurs within a narrow time window. It is 
likely that these reorganizations contribute to 
the observed increase in seizure susceptibil-
ity [254] and eventually result in the observed 
reduction in expression of Camk2a and al-
tered synaptic plasticity. The lack of regu-
lation of immediate early genes and stress 
genes at HT56d suggest that no spontane-
ous seizures occurred after prolonged FS in 
mice and indicates that additional factors (a 
second hit), like trauma or a genetic suscep-
tibility, may be necessary to develop sponta-
neous seizures and epilepsy after prolonged 
FS. Our data set provides a starting point to 
further explore the relationship between FS 
and TLE and to investigate potential targets 
for early diagnosis and treatment of FS. 
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Gene

0610037L13Rik Acat1 Bcl10 Coq10b Egr1 Gtpbp4
0910001A06Rik Adamts1 Bcl6 Coro1a Egr2 Gusb
1110007M04Rik Adcyap1 Bcor Crat Eif4e3 Gzmm
1110012D08Rik Adm Bcorl1 Crem Endog H2-Q2
1110037F02Rik Agt Bhlhb5 Crsp9 Epha2 H3f3b
1110054O05Rik AI464131 Bmp2k Cryab Ercc8 Haghl
1110059G10Rik Ak3l1 Bmpr2 Csn3 Errfi1 Haghl
1190005F20Rik Amotl2 Bola1 Csnk2b Esf1 Has1
1190005P17Rik Ank Brp16 Ctdsp1 Etaa1 Hba-a2
1200003I07Rik Ank3 Brpf1 Ctgf Exosc1 Hba-a2
1200016B10Rik Ankrd16 Brpf1 Ctnna3 Exosc7 Hbb-b2
1300018I05Rik Ankrd47 Btaf1 Ctsa Ext2 Hbb-b2
1700007K13Rik Ankrd49 Btg1 Cyfip1 F3 Hbp1
1700012B15Rik Ap4e1 Btg2 Cyp2j13 Fbxl10 Heatr3
1700102P08Rik Apex2 Btg3 Cyp51 Fbxl11 Herc4
1810008A18Rik Apln Bxdc2 Cyr61 Fbxo33 Herpud1
1810026J23Rik Apoa1bp C1d Cys1 Fbxo5 Hes1
1810032O08Rik Apold1 C1qa D030013I16Rik Fem1a Hes5
2010111I01Rik Arc C1qdc2 D11Wsu99e Fkbp4 Hexb
2010111I01Rik Arhgap30 C1ql1 D230005D02Rik Fkbpl Hey1
2010309E21Rik Arid5a C330021A05Rik D230025D16Rik Flnb Hiat1
2310005P05Rik Arl4a Cacybp D230037D09Rik Fmnl1 Hist1h2ao
2310037I24Rik Armc7 Carm1 D330012F22Rik Fnbp4 Hist1h2ao
2310037I24Rik Arntl Cbfa2t3h D4Wsu132e Fos Hivep3
2410015M20Rik Arts1 Cbx4 D4Wsu53e Foxh1 Hmox1
2510039O18Rik Atf3 Ccdc117 D4Wsu53e Foxj1 Homez
2510042P03Rik Atf4 Ccdc130 Dact1 Frmd6 Hsd17b7
2600011E07Rik Atf4 Ccdc64 Ddit3 Fstl1 Hsp110
2600014M03Rik Atp11b Ccdc7 Ddx5 Fxr1h Hsp90aa1
2810026P18Rik Atp11b Ccdc86 Dicer1 Fxyd5 Hspa5
2810403A07Rik Atp8b1 Ccl12 Dio2 Fzd3 Hspa8
2900024C23Rik Atr Ccl2 Dmkn Gab1 Hspa8
3100002J23Rik AU021092 Ccl3 Dnaja1 Gadd45b Hspa8
3110001A13Rik Aurkb Ccnl2 Dnaja1 Gadd45g Hspb1
3300001P08Rik Axud1 Ccnt2 Dnaja1 Galnact2 Hspd1
4632415L05Rik B3galt2 Cd109 Dnaja4 Gem Hspd1
4732474A20Rik B630005N14Rik Cdc34 Dnajb1 Gjb6 Hspd1
4930548G07Rik Bag3 Cdr2 Dnajb4 Gls Hspe1
4932414K18Rik Baiap2 Chac1 Dnajc5 Gls Hspe1
4933413J09Rik Banp Chmp4c Dock4 Glul Hspe1-ps2
4933439C20Rik Bat5 Chordc1 Drd1a Glyat Hspe1-rs1
6430527G18Rik Bbc3 Chrac1 Dusp1 Gm527 Htr3a
6430527G18Rik BC008155 Chst12 Dusp16 Gmpr Htra1
6530403A03Rik BC011426 Cks2 Dusp6 Gmpr Icam1
8430408G22Rik BC017643 Cldn15 Dusp8 Gnl3 Id1
9030607L17Rik BC022623 Cldn5 Ebpl Gpr19 Idi1
9530053A07Rik BC031781 Clk4 Ecd Gpr34 Ier3
9530077C05Rik BC035295 Cnn3 Edc3 Gsdm2 Ifrd1
A930028L21Rik BC038167 Col7a1 Edn1 Gstm1 Il10ra

AB182283 BC048651 Coq10b Egln3 Gtf2h1 Il10rb
Supplementary table 2 continues
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Gene

Impact Mettl6 Osgepl1 Rab40c Skil Tmem147
Insl3 Mfap1 Osgin2 Rabggtb Slc15a4 Tmem161b
Ints6 Mfsd2 Otx1 Ramp2 Slc1a2 Tmem168
Irf1 Mkks P4ha1 Rars Slc22a8 Tmem46

Irf2bp2 Mobk1b P4ha1 Rasgef1b Slc24a5 Tmem86a
Ivns1abp Morf4l1 Pard3 Rasl11b Slc25a16 Tnfrsf12a

Josd3 Mrgpra3 Parp1 Rassf1 Slc25a25 Tnik
Jun Mrm1 Pbef1 Rbm12b Slc2a1 Tns1

Jund1 Mrpl39 Pcdh20 Rbm15 Slc38a5 Tpmt
Kcnn2 Msx2 Pcdhb6 Rbm4 Slc40a1 Trfp
Kctd15 Mt1 Pcf11 Reln Slc7a10 Trib1
Kif14 Mtfmt Pdcd2l Rg9mtd1 Slc7a5 Trim9
Kif1b Mtmr4 Pdcd7 Rgs2 Slc7a6os Trnt1
Kif1b Myd116 Pde4b Rhobtb3 Slco1b2 Trp53inp1
Kif1b Mylip Pde9a Rit1 Slit2 Tsc22d2
Klf10 Nab2 Pdgfra Rlf Slitrk3 Tsc22d4
Klf2 Nasp Pdha2 Rnase4 Smad7 Tubb2c
Klf4 Nck1 Pdlim5 Rnd3 Smarcd1 Tubb3
Klf6 Ndufa11 Peg12 Rnf19 Snag1 Tubgcp5

Klhdc8b Nebl Pelo Rnf26 Snx14 Txn1
Krt18 Nedd9 Per1 Rnmtl1 Son Txnip
Lars2 Negr1 Pfkfb3 Rnmtl1 Sox18 U99
Leprot Nfkbiz Pglyrp1 RP23-237I22.1 Sox7 Ubap1
Lfng Ngdn Phf13 Rps6kl1 Spata2 Ubap2l
Lip1 Nlrc3 Phf17 Rrs1 Spen Ubc

Lmbrd1 NM_008197.3 Phf23 Rundc1 Srf Ube2f
LOC627894 NM_008963.2 Phlda1 Rxfp4 Ssfa2 Ube2g2
LOC638892 NM_011141.1 Phyhd1 Safb2 St13 Ubxd7
LOC666904 NM_021427.2 Plscr3 SAP30_MOUSE St6galnac5 Uchl4

Lrfn2 NM_025564.1 Pmvk Sars St7 Unc45a
Lrrc4b NM_025980.2 Pnkd Sat1 Stab1 Usp38
Lrrc4b NM_030244.3 Pnn Sc4mol Stambpl1 Uspl1

Lsm14b NM_178699.2 Polg Scarf1 Stambpl1 Utp11l
Lsm8 Nol5a Polr2b Sdc4 Stip1 Utp14b
Ly6c Nol5a Ppan Sdccag3 Stk17b Vars2l
Ly6c NR_002886.1 Ppapdc2 Sdhc Stmn4 Vps37b
Ly75 Nr1d1 Ppid Sec23ip Sult1a1 Wdr20a

Lypla1 Nr4a1 Ppm1b Sel1l2 Tanc2 Wnt10b
Maff Nup37 Ppp1r10 Sema4f Taok2 Wtap
Mafk Nup54 Ppp1r15b Serpine1 Tardbp Xbp1

Map4k2 Nvl Ppp2r2a Sertad1 Tfrc Xpa
Mapk1 Obfc2a Ppp4r1 Setd8 Thrsp Xpo1
March3 Odc1 pPtp4a3 Sfpq Tia1 XR_001870.1
Mast1 Olfml3 Prkab1 Sfrs10 Tia1 XR_005049.1
Mbnl1 Olfr806 Prkcd Sfrs6 Tial1 Xylt2
Mbtps1 Olfr862 Prpf38b Sgk Tiparp Yeats4

Mcl1 Omg Ptpn1 Sh2d3c Tipin Yipf6
Mcl1 Orc4l Rab11b Shbg Tle3 Zbtb1

Mctp2 Ormdl3 Rab26 Siah1a Tmc4 Zbtb11
Mctp2 Osbpl1a Rab34 Siah2 Tmem11 Zbtb44

Supplementary table 2 continued
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ABSTRACT

Febrile seizures (FS) are the most common seizure type in children affecting 2-4% of the 
population and complex FS have been shown to be a risk factor for developing temporal lobe 
epilepsy (TLE). Although the mechanisms underlying FS are largely unknown, recent family, 
twin and animal studies indicate that genetics are important in FS susceptibility. Here we 
used a forward genetic strategy employing mouse chromosome substitution strains (CSS) to 
identify novel FS susceptibility genes. FS were induced by warm-air exposure at postnatal-
day-14. Video EEG monitoring identified tonic-clonic convulsion (TCC) onset as reliable 
phenotypic parameter to determine FS susceptibility. TCC latencies were determined in both 
genders of the host (C57BL/6J, n = 66), the donor (A/J, n = 20) and CSS (n = 13-23/strain).
We verified that C57BL/6J mice were more susceptible to FS than A/J mice. Phenotypic 
screening identified five strains (CSS1, -2, -10, -13 and -X) carrying quantitative trait loci 
(QTLs) for FS susceptibility. CSS1, -10 and -13 were less susceptible (protective QTLs), 
whereas CSS2 and -X were more susceptible (susceptibility QTLs) than the C57BL/6J 
strain. Our data show that mouse FS susceptibility is determined by complex genetics, 
which is distinct from that for chemically-induced seizures. This data set provides the first 
evidence for common FS susceptibility QTLs in mice and serves as starting point to fine-
map FS susceptibility QTLs and to identify FS susceptibility genes. The identification of FS 
susceptibility genes will increase our understanding of human FS and could possibly provide 
new therapeutic targets.
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INTRODUCTION

