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General Introduction 
 
One of the great puzzles in the life sciences, and in brain science in particular, is the 
nature/nurture problem. It deals with the question whether a given trait is of congenital 
(nature) or environmental (nurture) origin. Regarding the current state of knowledge this 
is, however, not always an orthodox question of either the one or the other, but rather a 
question of the different impact of the one and the other. Hence, if one regards the 
development of a given trait in an organism, the question is in how far is there a 
congenital or genotypic origin of that trait; and in how far and in which way does the 
environment contributes to its phenotypic expression? It should be emphasized that the 
environment in itself can cover a broad range of different levels in this definition, ranging 
from the single cell level to the very physical and social surrounding of an organism. 
Furthermore, the environment and its impact might vary across the lifespan of an 
organism. 
 The current thesis deals with the nature/nurture problem in the case of absence 
epilepsy, a form of inherited epilepsy. Using a well validated animal model of absence 
epilepsy, it was investigated in how far and in which way the genotype or the environment 
can influence this form of epilepsy at different periods during life. 
 In the following introduction the complex disease epilepsy will briefly be described, 
followed by a closer description of the idiopathic epilepsies, emphasizing absence 
epilepsy. A short overview of the current state of knowledge of the genetics of absence 
epilepsy in humans will be presented before the step is made to the genetic animal models 
commonly used in absence epilepsy research. Regarding the latter the WAG/Rij rat model 
will be discussed in a detailed way. The evidence suggesting an environmental 
contribution in the development of absence epilepsy in this strain of rats will be presented. 
Main paradigms of studying environmental contributions in brain research, the (a) 
enriched/impoverished housing paradigms and the (b) neonatal handling/maternal 
deprivation paradigms will be explained. Next, the introduction will cover information 
about hyperpolarization-activated cation channels that play an important role in absence 
epilepsy. Finally, the aims and outline of the thesis will be sketched.  
 
1.1. A short introduction to epilepsy 
 
Epilepsy is a disease that affects around 1-2% of the general population (Shorvon, 2000). 
It is not a homogenous disease, but a rather heterogeneous spectrum of differing 
neurological disorders that all share the characteristic of recurrent epileptic seizure 
activity. The latter is defined by (a) the sudden manifestation of abnormal neuronal 
activity that is highly synchronized and either affects a part of (partial) or the whole brain 
(generalized); (b) various clinical symptoms which can manifest as motor, sensory or 
mixed phenomena; and (c) often an alteration or loss of consciousness and awareness 
(Shorvon, 2000). 
 The aetiology of epilepsy or epileptic seizures is manifold. Nevertheless, a brief, so 
by no means exclusive, division into three categories can be made (Commission, 1989). 
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The first group consists of symptomatic epilepsies, where seizures have a known origin 
such as tumours, lesions, infections, vascular causes and the like. A second group of 
epilepsies is called cryptogenic, due to the fact that their cause is not definitely known 
(cryptic), although it is suggested that the etiology of this group of epilepsy syndromes is 
of symptomatic origin. The last group are the idiopathic epilepsies, which all have a 
known or suggested genetic origin and will therefore be discussed in more detail below. 
 A discussion of the symptomatic and the cryptogenic epilepsies are beyond the scope 
of the present thesis. In depth information about these groups of epilepsies can be found 
elsewhere (Avoli et al., 1990; Niedermeyer, 1993a; Shorvon, 2000). 
 