Febrile seizures (FS) represent the most com-
mon seizure type during childhood. FS occur 
in 2-4% of the children in Europe and North-
America [85] between the age of six months 
and five years. Of these affected children 
30-40% develops recurrent FS [11]. These 
so-called complex FS increase the risk (10 
times) of developing temporal lobe epilepsy 
(TLE) later in life [11]. It is not clear whether 
susceptibility to FS and TLE originates from 
a common (genetic) predisposition [87,88]. 
Several lines of evidence indicate that genet-
ic factors contribute to increased FS suscep-
tibility [103]. Twin studies showed a higher 
concordance rate in monozygotic (36%) than 
in dizygotic twins (12%) [104]. Human link-
age studies identified nine familial FS loci: 
FEB1 (8q13-q21), FEB2 (19p), FEB3 (2q23-
q24), FEB4 (5q14-q15), FEB5 (6q22-q24), 
FEB6 (18p11), FEB7 (21q22), FEB8 (5q31.1-
q33.1) and FEB 9 (3p24.2-p23) [reviewed by 
100-102,167]. Four FS genes were identi-
fied (FEB3: SCN1A; FEB4: GPR98; FEB6: 
IMPA2; FEB8: GABRG2) so far. In addition, 
mutations in several genes coding for volt-
age-gated sodium channel subunits (SCN1A, 
SCN2A and SCN1B) and a GABA(A) recep-
tor subunit (GABRG2) were identified in 
families with generalized epilepsy with febrile 
seizure plus (GEFS+) [105]. Common forms 
of FS are considered to be genetically com-
plex disorders, implying the involvement of 
multiple susceptibility genes. Although sev-
eral positive FS gene associations have been 
reported, reproduction has proven difficult so 
far [106]. Therefore, new genetic strategies 
are required to identify genes involved in FS 
susceptibility. 
Recently, a panel of mouse chromosome 
substitution strains (CSS) was developed de-
rived from the C57BL/6J (host) and the A/J 
strain [241]. This panel has successfully been 
used to identify quantitative trait loci (QTLs) 
for complex traits such as anxiety [241,242] 

and pilocarpine-induced seizure susceptibili-
ty [288]. Chromosomes 10 and 18 were iden-
tified as pilocarpine-induced seizure suscep-
tibility QTLs [288]. To study the mechanisms 
underlying FS, prolonged experimental FS 
have been induced by hyperthermia in rats 
[107-109]. Recently, we adapted the most 
frequently used rat FS model [108] to mouse 
and developed a semi-automated, high 
throughput phenotypic screen to analyze FS 
susceptibility in inbred mouse strains [254]. 
We showed that C57BL/6J mice are more 
susceptible to FS than A/J mice [254]. Here, 
we used this phenotypic screen to analyze 
FS susceptibility in the CSS panel based on 
C57BL/6J (host) and A/J (donor) strains.

MATERIALS AND METHODS

Animals 
Breeding pairs for C57BL6/J, A/J and all 21 
CSS (autosomal, X and Y) were obtained 
from The Jackson Laboratory (Bar Harbor, 
ME, USA). Colonies of each strain were bred 
in our animal house. Date of birth was record-
ed daily. On postnatal-day-1 (P1) litters were 
culled to 4-6 pups with a balanced male/fe-
male ratio. Animals were kept in a controlled 
12 hour light-dark cycle with a temperature 
of 22 ± 1ºC and a humidity of 60%. Food 
and water access was ad libitum (2111 RMH-
TM diet; Hope Farms, Woerden, The Nether-
lands). All animals were housed in Plexiglas 
cages (Macrolon type II) with wooden bed-
ding and a paper tissue for nest building. 
All experiments were performed according to 
the institutional guidelines of the University 
Medical Center Utrecht. Pups were screened 
for FS susceptibility at P14 and sacrificed 
immediately after the experiments. For each 
gender, 33 C57BL/6J were screened across 
the whole screening period to control for any 
environmental or seasonal effects. Litters 
used were derived from multiple breeding 
pairs to exclude potential inter-litter effects. 
For each CSS and A/J strain both males and 
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females were screened. The whole CSS pan-
el was screened within a period of 9 months. 
To avoid maternal effects, CSS4 pups were 
fostered by C57BL/6J mothers at P0.

Phenotypic screen for FS susceptibility
Experimental FS were induced in 14-day-old 
mice as described previously [254]. Briefly, 
at P10 a temperature sensitive transponder 
(IPTT-300, Plexx BV, Elst, The Netherlands) 
was rapidly injected subcutaneously (separa-
tion time from the mother < 2 minutes). At 
P14, body weight was determined and mice 
were placed in the pre-heated cylindrical 
chamber for 900 seconds and exposed to a 
warm air stream of 50ºC ± 0.5ºC. To prevent 
skin burn and adverse effects on behavior, 
the temperature of the chamber floor was 
maintained at 37ºC. Core body temperature 
was measured by wireless readout (WRS-
6007, Plexx BV) of the temperature transpon-
der and automatically recorded by software 
(DASHost v1.0, Plexx BV). All experiments 
were video monitored by two cameras, one 
positioned at the side and one at the top 
of the cylinder. Several successive behav-
ioral stages can be recognized: Early heat-
induced hyperkinesias (stage 1); A sudden 
complete arrest of the heat-induced hyperki-
nesias followed by ataxia (stage 2); Circling, 
shaking of the whole body and tonic motion-
less postures with occasional automatisms 
and clonuses (stage 3); Tonic-clonic convul-
sions (stage 4) [254]. Latencies for these 
behaviors were determined by an observer 
throughout the 900 second trial. If a particu-
lar seizure behavior did not occur during this 
period, a latency value of 900 seconds was 
given. All experiments were performed be-
tween 10:00-15:00 hour. Time of day, date, 
humidity, mother/litter, room temperature and 
body weight of each mouse was recorded for 
covariate analysis.

EEG recording 
To select the most reliable phenotypic pa-

rameter for FS susceptibility, we studied the 
relationship between epileptic activity in the 
brain (Electroencephalography (EEG) spike 
wave discharges (SWD)) and hyperthermia-
induced behavior. C57BL/6J mice (n = 7) car-
rying a temperature sensitive transponder, 
were equipped with epidural EEG electrodes 
on P14. Electrodes were positioned in the 
hippocampus and the motor cortex using 
a stereo tactic frame. Additional electrodes 
were placed in the bulbus olfactorius (refer-
ence) and in the cerebellum (ground). After 
surgery, the pups recovered (at least 30 min-
utes) under a heating lamp.
Subsequently, pups were placed inside the 
hyperthermia cylinder, where they could 
freely move and phenotypically screened as 
described above. Cortical and hippocampal 
signals were fed to separate, but identical 
amplifiers (Bio-electrioc amplifier AB 601-
G, Nihon Kohden, Tokyo, Japan), amplified 
1000 times, band-pass filtered between 
1.59 and 100 Hz (using an additional 50 Hz 
notch-filter), and digitized online at 1000 Hz 
by dedicated software build in house in a 
Labview environment (Labview 7.2, National 
Instruments Netherlands B.V., Woerden, The 
Netherlands). EEG seizures were defined as 
high amplitude (> 2-fold increase over base-
line EEG recorded prior to HT) and high fre-
quency (8-12 Hz) SWD that lasted at least 
5 seconds [111,289]. For each animal the 
latency to SWD was determined and cor-

 SWD HIP (n = 7) SWD CX (n = 7)
 r P r P
Immobility 
(n = 7)

0.049 0.918 0.081 0.863

Shaking 
(n = 7)

0.831 0.021 0.841 0.018

TCC 
(n = 7)

0.934 0.002 0.918 0.004

SWD CX 
(n = 7)

0.972 0.000 - -

Table 1. Correlation between latencies of hyperthermia-
induced behaviors and occurrence of EEG spike wave 
discharges (SWD). r denotes the Pearson product-mo-
ment correlation. P < 0.05 was considered significant 
and indicated in bold font. n represents the number 
of observations. HIP: hippocampus; CX: cortex; TCC: 
tonic-clonic convulsions.
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related to the latencies for the progressive 
hyperthermia-induced behaviors.

Statistical Analysis
The CSS panel data was analyzed by com-
paring CSS phenotypic latencies with C57BL/
6J background strain phenotypic latencies 
using SPSS (v12.0.1, Chicago, IL, USA). To 
correct for multiple testing, phenotypic dif-
ferences were only considered significant 
when P < 0.003 [290]. To improve statistical 
power, larger numbers of C57BL/6J mice (n 
= 66) were screened compared to each CSS 
(ideal ratio C57BL/6J: CSS= 4.5:1) [290]. Be-
cause hyperthermia did not induce seizure 
related behaviors in all animals, latencies 
were analysed by Cox-proportional hazard 
regression [288] to generate hazard ratios 
and P-values. The hazard ratio is the relative 
risk of an endpoint at any given time. In the 
Cox analysis, start body temperature, body 
weight and gender were considered covari-

ates. Strain body weights were compared us-
ing one-way ANOVA (Dunnett post-hoc test). 
Pearson product-moment correlation (SPSS) 
was used for al correlative analyses. 

RESULTS

FS susceptibility of the parental strains
A total of 66 C57BL6/J and 20 A/J mice were 
subjected to warm-air induced hyperthermia. 
No statistically significant strain differences 
(two-way ANOVA: F1 = 0.35, P = 0.55) in 
fever induction (ΔT= core body temperature 
during the experiment minus start body tem-
perature) at any time during the procedure 
were observed (figure 1). Latencies to immo-
bility, circling, shaking and tonic-clonic con-
vulsions were significantly longer in the A/J 
when compared to the C57BL/6J strain (fig-
ure 1). The latency for immobility was 258.2 ± 
16.2 seconds in the A/J and 176.2 ± 4.5 sec-
onds in the C57BL/6J strain (P < 0.001). A/J 
pups did not show circling behavior, whereas 
the latency for circling in C57BL6/J pups was 
420.5 ± 19.5 seconds. Shaking latency was 
801.7 ± 17.7 seconds for the A/J and 585.6 
± 12.9 seconds for the C57BL/6J pups (P 
< 0.0001). Tonic-clonic convulsion latency 
was 621.9 ± 14.1 seconds for C57BL/6J 
and 858.2 ± 17.7 seconds for A/J pups (P 
< 0.0001). Most A/J pups did not reach the 
FS seizure state with tonic-clonic convulsions 
within the 900 second test period. Coat color 
did not influence FS susceptibility [254]. No 
gender effects were found in either strain and 
at P14 the body weight of the A/J pups (7.58 
± 0.17 g) was similar to the body weight of 
C57BL/6J pups (7.38 ± 0.08 g, P = 0.343). 
 
EEG recording
To determine the most reliable behavioral 
phenotype for FS susceptibility we performed 
behavioral video analyses in parallel with 
EEG monitoring. The SWD latencies in the 
cortex (CX) correlated with SWD latencies 
in the hippocampus (HIP) (r = 0.972, P = 
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Figure 1. Graph represents the increase in mouse core 
body temperature from the start of the experiment (ΔT) 
as measured each 150 seconds during hyperthermia. 
Data are expressed as means ± standard error of the 
mean (SEM). No statistically significant differences were 
observed between the C57BL/6J and A/J strain (n = 10). 
Horizontal bars represent a schematic illustration of A/J 
and C57BL/6J behavior during hyperthermia. Data are 
expressed as stacked means. The latency for immobil-
ity in A/J was 258.18 ± 16.2 seconds and in C57BL/6J 
176.2 ± 4.5 seconds (P < 0.001). A/J pups did not show 
any circling behavior, whereas the latency for circling in 
C57BL6/J was 420.5 ± 19.5 seconds. Shaking latency 
for the A/J pups was 801.7 ± 17.7 seconds and for the 
C57BL/6J 585.6 ± 12.9 seconds (P < 0.0001). The tonic-
clonic convulsion (TTC) latency for C57BL/6J mice was 
621.9 ± 14.1 seconds and for A/J mice 858.2 ± 17.7 sec-
onds (P < 0.0001). 
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Mouse 
strain

n (M:F) P14 BW 
(g)

P-value 
BW

Tstart 
(ºC)

∆T (ºC) TCCL 
(seconds)

Cox 
HR

P-value 
TCCL

C57BL/6J 33:33 7.38 NA 35.36 8.37 621.87 NA NA
± 0.08 ± 0.09 ± 14.21

CSS1 6:3 7.08 0.97 35.52 8.24 859.40 0.21 0.0001
± 0.07 ± 0.09 ± 19.60

CSS2 11:12 7.00 0.21 35.93 7.76 464.00 4.65 0.0001
± 0.12 ± 0.13 ± 16.07

CSS3 8:7 7.44 1.00 35.41 8.51 607.12 1.29 0.39
± 0.16 ± 0.19 ± 33.27

CSS4 7:4 7.64 0.99 35.96 8.12 683.67 0.53 0.13
± 0.16 ± 0.12 ± 26.13

CSS5 9:9 7.25 1.00 35.66 7.85 617.27 0.62 0.08
± 0.15 ± 0.18 ± 41.04

CSS6 9:9 7.05 0.60 34.14 9.49 528.83 2.22 0.004
± 0.25 ± 0.67 ± 20.02

CSS7 8:9 6.99 0.37 35.68 8.11 531.14 1.38 0.24
± 0.08 ± 0.23 ± 32.71

CSS8 9:6 7.23 1.00 35.65 8.50 649.08 0.70 0.22
± 0.19 ± 0.18 ± 43.40

CSS9 8:9 8.10 0.0008 35.82 8.39 638.29 0.58 0.89
± 0.13 ± 0.11 ± 28.28

CSS10 9:9 7.28 1.00 35.93 8.23 746.00 0.30 0.0001
± 0.15 ± 0.26 ± 43.61

CSS11 9:9 7.01 0.41 35.82 8.25 628.77 0.57 0.04
± 0.10 ± 0.10 ± 38.69

CSS12 9:9 6.74 0.004 36.12 7.61 583.33 1.36 0.25
± 0.06 ± 0.18 ± 21.29

CSS13 9:9 7.92 0.03 35.51 8.79 813.90 0.27 0.0001
± 0.16 ± 0.13 ± 24.99

CSS14 9:8 7.60 0.98 ± 35.64 7.90 539.43 1.84 0.03
± 0.10 ± 0.13 ± 26.60

CSS15 9:8 8.02 0.01 36.05 8.15 623.69 0.97 0.91
± 0.21 ± 0.17 ± 25.33

CSS16 6:7 7.45 1.00 35.84 7.96 585.18 0.72 0.28
± 0.26 ± 0.13 ± 49.75

CSS17 9:9 7.58 0.99 35.74 8.12 614.70 0.72 0.23
± 0.13 ± 0.09 ± 36.74

CSS18 8:7 8.19 0.0002 35.93 7.48 588.28 1.34 0.32
± 0.16 ± 0.14 ± 18.38

CSS19 9:9 7.72 0.57 35.38 8.74 733.17 0.49 0.02
± 0.18 ± 0.20 ± 34.69

CSSX 9:9 6.78 0.01 35.25 8.42 477.08 4.59 0.0001
± 0.07 ± 0.12 ± 14.30

CSSY 8:9 7.31 1.00 35.25 8.82 577.16 1.42 0.21
± 0.08 ± 0.31 ± 20.52

A/J 11:9 7.58 0.99 36.49 7.10 858.18 0.20 0.0001
  ± 0.17  ± 0.11  ± 17.74   
Table 2. Febrile seizures susceptibility defined as tonic-clonic convulsion latency (TCCL) in the CSS panel. Data 
are expressed as means ± standard error of the mean (SEM). P < 0.003 was considered significant and indicated 
in bold font. n: number of animals; M: male; F: female; P10 BW: body weight at postnatal-day-10; P14 BW: body 
weight at postnatal-day-14; Tstart: body temperature at start of procedure; ΔT=Tstart – body temperature at TCCL; 
HR: hazard ratio; NA: not applicable.
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0.000) (Table 1). SWD latencies did not cor-
relate with immobility latency (CX: r = 0.081, 
P = 0.863; HIP: r = 0.049, P = 0.917) and 
latencies to circling behavior could not be 
correlated with SWD latency, because not 
all animals displayed this behavior (4 out of 
7). Both CX and HIP SWD latencies cor-
related with tonic-clonic convulsion latency 
(CX: r = 0.918, P = 0.003; HIP: r = 0.934, P = 
0.002) (figure 2A) and shaking latency (CX: r 
= 0.841, P = 0.018; HIP: r = 0.831, P = 0.021). 
Although tightly correlated, SWD discharges 
occurred approximately 150 seconds before 
behavioral tonic-clonic convulsions (figure 
2A) suggesting focal onset and subsequent 
generalization. Shaking occurred shortly be-
fore tonic-clonic convulsions, but was difficult 
to detect and define, and therefore rather 
variable. Therefore, tonic-clonic convulsion 
latency (TCCL) is the most reliable and rep-
resentative behavioral FS susceptibility pa-
rameter. 

FS susceptibility of CSS panel
To identify chromosomes carrying genes 
contributing to FS susceptibility, TCCL was 
determined for male and female pups of all 
21 CSS. To exclude environmental (season, 
humidity, room temperature and time of day) 
and animal covariates (start body tempera-
ture, body weight, gender and litter), these 

covariates were measured for all C57BL/6J 
animals. Environmental covariates and the 
litter covariate did not influence statistics and 
were excluded. The other animal covariates 
could not be excluded (for body weight ex-
ample in the C57BL/6J strain see figure 2B), 
were measured for all strains and were in-
cluded in the statistics as covariate. Because 
statistical analysis revealed no gender TCCL 
differences in any of the CSS, data for both 
genders were pooled. Five strains (CSS1, -2, 
-10, -13 and -X) were identified as significant-
ly different from the host strain (C57BL/6J) (P 
< 0.003) (figure 3). For CSS1 (852.05 ± 19.87 
seconds), -10 (746 ± 43.6 seconds) and -13 
(813.9 ± 25 seconds) TCCL was significantly 
longer than for the C57BL/6J strain (621.9 
± 14.1 seconds). In fact, TCCL was close to 
that of the A/J strain (858.2 ± 17.7 seconds). 
CSS2 (464 ± 16.1 seconds) and -X (476.9 ± 
14.7 seconds) showed a shorter TCCL than 
the C57BL/6J strain (621.9 ± 14.1 seconds). 
P14 body weight was also investigated and 
statistically analyzed by ANOVA (F22,412 = 7.01, 
P < 0.001). CSS9 and -18 were identified as 
significantly heavier than the C57BL/6J strain 
(P < 0.003; figure 3). Table 2 summarizes 
all relevant data, P-values and Cox hazard 
ratios for the complete CSS panel compared 
to the C57BL/6J host strain. P-values for P14 
body weight are also included.

Figure 2. A. Correlation between tonic-clonic convulsion latencies (TCCL) and latencies for hyperthermia-induced spike 
wave discharges (SWD) (r = 0.918, P = 0.003). Insert shows example electroencephalography (EEG) traces of normo-
thermia (NT) (4-8Hz) and hyperthermia (HT) induced activity (8-10Hz; SWD). B. Correlation between body weight (BW) 
and tonic-clonic convulsion latency (TCCL) in individual C57BL/6J animals (n = 66) and in the CSS panel (means per 
strain, including C57BL/6J and A/J). Correlation coefficients (r) and P-values are indicated below the figures. 
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DISCUSSION