1.2. Idiopathic epilepsies with emphasis on absence epilepsy 
 
Around 30-40 percent of all childhood epilepsies and about 20 percent of all epilepsies 
observed in adults are idiopathic epilepsies (Steinlein, 1998). They comprise a 
heterogeneous group of epilepsies with various seizure types, among which typical 
absences represent a common phenomenon (Duncan, 1997). Common to all idiopathic 
epilepsies is that they are age related, show clear definable EEG abnormalities, have a 
known or demonstrable genetic origin (run in families), no signs of neurological deficits 
and generally a good prognosis (Smith et al., 1998). Broadly idiopathic epilepsies can be 
divided into two groups, the localized or partial seizures, and the (primary) generalized 
epilepsies (Smith et al., 1998; Shorvon, 2000). Table 1 gives an overview of the different 
epilepsy subtypes. 
 The group of generalized idiopathic epilepsies includes several types of epilepsies 
ranging from tonic-clonic seizures (grand mal epilepsy) to rather mild forms with only 
minor motor manifestations like typical absence seizures (petit mal epilepsy) (Gloor & 
Fariello, 1988).  
 Typical absence seizures are common among the idiopathic generalized epilepsies 
(Duncan, 1997), though they can also occur in partial idiopathic and symptomatic or 
cryptogenic epilepsies, like myoclonic absence epilepsy (Panayiotopoulos, 1999). Within 
the group of idiopathic generalized epilepsies typical absences occur in three syndromes: 
childhood absence epilepsy (pyknolepsy), maybe the most distinctive syndrome of typical 
absence seizures, juvenile absence epilepsy, and juvenile myoclonic epilepsy 
(Commission, 1989; Panayiotopoulos, 1999). The latter is, however, mainly characterized 
by myoclonic symptoms and tonic-clonic seizures, while typical absences are a minor 
symptom occurring in only a third of all patients (Panayiotopoulos, 1999). A possible 
fourth group showing prominent absence features contains eyelid myoclonia with typical 
absences and perioral myoclonia with absences. These syndromes are, however, not yet 
officially recognized by the International League Against Epilepsy (ILAE) (Duncan, 
1997). 
 Absence seizures usually occur in childhood (childhood absence epilepsy) or 
adolescence (juvenile absence epilepsy) and mostly remit into adulthood, although 
seizures sometimes persist into adulthood and worsening of seizures to other forms like 
tonic-clonic seizures is reported (Duncan, 1997). Seizures might occur hundred of times 
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during a day and females show a slight preponderance above males in developing absence 
epilepsy (Duncan, 1997). 
 
 Table 1: Overview Idiopathic epilepsies 
  

  
Syndrome 

 
Age of onset 

 
EEG appearance 

 
Benign familial neonatal convulsions 

 
2nd-3rd day 
 

 
No specific changes in EEG 

Benign neonatal convulsions ~ 5th day 
 

 

Benign myoclonic epilepsy in infancy ~ 6 months - 3 years Generally normal; polyspike-wave 
or spike-wave discharges (> 3 Hz) 
during myoclonias 
 

Childhood absence epilepsy2,3 2 - 12 years 3 Hz spike-wave discharges 
 

Juvenile absence epilepsy2,3 8 - 20 years 3.5 – 4.5 Hz spike-wave discharges 
 

Juvenile myoclonic epilepsy1,3 8 - 26 years 4 – 6 Hz polyspike, generalized 
slow-wave discharges 
 

Epilepsy with generalized tonic-clonic 
seizures on awakening1 

6 - 35 years 2.5 – 4 Hz spike-wave discharges, 
polyspike and wave activity 
 

Other generalized idiopathic epilepsies 
not defined above (e.g. Eyelid 
myoclonia with typical absences1,4, 
Perioral myoclonia with absences1,4, 
Benign familial myoclonus4) 

In childhood in case of Eyelid 
myoclonia with typical 
absences; in childhood or 
early adulthood (average 10 
years) in case of Benign 
familial myoclonus 
 

Polyspike and slow wave complexes 
> 3 Hz in case of Eyelid myoclonia 
with typical absences; Normal EEG 
in case of Benign familial 
myoclonus 

G
en

er
al

iz
ed

 

Epilepsies with seizures characterized 
by specific modes of precipitation 
(photogenic epilepsies) 
 

Generally around puberty Mostly occipital spike-wave 
discharges, photoparoxysmal 
responses 

 
Benign childhood epilepsy with 
centrotemporal spikes 

 
3 – 13 years 

 
High voltage centro-temporal spikes 
and following slow waves 
(interictally) 
 

Childhood epilepsy with occipital 
paroxysms 

4 – 12 years High amplitude paroxysmal spike-
wave discharges or sharp waves at 
occipital and posterior temporal 
areas (during closed eyes only) 
 

Pa
rt

ia
l (

fo
ca

l, 
lo

ca
l) 