FS represent one of the most common le-
sions in the etiology of TLE, but it is not clear 
whether susceptibility to FS and TLE share 
a common genetic background [87,88]. Little 
is known about susceptibility genes for spo-
radic FS, but in large families several rare 
susceptibility genes and QTLs have been 
identified [105]. To investigate genetic deter-
minants for common FS susceptibility genes, 
we have developed a phenotypic screen for 
FS [254] that can be applied to any mouse 
genetic mapping strategy. Here we estab-
lished by video/EEG monitoring that TCCL 
(tonic-clonic convulsion latency) shows a 
strong correlation with hippocampal spike 
wave discharges, and is the most reliable 
behavioral parameter to determine FS sus-
ceptibility. TCCL in A/J mice was consider-
ably longer than in C57BL/6J, showing that 
the latter strain is much more susceptible to 
FS [see also 254]. We used the C57BL/6J x 
A/J CSS panel to sensitively identify chromo-
somes carrying QTLs for FS susceptibility 
without the interference of possible modifier 
genes on other chromosomes. 
Chromosomes 1, 2, 10, 13 and X showed a 
TCCL distinct from C57BL/6J and thus carry 

one or more FS QTLs. We identified chro-
mosomes carrying susceptibility QTLs as 
well as carrying protective QTLs. A/J genes 
on chromosomes 1, 10 and 13 decreased 
susceptibility to FS, whereas A/J genes on 
chromosomes 2 and X increased susceptibil-
ity to FS. Surprisingly, CSS2 and -X strains 
were more susceptible than the C57BL/6J 
strain. The identification of five chromosomes 
carrying at least 5 FS QTLs confirms the hy-
pothesis that FS is a multigenetic syndrome 
[167,254], in which multiple genes contrib-
ute to the FS susceptibility and may interact 
to determine the ultimate phenotype. After 
the P-value cutoff was corrected for multi-
ple testing (P < 0.003) the TCCL of CSS6 
was not significantly shorter than C57BL/6J 
(P < 0.004). CSS6 should be considered as 
a strongly suggestive FS QTL. We propose 
to designate the FS QTLs on chromosome 
1, 2, 6, 10, 13 and X with locus symbols 
FSS1-6 (Febrile Seizure Susceptibility 1-6). 
Detailed data were collected from pups of all 
CSS strains to allow for covariate analysis 
and to detect potential confounding factors. 
Maternal care, and subsequent body weight 
was identified as confounding factor in the 
CSS4. Therefore, CSS4 pups were fostered 
by C57BL/6J mothers. In the statistical TCCL 
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Figure 3. Tonic-clonic convulsion latency (TCCL; bars, left axis) and body weights (BW; dots, right axis) for the C57BL/6J 
(C57), A/J and each CSS (1-19, X, Y). Founder strains are graphed on the outsides of the graph and CSS were ordered 
by TCCL. CSS1, -2, -10, -13 and -X were identified as CSS that carry a FS susceptibility QTL. CSS9, and -18 were 
significantly heavier at P14 than C57BL/6J. Data are expressed as means ± standard error of the mean (SEM). *#P < 
0.003 was considered significant. Mean TCCL and BW of the C57BL/6J strain are represented by bold and plain dashed 
lines respectively. 
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analysis, body weight, start body tempera-
ture and gender (not always a 1:1 gender 
distribution) were considered covariates. 
Other potential confounding factors (season, 
time of day, litter) were excluded by covariate 
analysis. It is unlikely that CSS strains differ 
in postnatal development, because all mice 
screened at P14 had open eyes and showed 
normal P14 exploratory behavior. Moreover, 
comparing behavioral data at P10 and P14 
from A/J and C57BL/6J showed a constant 
phenotype [254], suggesting that develop-
mental differences between strains did not 
influence FS susceptibility.
Several FS genes have been identified in 
human familial FS syndromes. These include 
genes coding for ion-channels like SCN1A, 
SCN2A and SCN1B, but also for non-ion 
channels like GPR98 and IL1B (summa-
rized in table 3). Several of these genes map 
to mouse syntenic regions identified in our 
screen. Although the mice used in our screen 
do not display spontaneous seizures and 
hardly develop epilepsy, it is possible that 
variations in genes previously identified in 
human FS also contribute to FS susceptibility 
in mice and in the general human population. 
Possibly, gene variations that only slightly 
affect gene function, could increase seizure 
susceptibility without causing unprovoked 
seizures and epilepsy.
Our data show that mouse chromosome 2 
carries a strong FS QTL. Gene(s) on donor 
A/J strain chromosome 2 increase the FS 
susceptibility of the host C57BL/6J strain. 
Several of the FS genes identified by human 
linkage and association studies can be found 
on mouse chromosome 2 (SCN1A, SCN2A, 
CHRNA4 and IL1B; table 3). The Il1b gene is 
a strong candidate, because the IL1β path-
way has been implicated in the susceptibil-
ity to FS. Nul-mutants for the IL1β-receptor 
(Il1r1-/-) showed delayed FS and high doses 
of IL1β induced convulsions in immature 
mice [116]. Chromosome X also carries a 
QTL, increasing FS susceptibility. Syntenic 

human region Xq22 was recently linked to 
epilepsy and mental retardation in females 
[291]. Although these patients did not show 
classic FS, they did have seizures associated 
with fever during childhood. 
Chromosome 13, carrying a protective QTL 
for FS, harbors Gpr98, a gene implicated in 
a mouse model for audiogenic seizures. In 
the Frings mouse a spontaneous occurring 
mutation in the Gpr98 (also called Mass1 or 
VLGR1) was identified [124] and led the way 
to identification of this gene in human familial 
FS (FEB4 locus) [37]. Chromosomes 1 and 
10 were also identified to carry protective 
QTLs. Part of the mouse syntenic region for 
the human FEB1 locus (8q13-21) resides on 
mouse chromosome 1 [94]. The causative 
gene in the FEB1 locus is unknown as yet. 
Possibly fine-mapping of the QTL on chromo-
some 1 may lead the way to identification of 
the FEB1 gene. Recently, we have identified 
Glul (involved in glutamatergic neurotrans-
mission) as a FS susceptibility gene in a re-
verse genetics approach [chapter 8]. Glul is 
also located on chromosome 1 and could be 
a candidate for the QTL on chromosome 1. 
Seizure susceptibility mapping studies in mice 
have been performed for almost 20 years 
now, but CSS have been used only once so 
far. Winawer and colleagues [288] screened 
seizure susceptibility in the CSS panel by us-
ing the chemoconvulsant pilocarpine. They 
identified chromosomes 10 and 18 as sus-
ceptibility QTLs. In this and other chemically-
induced seizure models [128,292], the A/J 
strain was more susceptible to seizures when 
compared to the C57BL/6J strain. Studies us-
ing other chemically- or electrically-induced 
seizure models to compare the C57BL/6J 
strain to other strains (eg. DBA/2J), also 
showed that the C57BL/6J strain is relative 
resistant to seizures and seizure-induced cell 
death [128,237-240]. In contrast, the C57BL/
6J strain is one of the most FS susceptible 
strains [this study and 254]. This difference in 
susceptibility to FS and electrically- or chemi-
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Gene Description Human 
Region

Mouse 
Chr

Epilepsy Type References

Linkage studies
SCN1A Voltage-gated sodium 

channel type 1, alpha subunit
2q24 2 FEB3, SMEI, 

GEFS+2
[17-19]

SCN1B Voltage-gated sodium 
channel type 1, beta subunit

19q13.1 7 GEFS+1, FS [20,21]

SCN2A Voltage-gated sodium 
channel type 2, alpha subunit

2q24 2 GEFS+ [22]

GABRD Gamma-aminobutyric-acid 
A receptor, delta subunit

1p36.3 4 GEFS+5 [26]

GABRG2 Gamma-aminobutyric-acid 
receptor, gamma-2 subunit

5q34 11 GEFS+3, 
SMEI, FEB8

[27,28,30]

CACNA1H Voltage-gated calcium 
channel T-type, 
alpha-1H subunit

16p13.3 17 FS, TLE [34]

Gpr98 Very large G-protein 
couples receptor 1

5q14 13 FEB4 [37]

Association studies   Positive / Negative
GABRG2 Gamma-aminobutyric-acid 

receptor, gamma-2 subunit
5q34 11 FS [77,78] / [60]

CHRNA4 Neuronal acetylcholine 
receptor protein, 
alpha-4 subunit

20q13.3 2 FS [79] / [60,80]

CSNK1G2 Casein kinase I 
gamma 2 isoform

19p13.3 10 FS [81] /

IMPA2 Myo-inositol 
monophosphatase 2

18p11.2 18 FS [82] /

IL1B Interleukin 1 beta 2q14 2 FS [54,83] / [52,60,84]
Table 3. Genes associated with FS epilepsy syndromes. Genes indicated in bold are located on one of the mouse 
chromosomes identified for FS susceptibility. Chr: chromosome; FEB: familial febrile seizures; SMEI: severe myo-
clonic epilepsy in infancy; GEFS+: generalized epilepsy with febrile seizures +; FS: febrile seizures.

cally-induced seizures indicates that distinct 
mechanisms are involved in these distinct 
seizure types. This is further corroborated by 
the fact that the only chromosome carrying a 
QTL for FS and pilocarpine-induced seizures 
(chromosome 10), carries a protective QTL 
for FS, but a susceptibility QTL for pilocar-
pine-induced seizures [288]. Another major 
difference between the two types of seizure 
studies is the age at seizure induction. FS are 
induced in 14-days-old pups, whereas the 
chemically-induced seizures are induced in 
adult mice. Regulation of excitability and neu-
ronal network stability in the developing brain 
may differ considerably from the mature brain, 
as evident from the narrow developmental 
time-window in which FS occur in children. In 
this respect, Csnk1g2 is an interesting candi-
date gene mapping to mouse chromosome 

10. CSNK1G2 has also been associated with 
human FS and has been implicated in de-
velopment and synaptic transmission [81]. 
Moreover, the Csnk1g2 gene is only 2 Mbp 
removed from the LOD-score peak marker for 
the epilepsy locus El3, which was identified in 
EL-mice [293] and the gene in C57BL/6J (the 
more FS susceptible one) carries a missense 
mutation (Trp>Arg;rs46447802), which is not 
present in A/J. 
This study describes the first step in identify-
ing FS susceptibility genes in a forward genet-
ics approach. Five QTLs of A/J strain origin 
influencing FS susceptibility in the C57BL/6J 
strain were identified. Three chromosomes 
(1, 10 and 13) carry FS protective QTLs, and 
two chromosomes (2 and X) carry FS sus-
ceptibility QTLs. The identification of both de-
creasing and increasing FS susceptibility loci 
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shows the power of genetic mapping in the 
CSS panel. It is likely that in classic genetic 
mapping approaches these opposing effect 
loci would have hampered identification. Syn-
tenic human-mouse regions and data from 
various other studies pinpoint Gpr98, Scn1a, 
Scn2a, Chrna4, Il1b, Csnk1g2 and Glul as FS 
susceptibility gene candidates in mice. Fine-
mapping QTLs (backcross of CSS x C57BL/
6J followed by an F1-generation intercross) 
will be the next step toward identifying can-
didate genes contributing to the regulation 
of mouse FS susceptibility, and could lead 
the way to understanding the mechanisms 
involved in human FS.
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ABSTRACT

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. 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. 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). Thus, 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 neurotrans-
mitter, is released by neurons during synaptic 
activity and is toxic at sustained high levels 
[285]. Released glutamate is normally taken 
up by glial cells and converted into glutamine 
by glutamine synthetase (GS; EC 6.3.1.2). 
The nontoxic glutamine is then transported 
back into neurons, which can reconvert glu-
tamine to glutamate. 
The rate of this process, known as the glu-
tamate-glutamine cycle, was found to be 
decreased in the hippocampus of temporal 
lobe epilepsy (TLE) patients with hippocam-
pal sclerosis (HS) [287]. The reduced rate 
of this cycle could in part be explained by 
decreased expression and enzyme activity of 
GS in the hippocampus of TLE patients with 
HS [271,286]. 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 hip-
pocampus of TLE patients with HS [294] and 
altered sub-regional expression of the major 
glial glutamate transporter, excitatory amino 
acid transporter-2 (EAAT2), has also been 
reported [271,295,296]. A role for GS in epi-
lepsy is also indicated by studies in geneti-
cally epilepsy-prone animal showing reduced 
GS brain expression [297,298], by a gene ex-
pression-phenotype correlation study show-
ing a strong correlation between expression 
of GS and electroconvulsive threshold [299], 
and by the finding that pharmacological inhi-
bition of GS activity induces seizures [300]. 
The glutamate-glutamine cycle has also 
been implicated in the generation of febrile 
seizures (FS) [301,302]. Up to 50% of the 
TLE patients with HS suffered from FS dur-
ing childhood [11]. Although the relationship 
between FS and TLE is not clear, it seems 
that impairments in components of the gluta-
mate-glutamine cycle may contribute 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 
[303]. FS susceptibility in haploinsufficient 
mice was tested in a model for experimental 
FS [254]. 

MATERIAL AND METHODS

Animals
Mice were kept in a controlled 12 hour light-
dark cycle with a temperature of 22 ± 1ºC 
and were given unrestricted 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 build-
ing. Time of birth was recorded daily. All ex-
periments conformed to institutional guide-
lines of the University Medical Center Utre-
cht.

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)/neomy-
cin phosphotransferase (NEO) fusion gene 
[303]. Because complete GS knockout ani-
mals were embryonically lethal, GS+/LacZ mice 
(on the FVB background) were generated. 
GS+/+ and GS+/LacZ mice were bred from FVB 
(female) and GS+/LacZ (male) mice. GS+/LacZ 
mice were indistinguishable from there GS+/+ 
litter mates. Both sexes were used for the 
experiments and animals were genotyped as 
described [303]. Throughout the experiments 
the researcher was unaware of the genotype 
of the animals. 

FS susceptibility screen
FS susceptibility was tested as previously de-
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scribed [254]. In short, ten-day-old animals 
were injected subcutaneously with a tem-
perature 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 behav-
ioral stages can be recognized: Early heat-
induced hyperkinesias (stage 1); A sudden 
complete arrest of the heat-induced hyperki-
nesias 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. The experiment was ter-
minated after the animals had reached stage 
4 seizures or after a maximum of 25 minutes. 
For animals not reaching the subsequent be-
havioral 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 hip-
pocampi 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 previ-
ously described [271]. 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, Rock-
ford, 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. En-
zyme activity increased linear with time and 
protein concentration under the assay condi-
tions used. One freeze-thaw cycle did not 
affect GS activity levels.

GS protein expression
GS protein expression was measured by 
immunoblotting [271] in the same hippoca-
mapal homogenates as used for GS activity 
measurements. 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 
one hour at room temperature in Tris-buffered 
saline with 0.1% Tween (TBS-T; pH=7.4) con-
taining 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, Madi-
son, WI) second layer antisera for one hour at 
room temperature. Finally, membranes were 
washed, developed with enhanced chemo-
fluorescence substrate (Supersignal; Pierce) 
and exposed to ECL film (Pierce). Antibody 
specificity was checked by preadsorption of 
the antiserum with the immunizing peptide. 
Antiserum samples without peptide were run 
in parallel. Control experiments without the 
primary antibody did not reveal any stain-
ing (data not shown). Films were scanned 
on a flatbed scanner in transmission mode 
and quantified by optical density (OD) mea-
surement with the software package Image 
J (v1.38).
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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 sulphosalicylic acid solution (2.5%), con-
taining 100 mg glass beads. Tissue was 
homogenized by vortexing for 30 seconds 
at 4°C, centrifuged, and supernatants were 
stored at -80°C. Supernatants were used 
for amino-acid analysis using a gradient re-
versed-phase HPLC system with precolumn 
derivatization with ο-phtalaldehyde (Pierce) 
and 3-mercaptopropionic acid (Sigma), and 
fluorescence detection. An Omnisphere 3 
C18 column (Varian, Middelburg, The Neth-
erlands) 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 paraf-
fin sections (7 µm) were cut and general his-
tology was assessed by cresyl-violet (Nissl) 
staining. Immunostaining was performed 
with commercially available antibodies for 
rabbit-anti-calbindin (1:500; Chemicon Int. 
Inc. Temecula, CA, USA), mouse-anti-vimen-
tin (1:400; DakoCytomation, Glostrup, Den-
mark), guinea pig-anti-excitatory amino acid 
transporter-2 (EAAT2) (1:1,000; Chemicon 
Int. Inc. Temecula, CA, USA), or rabbit anti-
serum for glial fibrillary acidic protein (GFAP) 
(1:12,800; Dako) and vesicular glutamate 
transporter-1 (VGLUT1) (1:16,000; Synaptic 

Systems, Göttingen, Germany) using the avi-
din-biotin detection system (Vectastain Elite 
ABC Kit; Vector Laboratories, Burlingame, 
CA) with 3,3’-diaminobenzidine tetrahydro-
chloride (DAB; Sigma Chemical Co., St. Lou-
is, MO, USA) as chromogen [271]. 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 dilutions on con-
trol 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 bind-
ing of immunoglobulins. Biotinylated horse-
anti-mouse (1:200) and horse-anti-goat 
(1:250) serum was obtained from Brunschwig 
Chemie (Amsterdam, The Netherlands), 
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). 

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 latencies and not all the ani-
mals reached each seizure stage [254]. We 

 GS+/+ (n = 13) GS+/LacZ (n = 10)   
 Mean Mean Cox HR P-value
Immobility (seconds) 178 ± 13 199 ± 15 0.78 0.58
Shaking (seconds) 1076 ± 67 794 ± 48 3.80 0.005
Circling (seconds) 1168 ± 110 490 ± 65 9.46 <0.0001
Tonic-clonic convulsions (seconds) 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. Values of behavioral parameters 
represent average latencies (seconds) 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 laten-
cies, 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. 
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generated P-values and Cox hazard ratios. 
P < 0.05 was 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 ex-
pression on FS susceptibility normal GS+/+ 
(n = 13) and GS+/LacZ (n = 10) mice were 
subjected to hyperthermia. Latencies to im-
mobility (stage 2), circling (stage 3), whole 
body shaking (stage 3) and tonic-clonic con-
vulsions (stage 4) were measured. All mice 
showed immobility (stage 2). Circling was re-
corded 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 mice showed 
tonic-clonic convulsions, compared to only 
seven out of 13 GS+/+ mice. Average laten-
cies are summarized in table 1 and figure 1. 
GS+/LacZ mice reached stage 3 and 4 seizures 
(shaking, circling and tonic-clonic convul-
sions) significantly earlier than GS+/+ mice. 
Especially for circling the decreased latency 
was remarkable (2.4x earlier). Immobility la-
tency was not different between GS+/+ and 
GS+/LacZ mice (figure 1). 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 mea-
sured enzyme activity and expression in hip-
pocampal homogenates of 14-day-old GS+/+ 
(n = 8) and GS+/LacZ (n = 4) mice (figure 2). 
GS+/LacZ mice showed a 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.

Hippocampal amino-acid composition 
of GS+/+ and GS+/LacZ mice
To investigate possible alterations in amino-
acid composition due to the reduced expres-
sion 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 glu-
tamine were normal in GS+/LacZ mice. 

Immunohistochemical analysis of 
hippocampi of GS+/+ and GS+/LacZ mice
To investigated whether a 50% reduction 
of GS results in alterations of hippocampal 
structure, glial composition or expression of 
components of the glutamate-glutamine cy-
cle, we analyzed Nissl, calbindin, GFAP, vi-
mentin, EAAT2 and VGLUT1 staining on hip-
pocampal sections of 14-day-old GS+/LacZ and 
GS+/+ mice. Nissl (figure 3A, B) and calbindin 
(figure 3C, 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 stain-
ing revealed no changes in the granule cell 
layer and mossy fibers in the hilus and den-
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Figure 1. Phenotypic characterization of FS susceptibility 
in GS+/+ and GS+/LacZ mice. Latency values including de-
tailed statistics are also listed in table 1. GS+/LacZ animals 
were much more susceptible to the circling, shaking and 
tonic-clonic convulsion (TCC) FS phenotypes. Data are 
expressed as means ± SEM. **P < 0.01, ***P < 0.001.
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tate gyrus [304]. 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 fila-
ment vimentin, as a marker for reactive glio-
sis [270]. GFAP immunostaining (figure 3E, 
F) showed no differences between animal 
groups. Vimentin immunostaining (figure 3G, 
H) was only detected in the wall of blood ves-
sels of both animal groups, but no reactive 

glia were seen in response to reduced ex-
pression of GS. The distribution of hippocam-
pal EAAT2 (figure 3I, J), the principal glial 
glutamate transporter, and VGLUT1 (figure 
3K, L), the presynaptic vesicular glutamate 
transporter 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. 

DISCUSSION

In this study we show that a partial knock-
down of GS, a pivotal glial enzyme in the 
glutamate-glutamine cycle, increases 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 
hippocampal morphology, or on the expres-

 GS+/+ (n = 8) GS+/LacZ (n = 4)   
Amino acid Mean Mean Uncorrected

P-value
Bonferroni –corrected

P-value 
ALA 717 ± 22 814 ± 25 0.02 0.48
ARG 267 ± 21 229 ± 9 0.24 1.00
ASN 133 ± 26 103 ± 5 0.44 1.00
ASP 2145 ± 87 2124 ± 112 0.89 1.00
CIT 85 ± 18 74 ± 18 0.70 1.00
GLN 2861 ± 91 2710 ± 75 0.31 1.00
GLU 7618 ± 285 8450 ± 268 0.09 1.00
GLY 354 ± 34 354 ± 23 0.99 1.00
HIS 154 ± 10 152 ± 8 0.92 1.00
ILE 60 ± 18 33 ± 1 0.33 1.00
IS 1406 ± 32 1407 ± 27 0.98 1.00
LEU 129 ± 39 53 ± 17 0.22 1.00
LYS 873 ± 38 857 ± 52 0.80 1.00
MET 118 ± 21 103 ± 3 0.63 1.00
PHE 112 ± 16 82 ± 3 0.24 1.00
SER 1113 ± 39 1221 ± 50 0.13 1.00
TAU 14443 ± 395 14556 ± 987 0.90 1.00
THR 412 ± 31 380 ± 23 0.52 1.00
TYR 283 ± 23 258 ± 14 0.48 1.00
VAL 160 ± 22 123 ± 4 0.26 1.00
Table 2. Hippocampal amino acid composition in GS+/+ and GS+/LacZ animals. No amino-acid differences were iden-
tified. Data are expressed as means ± standard error of the mean (SEM). P-values were corrected for multiple 
testing.