Primary reading epilepsy Late puberty Spike-wave discharges and 
paroxysmal rhythmic theta activity, 
fronto-central, centro-parietal, 
parieto-temporal distribution 
(generally left side) 
 

 
Table based on Commission on Classification and Terminology of the International League Against Epilepsy (ILAE) 
(1989); Callenbach & Brouwer (1997); Duncan (1997); Kaneko et al. (2002); Sander (1996)  1 Absence seizures prominent; 
2 Absence seizures only; 3 Most common idiopathic generalized subtypes; 4 Not classified by the ILAE yet 
 

The electroencephalogram (EEG) during an absence seizure is characterized by bilateral 
generalized spike-wave discharges (SWD) (Figure 1) with a frequency of 3 Hz in 
childhood absence epilepsy or 3.5-4 Hz in juvenile absence epilepsy (Duncan, 1997). The 
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background interictal EEG appears normal. Although classified as generalized seizures, 
the SWD show a fronto-parietal dominance, being almost absent at temporal and occipital 
parts. Usually the SWD start with spikes of a higher frequency and amplitude, weaning as 
the seizure progresses (Meeren, 2002). There is no postictal depression (Snead, 1995). 

Figure 1. Examples of EEG traces during typical absence seizures, taken from an 8-year old girl with childhood 
absence epilepsy (a), and from a 13-year old girl with juvenile absence epilepsy (b). In both cases the 
characteristic 3 Hz spike and wave discharges can be seen. Note the typical bilateral and generalized nature of 
the discharges (adapted from Smith et al., 1998). 
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Characteristic for all typical absence epilepsies is the abrupt on- and offset of seizures 
without aura or postictal state and return to pre-ictal activities (Panayiotopoulos, 1999; 
Snead, 1995). The seizures last between a few to 20 seconds (Niedermeyer, 1993a) and 
are characterized by a temporary decrease or loss of consciousness with the interruption of 
all ongoing activity. Gross motor symptoms are absent, although minor symptoms are 
frequently seen. Typical are mild orofacial automatisms, clonic movements of the eyelids, 
temporal loss of postural tone, dropping of arms and heads or tonic muscle contractions 
(Duncan, 1997; Panayiotopoulos, 1999).  
 Absence epilepsy is unique in its pharmacological treatment from other idiopathic 
epilepsies (Panayiotopoulos, 1999; Snead, 1995). Drugs like phenytoin, carbamazepine, 
vigabatrin or tiagabine that alleviate convulsive seizure types are without effect on, or 
even worsen absence seizures and are therefore contraindicated (Panayiotopoulos, 1999). 
First-line drugs used to treat absence seizures are ethosuximide and sodium valproate, 
drugs like benzodiazepines (e.g. diazepam) or lamotrigine are often considered as main 
second-line pharmacotherapy (Duncan, 1997; Panayiotopoulus, 1999; Shorvon, 2000). 
 The definite pathophysiology of absence seizures is not known (Duncan, 1997). 
However, regarding the for absence epilepsy characteristic occurrence of the highly 
synchronized SWD in the EEG some consensus exists. Anatomically the importance of 
the thalamo-cortical loop, comprising the neocortex, thalamic relay nuclei and the 
reticular thalamic nucleus, has proven to be crucial (Kostopoulos, 2001). The different 
theories vary, however, in stressing the distinctive contribution of either the one or the 
other (Meeren et al., in press). On the protein level mainly the GABAergic system 
(Peeters, et al., 1989; Staak & Pape, 2001) and voltage gated ion channels (Burgess & 
Noebels, 1999; van de Bovenkamp-Janssen, 2004) are emphasized. Neuromodulatory 
transmitters such as dopamine, noradrenaline, or acetylcholine might also play a role 
(Snead, 1995). 
 Typical absence epilepsies are not related to an underlying neurological abnormality 
or structural brain lesion (Danober et al., 1998). In fact the lack of an underlying structural 
pathology is regarded as an important criterion in its differential diagnosis. The etiology 
of absence epilepsy is thought to be genetic (Doose et al., 1973), although the definite 
genetic cause and mode of inheritance still remains to be elucidated (Duncan, 1997). An 
environmental contribution is also suggested (Robinson & Gardiner, 2000; Steinlein, 
2004a). 
 