Protein
expression

Enzyme
activity

0

2000

4000

6000 GS

0

5000

10000

15000

G
S

 p
ro

te
in

 e
xp

re
si

on
(O

D
)

G
S

 activity [G
M

H
]

(nm
ol/m

in.m
g protein)

GS+/+ +/LacZ

***
***

Figure 2. Hippocampal GS protein content and enzyme 
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Figure 3. 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+/+ (A, C, E, G, I and K) and GS+/LacZ animals (B, D, F, H, J and L). 
None of these immunostainings showed a difference between GS+/+ and GS+/LacZ mice.
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sion of other components of the glutamate-
glutamine cycle. Apparently, the reduction in 
GS activity does not induce compensatory 
mechanisms detectable by expression analy-
sis. Reduced GS expression does not influ-
ence hippocampal amino-acid composition 
either. Although our data do not show gen-
eral compensatory mechanisms, of course 
local synaptic changes are likely to occur in 
response to reduction GS levels, for instance 
in the regulation of glutamatergic and/or GA-
BAergic transmission. Physiological experi-
ments in hippocampal slices will be required 
to address this issue. 
Phenotypic analysis revealed that mice with 
reduced GS expression are more susceptible 
to warm-air induced experimental FS (figure 
1) than control littermates. These observa-
tions show that under baseline conditions a 
50% reduction in GS expression does not re-
sult in spontaneous seizure activity, whereas 
under hyperthermia conditions seizures are 
more readily provoked. Possibly the reduc-
tion in GS enzyme capacity cannot cope with 
increased levels of extracellular glutamate in-
duced 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 expression and electroconvul-
sive threshold [299]. Moreover, the GS gene 
(Glul) is located in the QTL, SZS1, identified 
for electroconvulsive threshold [127]. Another 
key component of the glutamate-glutamine 
cycle, the principal glial glutamate transporter 
EAAT2, has also been implicated in seizure 
control. EAAT2 nul-mutants developed spon-
taneous seizures and showed exacerbation 
of brain injury [305]. A correlation between 
EAAT2 expression and electroconvulsive 
threshold was also identified [299], suggest-
ing a more general impairment of the glu-
tamate-glutamine cycle in susceptibility to 
electroconvulsive shock. Interestingly, the 

EAAT2 (Slc1a2) gene is located in one of the 
loci (EL2) responsible for epilepsy in the EL-
mouse [126,306]. Thus, our data, showing a 
direct relationship between GS expression 
and febrile seizure susceptibility, are in line 
with several other studies implicating GS and 
other components of the glutamate-gluta-
mine cycle in the control of other types of sei-
zures. Additionally, alterations in GS as well 
as EAAT2 expression have been implicated 
in the pathology of TLE [271,286,296].
Recently, two unrelated consanguine human 
neonates with congenital loss of GS activ-
ity were identified [307]. These patients had 
extensive brain malformations, 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 af-
ter robust up-regulation of mutant GS protein. 
Both parents, heterozygous for the mutation, 
also had reduced GS activity, but were unaf-
fected. Although unaffected, these families 
have not been investigated in detail for epi-
lepsy symptoms (no MRI, EEG). It is possible 
that Glul mutation carriers, especially in the 
light of our results, are more susceptible to 
seizures and possibly predispose to epilepsy.
Currently, we are studying blood GS levels in 
epilepsy patients and controls to determine if 
GS expression and activity predisposes for 
epilepsy. Association studies will be required 
to investigate whether gene variation in GS 
and other components of the glutamate-glu-
tamine cycle are associated with epilepsy 
and FS.
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INTRODUCTION

Epilepsy is a neurological disorder that is 
characterized by recurrent seizures and af-
fects about 1% of the population worldwide 
[2]. Epilepsy can occur because of a genetic 
predisposition, because of acquired factors 
or because of a combination between the 
two (multifactorial). Temporal lobe epilepsy 
(TLE) is considered to be the most common 
partial epilepsy type with extensive etio-
logical heterogeneity. Most cases probably  
can be classified as mulitfactorial. Although 
much progress has been made about the 
understanding of TLE, the molecular mech-
anisms involved in the etiology and neuro-
pathology of TLE remain poorly understood 
[163,165]. Febrile seizures (FS) are the most 
common initial precipitating event in mesial 
TLE (MTLE), but it is unclear whether FS 
themselves contribute to the development of 
MTLE, or whether a prenatal lesion, brain 
insult or a genetic predisposition is causal to 
both FS and MTLE [87,88]. The overall aim of 
this thesis was to identify key genes, proteins 
and processes involved in MTLE, FS and 
epileptogenesis. This was investigated by 
detailed molecular characterization of MTLE 
in human epileptic tissue, by molecular char-
acterization of prolonged experimental FS in 
mice and by identifying genetic determinants 
of FS susceptibility. 

We demonstrate that the innate immune sys-
tem plays an important role in human MTLE 
(chapter 2) and that an acquired Navβ3 chan-
nelopathy had developed in a subset of hu-
man MTLE patients (chapter 2-3). Chemo-
kines were identified as highly regulated in 
human MTLE (chapter 2), and therefore the 
effects of these chemokines on hippocam-
pal neurons were investigated. We showed 
that the chemokine CCL3 can alter neuro-
nal activity and calcium dynamics in cultured 
hippocampal neurons by increasing NMDA 
receptor levels (chapter 4). To investigate 

the longitudinal effects of FS and to identify 
FS susceptibility genes we developed and 
validated two FS models in mice. We also 
showed that mouse FS susceptibility is in-
fluenced by a complex genetic background 
(chapter 5). Longitudinal effects of FS in the 
hippocampus were investigated using micro-
arrays, which showed us that prolonged FS 
acutely induce transcriptional and heat-shock 
responses, and on the more long-term induce 
network reorganizations and reduced expres-
sion of Camk2a (chapter 6). FS susceptibil-
ity was investigated in more detail using a 
chromosome substitution mouse panel. We 
identified FS susceptibility loci on chromo-
somes 1, 2, 10, 13 and X (chapter 7). Using 
mice haploinsufficient for glutamine synthe-
tase (Glul or GS), we characterized Glul as 
a major FS susceptibility gene (chapter 8). 
In the next sections results presented in this 
thesis are discussed in the context of MTLE, 
FS and epileptogenesis.

IMMUNITY IN MTLE, FS 
AND EPILEPTOGENESIS
Originally the brain was thought to be an im-
munity privileged site. Nowadays this view 
has considerably changed and it is clear that 
not only blood-derived immune cells can en-
ter the brain during pathological states, but 
that the brain itself contains cells which can 
initiate immune responses (innate immunity) 
[308,309]. Besides the obvious functions of 
the immune system, brain immunity and in 
particular cytokines and chemokines, have 
been shown to be involved in neuronal sig-
naling, neuron-glia interactions and neuro-
nal development [158,310]. Certain types of 
epilepsy are thought to be caused by chronic 
inflammation by either auto-antibodies or in-
creased expression of cytokines [155]. More-
over, a polymorphism in the cytokine IL1B has 
been shown to be associated with FS, MTLE 
and hippocampal sclerosis [52,53]. Studies in 
animal models have shown that the immune 
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system can be activated in response to SE, 
stroke, trauma or infection, all acquired fac-
tors associated with TLE. This can result in 
the recruitment of proinflammatory chemo-
kines and cytokines, prostaglandin synthesis, 
complement activation and other inflamma-
tory responses [144,156]. We showed that 
inflammatory responses also play a role in 
human MTLE (chapter 2) and in epilepto-
genesis after FS (chapter 6). Especially the 
chemokines CCL3 and -4 were highly up-
regulated in the hippocampus of TLE patients 
and we showed that Ccl3 was also modestly 
up-regulated acutely after prolonged FS in 
mice. A meta-analysis of microarray studies 
in animals models for epileptogenesis also 
suggested an important role for chemokines 
in epilepsy and epileptogenesis [156]. To in-
vestigate whether CCL3 had direct effects on 
neurons, the effect of chronic pathological 
concentrations of CCL3 on neuronal activity 
and neuronal calcium dynamics were studied 
in a rat hippocampal neuronal culture system 
(chapter 4). We showed that CCL3 potently 
modulates neuronal activity and calcium dy-
namics and that this was mostly mediated 
by increasing N-methyl D-aspartate (NMDA) 
receptor levels. These results suggest im-
portant roles for chemokines in MTLE and 
epileptogenesis and blocking the actions of 
chemokines could prove beneficial for MTLE 
patients. 

ACQUIRED CHANNELOPATHY 
IN MTLE
Most monogenetic idiopathic epilepsies have 
been shown to be caused by mutations in ion 
channel genes (chapter 1) and were there-
fore named channelopathies. In multifactorial 
epilepsy disorders like MTLE both genetic 
and environmental factors are implicated and 
increasingly more data show the involvement 
of ion channel dysfunction in acquired epilep-
sies [reviewed by 1]. Probably, environmental 
factors like trauma and hypoxia can induce 

processes which lead to altered gene expres-
sion and post-transcriptional modifications 
of ion channels [1,132]. In chapter 2 hip-
pocampal gene expression was determined 
in patients with hippocampal sclerosis (HS), 
without HS and in autopsy controls and com-
pared with each other in a three-way analy-
sis. Besides genes involved in the immune 
response (see previous section) when com-
paring MTLE patients with controls, genes 
involved in neuronal activities and the iono-
tropic glutamate receptor pathway were iden-
tified when comparing MTLE patients with 
and without HS. Expression changes in this 
pathway were probably reminiscent of neuro-
nal cell death in HS patients and are not likely 
to be causal for epilepsy in these patients. Of 
particular interest was SCN3B, which codes 
for one of the beta-subunits of the voltage-
gated sodium channel (Nav). Three other Nav 
subunit genes (SCN1A, SCN2A and SCN1B) 
have been linked to familial epilepsies [189]. 
SCN3B expression was two-fold higher in 
nonHS patients than in HS patients and this 
increase could not be attributed to neuro-
nal cell death. In contrast, when analyzing 
SCN3B protein expression (Navβ3) in hip-
pocampal homogenates we identified a 2- 
to 3-fold decrease in protein expression in 
nonHS MTLE patients compared to autopsy 
control and HS MTLE patients (chapter 3). 
We excluded the involvement of mutations in 
the coding regions of SCN3B. The mismatch 
between mRNA (chapter 2) and protein ex-
pression (chapter 3), suggests that Navβ3 
protein down-regulation in nonHS patients 
is translationally or post-translationally regu-
lated. Post-translational regulation is in line 
with up-regulation of ubiquitination and pro-
teasomal degradation processes found spe-
cifically in nonHS patients (chapter 2), which 
could degrade Navβ3 protein. The functional 
consequences of reduced Navβ3 expression 
remain to be elucidated, but these results 
suggest that acquired epilepsies like MTLE 
are partly caused by ion channel dysfunc-
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tion. Figure 1 illustrates the role of Navs in 
idiopathic and symptomatic epilepsies [modi-
fied from 1]. SCN1A, -2A and -1B have been 
implicated in familial epilepsies and familial 
FS syndromes (SMEI, GEFS+) (see also 
chapter 1), and although we cannot exclude 
SCN3B mutations in familial epilepsies, cod-
ing mutations were not observed in MTLE 
patients (chapter 3) and therefore its down-
regulation can be considered an acquired 
channelopathy. 

FS SUSCEPTIBILITY AND FS-
INDUCED EPILEPTOGENESIS
Complex FS are the most common initial pre-
cipitating factor in MTLE, but it is unclear 
whether FS themselves contribute to the 
development of MTLE (epileptogenesis), or 
whether a prenatal lesion, brain insult or a 
genetic predisposition is causal to both FS 
and MTLE [87,88]. To investigate whether 
FS by themselves can lead to epileptogen-
esis, adult seizure thresholds were inves-
tigated after mice were subjected to early 
life prolonged FS (chapter 5). We showed 
that early life prolonged FS reduced seizure 
thresholds in adult animals, which showed 
that FS can lead to epileptogenesis. To in-

vestigate the molecular determinants of 
epileptogenesis after FS, hippocampal gene 
expression was investigated longitudinally 
after mice were subjected to prolonged FS 
(chapter 6). In the acute phase after FS (1 
hour) we identified mainly genes involved in 
transcription and stress responses. Most of 
these responses appeared seizure related 
and have been identified before in epilepsy 
[258-261,266]. Three days later, most differ-
entially expressed genes were involved in 
neuronal repair and remodeling, a process 
that was still active 11 days later. These pro-
cesses were probably reminiscent of mossy 
fiber sprouting which has previously been 
identified in this model [113,114] and in hu-
man MTLE patients [49]. Mossy fibers are 
thought to form recurrent excitatory circuits 
and may contribute to synchronous firing and 
epileptiform activity (discussed in chapter 1). 
Another 6 weeks later neuronal repair and 
remodeling processes had normalized, but 
Camk2a was down-regulated. CAMK2 is 
abundantly expressed in the brain as a major 
constituent of the postsynaptic density and is 
involved in glutamate receptor trafficking dur-
ing long-term potentiation (LTP) [273]. Down-
regulation of the Camk2a gene is one of the 
most consistently identified effects in epilep-
togenesis [reviewed by 133] and recently we 
also identified CAMK2A down-regulation in 
human MTLE patients (chapter 2). More-
over, reduced expression of CAMK2A has 
been shown to induce limbic seizures in a 
dose-dependant way [133]. The evidence of 
reduced CAMK2 activity during epileptogen-
esis, supported by genetic and pharmacolog-
ical studies, suggests that reduced CAMK2 
activity is sufficient to induce changes that 
render the brain epileptic and suggests that 
CAMK2A plays a pivotal role in epileptogene-
sis. Recent data from our group suggests en-
hanced LTP after prolonged FS [Notenboom, 
Ramakers and de Graan, unpublished], but 
the precise role of reduced Camk2a expres-
sion after prolonged FS needs to be further 

Figure 1. Voltage-gated sodium channel genes as exam-
ple for ion channels in a central mechanism of idiopathic, 
multifactorial and symptomatic epilepsies [modified from 
1]. The vertical axis indicates a general estimated fre-
quency of epilepsy causes in the spectrum of idiopathic 
and symptomatic epilepsies (horizontal axis). Grey scaling 
indicates the influence of genetics. On the far left single-
gene epilepsies can be found; the highest peak represents 
epilepsies with complex inheritance and multigenetic ori-
gin. In multifactorial epilepsies both genetic and acquired 
factors interact, but in pure symptomatic epilepsies the ge-
netic influence is small (far right). Channel dysfunction can 
be relevant throughout the epilepsy spectrum.

Idiopathic SymptomaticMultifactorial

Genetic
channelopathies

SCN1A / SCN2A / SCN1B SCN3B

Acquired
channelopathies
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investigated. These data strongly suggest 
that prolonged FS, although not leading to 
spontaneous seizure and epilepsy, are suf-
ficient to induce a process of epileptogenesis 
in which CAMK2A plays a pivotal role. 
To investigate whether a genetic predispo-
sition exits which is causal to both FS and 
MTLE, we determined FS susceptibility in 
mouse inbred strains (chapter 5) and identi-
fied five significant and one suggestive FS 
quantitative trait loci (QTL) in chromosome 
substitution strains (CSS) (chapter 7). We 
showed that FS susceptibility in mouse in-
bred strains is determined by a complex 
genetic background and that the C57BL/6J 
strain was relatively susceptible to FS while 
the A/J strain was relatively resistant (chap-
ter 5). This is in contrast to what was found in 
chemically- and electrically-induced seizure 
susceptibility studies, which showed that the 
A/J strain was more susceptible to these sei-
zures than the C57BL/6J strain [128,237]. 
Our data indicate that susceptibility genes 
for FS and convulsants are distinct. We sub-
sequently identified chromosomes carrying 
QTLs which determine FS susceptibility in the 
C57BL/6J and A/J strains by using the CSS 
panel [241] (chapter 7). A/J chromosomes 2 
and X increased FS susceptibility, whereas 
A/J chromosomes 1, 10 and 13 decreased 
FS susceptibility. Chromosomes 1, 2, 10 and 
13 contain candidate genes which have been 
implicated in human FS. Using haploinsuf-
ficient Glul knockout mice we identified Glul 
as a FS susceptibility gene on chromosome 
1 (chapter 8). The evidence that distinct 
mechanisms are involved in FS and electri-
cally- or chemically-induced seizures (chap-
ter 5) is also illustrated by a chemoconvul-
sant seizure susceptibility study [288] and by 
data from chapter 7. Although these authors 
[288] also identified chromosome 10 as sus-
ceptibility QTL, their QTL increased seizure 
susceptibility, whereas our QTL decreased 
FS susceptibility. Probably, the underlying 
genes are different in the two models, or the 

gene involved has different effects on neuro-
nal signaling in childhood when compared to 
adulthood (chemically-induced seizures are 
induced in adult animals). Fine-mapping and 
subsequent gene sequencing will be needed 
to identify the genes responsible for mouse 
FS susceptibility and could lead the way to 
understanding the mechanisms involved 
in human FS. These data suggest that FS 
themselves contribute to the development of 
MTLE and that susceptibility genes for MTLE 
are distinct from FS susceptibility genes. 

THE INVOLVEMENT OF THE 
GLUTAMATE-GLUTAMINE 
CYCLE IN MTLE AND FS
The glutamate-glutamine cycle plays a key 
role in the regulation of glutamatergic trans-
mission. Most extra-cellular glutamate is 
transported into glial cell by the glial glutamate 
transporter (Slc1a2; EAAT2), and converted 
into non-toxic glutamine by the enzyme glu-
tamine synthetase (Glul; GS). Glutamine is 
then transported back to the neuron, where 
the enzyme glutaminase (Gls; PAG) recon-
verts glutamine into glutamate (figure 2). The 
rate of this cycle was found to be decreased 
in the hippocampus of TLE patients with HS 
[287]. The reduced rate of this cycle could in 
part be explained by decreased expression 
and enzyme activity of GS in the hippocam-
pus of TLE patients with HS [271,286]. How-
ever, other components of this cycle have 
also been implicated. For instance PAG was 
up-regulated in neurons of the hippocampus 
of TLE patients with HS [294] and altered sub-
regional expression of EAAT2 has also been 
reported [271,295,296]. In response (acute) 
to prolonged FS, Glul was down-regulated, 
while Slc1a2 and Gls were up-regulated 
(chapter 6). Down-regulation of Glul would 
reduce conversion of glutamate to glutamine. 
In the chronic phase some animals showed a 
strong down-regulation of Glul after prolonged 
FS. Reduced expression of Glul is likely to af-
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fect glutamate conversion and could lead to 
glutamate toxicity [285]. The significance of 
reduced expression of Glul is also illustrated 
by data from chapter 8. A 50% Glul expres-
sion/activity reduction in haploinsufficient 
Glul knockout mice dramatically increased 
the susceptibility to FS. Amino acid composi-
tion was not significantly affected, although 
the data suggested a slightly increased level 
of alanine (Ala), which is involved in the lac-
tate-alanine shuttle in the glutamate-gluta-
mine cycle (figure 2). Recessive Glul enzyme 
activity obliteration mutations have been de-
scribed in human [307], resulting in exten-
sive brain malformations, seizures and mul-
tiorgan failure and death within a few days 
after birth. Both parents, heterozygote for the 
mutation, had reduced GS activity and low 
serum glutamine levels but were unaffected. 
Although unaffected, these families have not 
been investigated in detail for epilepsy symp-

toms (no MRI, EEG). It is possible that Glul 
mutation carriers, especially in the light of 
our results, are more susceptible to seizures 
and possibly predispose to epilepsy. More-
over, preliminary results from our lab [Bos, 
de Graan, van Nieuwenhuizen, unpublished] 
have shown reduced GLUL mRNA levels in 
leukocytes of newly diagnosed symptomatic 
epilepsy patients. These data suggest that 
Glul is a major susceptibility gene for FS 
and epilepsy. Association studies will be re-
quired to investigate whether gene variation 
in GLUL and other components of the glu-
tamate-glutamine cycle are associated with 
epilepsy and FS.

CONCLUDING REMARKS

This thesis provides insight in the emerging 
role of the immune system in MTLE and 
identified genes and processes involved in 

Figure 2. Illustration of the glutamate-glutamine cycle and of a proposed amino acid shuttle involved in the return of am-
monia generated in neurons [modified from 311]. Abbreviations: Ace-CoA, acetyl-CoA; Ala, alanine; ALAT, alanine ami-
notransferase; α-KG, α-ketoglutarate; GDH, glutamate dehydrogenase; Gln, glutamine; Glu, glutamate; GS, glutamine 
synthetase; Lac, lactate; PAG, phosphate-activated glutaminase; Pyr, pyruvate.
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FS and epileptogenesis. In human MTLE we 
identified high expression of chemokines, 
which in vitro increased neuronal activity. 
Blocking chemokines could prove beneficial 
to MTLE patients and is of interest for future 
studies. FS were shown to induce a process 
of epileptogenesis possibly culminating in 
MTLE in which Camk2a plays a key role. 
The role of Camk2a is currently being investi-
gated in more detail. Although FS predispose 
to MTLE, we showed that genes influencing 
FS and epileptogenesis susceptibility are 
distinct. Glul was shown to be a major FS 
susceptibility gene and FS susceptibility loci 
have been localized to chromosomes 1, 2, 
10, 13 and X of the A/J strain. Fine-mapping 
and subsequent sequencing will be neces-
sary to identify causative genes and will in-
crease our understanding of the FS/MTLE 
mechanisms and relationships.
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SAMENVATTING