1.3. Genetics of absence epilepsy 
 
Twin and family studies and the use of animal models have recurrently revealed the 
crucial role of genetic factors in the development of idiopathic epilepsies (Sander, 1996; 
Steinlein, 1998). Nevertheless, the genetic basis of most epilepsies is complex and at the 
moment not completely unravelled (Steinlein, 1998, 2004b). 
 Robinson and Gardiner propose that the genetic epilepsies might be classified into 
three major groups according to their mode of inheritance (2000). First they consider 
those epilepsies that are due to a single locus and show a simple mode of inheritance 
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(mendelian epilepsies). The second group is thought of being caused by several distinct 
gene loci, interacting and inherited in a complex mode with an environmental 
contribution, hence the name ‘complex’ or ‘non-mendelian’ epilepsies. A last group 
comprises those forms of epilepsies where a chromosomal disorder is present. 
 The absence epilepsies like childhood absence epilepsy, juvenile absence epilepsy or 
juvenile myoclonic epilepsy belong to the second group of complex or non-mendelian 
epilepsies (Steinlein, 2004a). Therefore, absence epilepsy is considered to have a 
multifactorial origin with an oligogenetic or polygenetic background with exogenous 
factors possibly influencing the onset and course of the epilepsy (Doose et al., 1973; 
Steinlein, 1998). 
 Despite the considerable amount of studies conducted so far (see Crunelli & 
Leresche, 2002; Kaneko et al., 2002, for review), knowledge of genes being responsible 
for absence epilepsy is scarce. This is mainly due to the methodological problems inherent 
in the genetic study of diseases with a complex mode of inheritance, and hampered by the 
heterogeneity and overlap of the different idiopathic epilepsy phenotypes. 
 Metrakos and Metrakos (1961) found out that the characteristic trait of all absence 
epilepsies, the occurrence of 2-4 Hz SWD in the EEG, is inherited through an autosomal 
dominant gene. This is in line with the WAG/Rij rat model described later (Peeters et al., 
1990, 1992). 
 Regarding a putative role of the GABAergic system in absence epilepsy, a mutation 
of the GABRG2 gene (Wallace et al., 2001) and an association with the GABRB3 gene 
(Feucht et al., 1999) were reported. The GABRG2 gene encodes the GABAA receptor γ2 
subunit; the GABRB3 gene encodes the β3 subunit. Both subunits are important in the 
functioning of intra-thalamic inhibition (Huntsman et al., 1999). However, other studies 
could not confirm these findings (Sander et al., 1996; Sander et al., 1997) or found a 
mutation in the GABRG2 gene without any sign of absence seizures (Baulac et al., 2001). 
No evidence was found for an involvement of genes encoding other GABAA receptor 
subunits (Feucht et al., 1999; Sander et al., 1996; Sander et al., 1997) or for the GABAB 
receptor (Sander et al., 1999) so far. 
 Animal studies elucidated the significant contribution of voltage gated ion channels 
with an emphasis on calcium channels in absence epilepsy (Burgess & Noebels, 1999; 
Tsakiridou et al., 1995; van de Bovenkamp-Janssen, 2004; van de Bovenkamp-Janssen et 
al., 2004). However, although a mutation in the CACNA1A gene, encoding the α1A 
subunit of the voltage gated calcium channel, was reported by some (Jouvenceau et al., 
2001), it was excluded by others (Sander et al., 1998). Regarding the special role ascribed 
to the low threshold calcium current IT in the pathophysiology of absence epilepsy it is 
important that although no association was found for its α1G subunit (Chen et al., 2003b), 
an association of the α1H subunit and absence epilepsy was recently reported (Chen et al, 
2003a). The latter needs to be confirmed in independent follow up studies. 
 Hence, although the aforementioned research only displays the most important 
findings and does not represent a complete list of all gene mapping studies, it must be 
concluded that in humans to date no compelling gene for absence epilepsy has been 
mapped or identified (Berkovic & Scheffer, 2001; Kaneko et al., 2002; Steinlein, 2004b). 
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This might in great part be due to the heterogeneity in both genotype and phenotype of the 
absence epilepsies. The first refers to the fact that different genes can cause similar 
phenotypes and that one gene can be involved in the expression of different phenotypes 
(pleiotropy). Furthermore, if a specific mutation will finally result in its associated 
phenotype, also depends on the genetic background and environmental factors. The 
heterogeneity in the phenotype corresponds to the observation that in humans various 
forms of epilepsies usually overlap (Steinlein, 1998). 
 The use of inbred animal models that exhibit spontaneous absence seizures are an 
important tool that can help to circumvent these problems. Experimental crosses of inbred 
strains and linkage mapping can reveal important genes and loci (Sander, 1996). 
Furthermore, because animals of a given strain are inbred, it is possible to experimentally 
manipulate the environment and study its consequences on epileptogenesis directly. Given 
the fact that all animals share the same genotype, differences between animals must be 
ascribed to environmental factors. 
 
1.4. Genetic animal models of absence epilepsy 
 
Ideally a valid animal model must fulfil several requirements. First it must have face 
validity (Coenen & van Luijtelaar, 2003), meaning that the model must mimic the clinical, 
pharmacological, and aetiological characteristics of a human trait (Danober et al., 1998). 
For absence epilepsy this implies that the EEG must show bilateral generalized SWD on 
an otherwise normal background EEG, and a silent hippocampus. The SWD must be 
accompanied by behavioral arrest and only minor motor signs (e.g. nystagmus). Except 
epilepsy other neurological disorders should be absent. During a seizure the animal must 
show a reduced responsiveness to its environment and impaired information processing. 
Pharmacologically the seizures must be blocked by ethosuximide, sodium valproate or 
benzodiazepines, while being exacerbated by GABAmimetics such as vigabatrin or 
tiagabine, and typical anti epileptic drugs like phenytoin/hydantoin and carbamazepine. 
Regarding the aetiology of the seizures the thalamocortical loop (comprising the cortex, 
thalamic relay nuclei and the reticular thalamic nucleus) must be involved and ideally the 
absence epilepsy should have a spontaneous multifactorial genetic origin (Danober et al. 
1998; Mirsky et al., 1986; Snead, 1995). Next to these criteria a good model should be 
based on theoretical grounds (construct validity) and be standardized, enabling predictions 
from the model to the patient (predictive validity) (Coenen & van Luijtelaar, 2003; Snead, 
1995). 
 Different animal models of absence epilepsy exist that vary in species and causes of 
seizure activity (Fisher, 1989). The species used are cats (Steriade & Deschenes, 1984; 
Steriade & Contreras, 1995; Gloor et al., 1990), ferrets (Bal et al., 1995; Blumenfeld & 
McCormick, 2000; von Krosigk et al., 1993), mice (Burgess & Noebles, 1999) and rats 
(Coenen & van Luijtelaar, 2003; Danober et al., 1998; Vadász et al., 1995). The causes 
range from the pharmacological induction of seizures by penicillin in cats (Gloor et al., 
1990), pentylenetetrazole or gamma-hydroxybutirate in rats (Snead, 1992), to a genetic 
origin (Coenen & van Luijtelaar, 2003; Danober et al., 1998). Regarding the latter a 
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further differentiation can be made whether the genetic origin is due to spontaneous 
mutation(s) or induced. 
 As discussed previously, absence epilepsy is considered to be a genetic form of 
epilepsy (Doose et al, 1973; Steinlein, 1998). Therefore, the genetic animal models might 
resemble the seizures occurring in humans more closely (Danober et al., 1998). 
Furthermore, the use of genetic animal models is inevitable in the study of the etiology 
and epileptogenesis, whether it is the search for specific genetic- or environmental factors 
leading to epilepsy (Vadász et al., 1995). Burgess and Noebels (1999) have recently 
expressed the importance of genetic animal models in a recent review stating that the 
‘Utilisation of genetic mouse and rat models in particular has led to significant insights 
into the pathological mechanisms underlying [absence epilepsy]’ (p. 111) and ‘Genetic 
animal models have contributed significantly to our understanding of primary causes of 
absence epilepsy.’ (p. 112). 
 