Epilepsie is een chronische neurologische 
ziekte die gekarakteriseerd wordt door spon-
tane, herhaalde aanvallen of stuiptrekkingen. 
Epilepsie kan erfelijk zijn, kan ontstaan na 
specifieke neurologische gebeurtenissen ge-
durende het leven, of kan ontstaan door een 
combinatie van deze twee oorzaken. Een van 
de meest voorkomende vorm van epilepsie 
is temporaalkwab epilepsie (TLE). Bij deze 
vorm van epilepsie beginnen de aanvallen in 
de temporale hersenkwab (slaapkwab). TLE 
wordt gezien als een ziekte die in belangrijke 
mate beïnvloedt wordt door gebeurtenissen 
gedurende het leven (omgevingsfactoren), 
maar hiernaast ook beïnvloedt wordt door 
erfelijke factoren. TLE wordt daarom ook wel 
als multifactoriaal geclassificeerd. Het pro-
ces dat een gezond brein omvormt tot een 
epileptisch brein wordt epileptogenese geno-
emd. Een voorbeeld van een gebeurtenis 
die de kans groter maakt om TLE te ontwik-
kelen is koortsstuipen. Koortsstuipen zijn stu-
iptrekkingen die kunnen optreden bij hoge 
koorts in jonge kinderen. Meestal zijn deze 
stuiptrekkingen relatief onschadelijk, maar 
in sommige kinderen kunnen ze uiteindelijk 
leiden tot TLE. Het is echter niet duidelijk of 
koortsstuipen zelf de kans verhogen op TLE 
of dat er al een prenatale schade of gene-
tische gevoeligheid bestaat waardoor deze 
kinderen koortsstuipen en TLE ontwikkelen. 
Dit proefschrift beschrijft onderzoek gericht 
tot het identificeren van sleutelgenen, -eiwit-
ten en -processen die een rol spelen bij TLE, 
koortsstuipen en epileptogenese. 

In hoofdstuk 2 is weefsel onderzocht van TLE 
patiënten waarbij, als therapie, het hersen-
gebied dat de epilepsie veroorzaakt is weg-
genomen. Dit hersenweefsel is vervolgens 
te gebruiken om de genexpressie te meten 
en te vergelijken met de genexpressie van 
gezond hersenweefsel. De resultaten lieten 
zien dat de “aangeboren” immuniteit een be-

langrijke rol speelt in TLE. Chemokinen spe-
len een belangrijke rol in deze immuniteit en 
kunnen ontstekingscellen naar de plek van 
ontsteking leiden. Twee chemokinen, CCL3 
en CCL4, kwamen zeer sterk tot expressie 
in het hersenweefsel van TLE patiënten. In 
hoofdstuk 4 zijn de effecten van één van 
deze chemokinen onderzocht op de activiteit 
van gekweekte rattenneuronen. We hebben 
aangetoond dat CCL3 de activiteit en calci-
umdynamiek van neuronen kan moduleren 
en dat deze effecten grotendeels veroorzaakt 
werden door een verhoogde expressie van 
N-methyl D-aspartate (NMDA) receptoren. 
Deze resultaten suggereren een belangrijke 
rol voor chemokinen in TLE en epileptogen-
ese. Het blokkeren van de functie van deze 
chemokinen zou een remmend effect kunnen 
hebben op de ontwikkeling van TLE.

De meeste genetische epilepsievormen wor-
den veroorzaakt door mutaties in ionkana-
algenen (hoofdstuk 1) en worden ook wel 
“channelopathies” genoemd. Een voorbeeld 
hiervan is een ernstige genetische vorm van 
koortsstuipen en epilepsie die veroorzaakt 
wordt door mutaties in natriumkanalen 
(SCN1A, SCN2A, SCN1B). In multifacto-
riale epilepsie, zoals TLE, laten bovendien 
steeds meer studies zien dat de ontregeling 
van ionkanalen ook een rol speelt. In hoofd-
stuk 2 hebben we naast immuungenen ook 
een relatief recent ontdekt natriumkanaalon-
derdeel geïdentificeerd (SCN3B of Navβ3) 
met veranderde expressie in epilepsiepatiën-
ten. Hoofdstuk 3 beschrijft een gedetailleerde 
expressie analyse van dit kanaalonderdeel. 
SCN3B mRNA expressie was 2-maal hoger in 
deze epilepsiepatiënten, terwijl de expressie 
van het corresponderende eiwit (Navβ3) 2- 
tot 3-maal lager was. Deze tegenstelling zou 
verklaard kunnen worden door een mutatie 
in het SCN3B gen. We hebben echter geen 
mutaties kunnen identificeren in dit gen. Het 
is mogelijk dat dit gen onder sterke translatio-
nele of post-translationele controle staat en 
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zodoende de eiwitexpressie remt. Post-trans-
lationele controle is in overeenstemming met 
een verhoogde expressie van ubiquitine en 
proteasomale degradatie processen in deze 
patiënten (hoofdstuk 2). De functionele con-
sequenties van lagere Navβ3 expressie zijn 
nog onduidelijk, maar deze resultaten sug-
gereren dat ontregeling van natriumkanalen 
een rol spelen in TLE.

Zoals eerder genoemd, zijn koortsstuipen 
een veel voorkomende omgevingsfactor in 
de ontwikkeling van TLE. We hebben onder-
zocht of koortsstuipen op zichzelf kunnen 
leiden tot epileptogenese. Hiervoor hebben 
we in muizen van 10 dagen oud met behulp 
van warme lucht, koorts en koortsstuipen op-
gewekt (hoofdstuk 5). We toonden aan dat 
deze koortsstuipen de epileptische aanvals-
gevoeligheid in volwassen dieren verhoogde. 
Deze resultaten lieten zien dat koortsstui-
pen inderdaad kunnen leiden tot een epi-
leptogenese proces. Om dit epileptogenese 
proces verder te onderzoeken, hebben we 
de genexpressie van muizen met koortss-
tuipen vergeleken met de genexpressie van 
muizen die geen koortsstuipen hebben ge-
had (hoofdstuk 6). Resultaten lieten zien 
dat koortsstuipen al na één uur een grote 
genexpressie respons gaven. We identi-
ficeerden vooral transcriptie en stress genen. 
Drie dagen en twee weken na de koortss-
tuipen werden voornamelijk genen gevon-
den die een rol spelen bij neuronaal herstel 
en herstructurering. Deze processen zijn 
waarschijnlijk een teken van het ontstaan van 
nieuwe connecties tussen neuronen (mossy 
fiber sprouting, zie hoofdstuk 1). Deze nieu-
we connecties kunnen een soort kortsluit-
ing in de hersenen veroorzaken, waardoor 
gesynchroniseerde en epileptische activiteit 
kan ontstaan. Na in totaal acht weken waren 
de meeste koortsstuipveranderingen genor-
maliseerd. Eén gen, Camk2a, kwam lager 
tot expressie. Lagere expressie van Camk2a 
is één van de meest gevonden effecten in 

epileptogenese en is ook aanwezig in hu-
maan epilepsie weefsel (hoofdstuk 2). Stu-
dies hebben ook laten zien dat een lagere 
expressie van CAMK2A epileptische activiteit 
kan veroorzaken in een concentratie afhan-
kelijke wijze. Deze resultaten suggereren dat 
koortsstuipen epileptogenese kunnen veroor-
zaken waarbij neuronale herstructurering en 
Camk2a een belangrijke rol spelen. 

Om te onderzoeken of er een genetische ge-
voeligheid ten grondslag ligt aan koortsstui-
pen, hebben we de koortsstuipgevoeligheid 
bepaald van meerdere ingeteelde muizen-
stammen (hoofdstuk 5). Hiernaast hebben 
we met speciaal gekweekte muizenstammen 
chromosomen geïdentificeerd waar koorts-
stuipgevoeligheidsgenen op liggen (hoofd-
stuk 7). We hebben laten zien dat koorts-
stuipgevoeligheid in ingeteelde muizenstam-
men bepaald wordt door complexe genetica 
en dat de C57BL/6J muizenstam relatief ge-
voelig is terwijl de A/J muizenstam relatief 
ongevoelig is voor koortsstuipen (hoofdstuk 
5). Dit is in tegenstelling tot wat gevonden 
is met chemisch geïnduceerde epileptische 
aanvallen, waarbij de A/J muizenstam juist 
de meest gevoelige stam is. Dit laat zien 
dat koortsstuipgevoeligheidsgenen specifiek 
zijn. Vervolgens hebben we chromosomen 
geïdentificeerd waar deze koortstuipgevoe-
ligheidsgenen liggen (hoofdstuk 7). Chro-
mosomen 2 en X van de A/J stam verhogen 
de gevoeligheid voor koortsstuipen, terwijl 
de chromosomen 1, 10 en 13 de gevoe-
ligheid voor koortsstuipen verlagen. Op de 
chromosomen 1, 2, 10 en 13 liggen eerder 
geïmpliceerde koortsstuipgenen, die gevon-
den zijn bij koortsstuipen in de mens. Door 
gebruik te maken van een muizenstam waar 
één van de kopieën van het gen Glul geïn-
activeerd is, hebben we Glul kunnen identi-
ficeren als één van de gevoeligheidsgenen 
op chromosoom 1 (hoofdstuk 8). Verdere 
gedetailleerde kruisings-, locatie- en sequen-
tiestudies blijven echter nodig om de koorts-
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stuipgevoeligheidsgenen op te sporen. 

Dit proefschrift verschaft inzicht in de opko-
mende rol van het immuunsysteem in TLE, 
en identificeert genen en processen die 
belangrijk zijn bij koortsstuipen en epilepto-
genese. In TLE hebben we hoge expressie 
geïdentificeerd van chemokinen, die in vitro 
de neuronale activiteit verhoogden. Het blok-
keren van de effecten van chemokinen zou 
een remmend effect kunnen hebben op de 
ontwikkeling van TLE en is onderwerp van 
verdere studies. We hebben laten zien dat 
koortsstuipen het epileptogenese proces kun-
nen aanzetten, waarbij Camk2a een sleutel-
rol vervult. De rol van Camk2a in epileptoge-
nese wordt momenteel onderzocht. Hoewel 
koortsstuipen TLE kunnen veroorzaken, heb-
ben we aangetoond dat gevoeligheidsgenen 
voor koortsstuipen en epileptogenese apart 
zijn. We hebben Glul geïdentificeerd als be-
langrijk gen dat de koortsstuipgevoeligheid 
beïnvloed. De chromosomen 1, 2, 10, 13 en 
X bevatten ook genen die de koortsstuipge-
voeligheid beïnvloeden. De identificatie van 
deze genen kan leiden tot een beter begrip 
van de mechanismen die een rol spelen bij 
koortsstuipen. Onze resultaten suggereren 
dat koortsstuipen direct kunnen bijdragen 
aan TLE en dat gevoeligheidsgenen voor 
koortsstuipen anders zijn dan gevoeligheids-
genen voor TLE.
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