1.4.1. Mice strains 
 
Various mice strains develop spontaneous absence seizures (Burgess & Noebels, 1999; 
Crunelli & Leresche, 2002; Steinlein & Noebels, 2000). Table 2 gives a short overview of 
the different mice strains used as models for absence epilepsy. Broadly, the different 
strains can be grouped in those having a known genetic origin, either due to a spontaneous 
mutation or induced, and those where a genetic origin is suggested but not known. 
 The seizures in mice are characterized by behavioral arrest and the concomitant 
occurrence of the typical bilateral generalized spike-wave pattern in the EEG, resembling 
human absence epilepsy (Frankl, 1999; Ryan, 1999). A difference with humans is that the 
SWD in mice have, however, a slightly higher frequency (5-7 Hz), except for the slow-
wave epilepsy (swe) mutant (Cox et al., 1997). In all mice models the SWD typical last 
several seconds and occur frequently (up to more than 100/h). The seizures start during 
the first weeks of life and usually persist thereafter (Burgess & Noebels, 1999; Ryan, 
1999). With the exception of the lethargic mouse (lh) (Hosford & Wang, 1997), however, 
the pharmacological characterization and validation of most models is rather scarce 
(Crunelli & Leresche, 2002). 
 Although absence epilepsy in man is thought of having a complex mode of 
inheritance (Steinlein, 2004a), in all mouse models with a known genetic origin the 
absence epilepsy results from a single gene mutation, either spontaneous or induced. 
Almost all mutations are in regions encoding for ion-channel genes (Burgess & Noebels, 
1999; Ludwig et al., 2003). An induced loss of the β3 subunit of the GABAA receptor 
complex (DeLorey et al., 1998; Huntsman et al., 1999) and abnormalities in a sodium-
hydrogen exchanger (Nhe-1) in swe mice (Cox et al., 1997) have also been related to the 
occurrence of absence seizure like phenotypes. This indicates that different genotypes can 
all lead to similar phenotypes, the expression of SWD. 
 The swe mutant might deserve further attention considering that it mimics quite well 
some characteristics of absence epilepsy in humans. All members of the swe strain show a 
pattern of generalized SWD with a frequency between 3-4 Hz, resembling that observed  
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Table 2: Overview of mice models of absence epilepsy 
 

  
Strain 

 
SWD freq. & 

duration 

 
Age of onset 

 
Chromo-

some 

 
Gene 

 
Protein/ 
Channel  

 
Ref. 

 

Known genetic origin 
 
 Spontaneous mutations 

  
Tottering 
(tg) 
 

 
6-7 Hz 
(0.3-10 sec.) 

 
>30 days 

 
8 

 
Cacna1a 

 
α1a subunit; Ca2+ 
channel 

 
1, 2, 3, 4 

 Lethargic 
(lh) 
 

5-6 Hz 
(0.6-5 sec.) 

>3 weeks 2 Cacnb4 β4 subunit; 
Ca2+ channel 

1, 5, 6 

 Slow-wave 
epilepsy 
(swe) 

3-4.5 Hz Depends on 
genetic 
background, 
remission with 
age 
 

4 Slc9a1 Nhe 1; Na+/H+ 

exchanger 
7, 8 

 Stargazer 
(stg) 

6 Hz 
(~ 6 sec.) 

> 2 weeks 15 Cacng2 γ2 subunit; 
Ca2+ channel, 
stargazin 
 

1, 9, 10, 
11, 12 

 Mocha 2J 
(mo) 

6-7 Hz  10 mh δ Subunit of 
adapter like protein 
complex Ap-3 
 

13, 14 

 Ducky (du) 6 Hz  9 Cacna2d2 α2δ-2 
Ca2+ channel 
accessory subunit 
 

15 

 Induced mutations 
  

gabrb3 -/- 
Knockout 

 
Atypical 
absences, 
Depends on age 
 

  
7 

 
Gabrb3 

 
β3 subunit of 
GABAA receptor 

 
16, 17 

 HCN 2 -/- 
Knockout 

5 Hz    HCN 2 subunit; 
HCN rectifier 
channel (K+/Na+) 
 

18 

 

Suggested genetic origin 
  

DBA/2J 
 
7 Hz 
(0.3-5 sec) 

 
Generally 
recorded in adult 
mice (>60 days) 
 

    
19, 20 

 BS/Orla & 
BR/Orlb  

7-9 Hz 
 (~ 8 sec.) 

   γ2 subunit of 
GABAA receptor 
(suggested) 
 

21, 22 

 
a epileptic; b non-epileptic control; 1. Burgess & Noebels (1999), 2. Fletcher et al. (1996), 3. Noebels (1986), 4.Noebels & Sidman 
(1979), 5. Burgess et al. (1997), 6. Hosford et al. (1992), 7. Cox et al. (1997), 8. Ryan (1999), 9. Letts et al. (1997), 10. Letts et al. 
(1998), 11. Noebels et al. (1990), 12. Ryan (1999), 13. Kantheti et al. (1998), 14. Noebels & Sidman (1989), 15. Brodbeck et al. 
(2002), 16. DeLorey et al. (1998), 17. Huntsman et al. (1999), 18. Ludwig et al. (2003), 19. Capasso et al. (1994), 20. Ryan (1984, 
1985), 21. Martin et al. (2002), 22. Rinaldi et al. (2002). 
 
Table based on Crunelli & Leresche (2002); Puranam & McNamara (1999); Steinlein & Noebels (2000) 
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in human patients (Duncan, 1997; Frankel et al., 1999). Furthermore, different from all 
other mice strains, but in line with absence epilepsy in humans, the seizures in swe mice 
are not progressive but show remission with age (Ryan, 1999). Also, the occurrence of 
seizure activity in this model depends on the genetic background, suggesting the presence 
of modifier genes (Cox et al., 1997; Frankel et al., 1999). A complex inheritance, 
implying a multifactorial origin, is in line with human absence epilepsy (Doose et al., 
1973; Steinlein, 1998) and was also suggested for WAG/Rij rats (Peeters et al., 1990, 
1992). 
 It is important to note that almost all mouse models with a known genetic origin 
have an important disadvantage. Next to the occurrence of SWD the different mice 
express a variety of other neurological symptoms; most prominent being ataxia and 
cerebellar abnormalities with the possible exception of the mocha (mo) genotype (Crunelli 
& Leresche, 2002). But also these mice are reported to possess at least minor 
abnormalities like balance problems and hyperactivity (Kantheti et al., 1998). 
 Recently, it was shown that mutant mice which lack the hyperpolarization-activated 
cation channel (HCN) 2 develop spontaneous absence seizures (Ludwig et al., 2003). 
HCN channels mediate the current Ih that is involved in the generation of firing patterns of 
thalamocortical neurons underlying various brain rhythms like delta waves and sleep 
spindles; but is also implicated in epilepsy and the expression of SWD (Chen et al., 2002; 
Lüthi & McCormick, 1998a, 1999). Importantly, HCN 2 knockout mice do not show the 
characteristic neurological abnormalities observed in the other known ion channel mutants 
(Ludwig et al., 2003). In light of these observations it is interesting that changes in Ih were 
also reported in the stargazer (stg) mutant (Di Pasquale et al., 1997), and recently in 
WAG/Rij rats (Budde et al., 2003; Strauss et al., 2004). 
 
1.4.2. Rat strains 
 
Just like mice, also many different laboratory rat strains develop spontaneous absence 
seizures, especially with age (Inoue et al., 1990; Willoughby & Mackenzie, 1992). An 
overview of the different strains studied can be found in table 3. 
 All rat strains share the typical recurrent spontaneous occurrence of SWD 
(sometimes called high voltage spike-wave spindles, HVS) in the EEG, accompanied by 
behavioral arrest, vibrissae twitches and sometimes eye twitching (van Luijtelaar & 
Coenen, 1986). A major advantage of the rat models above most mice models is the 
absence of other neurological phenomena besides the expression of SWD. As in mice, the 
SWD frequency in rats is higher (7-10 Hz) than in humans who have a SWD frequency 
around 3 Hz (Duncan, 1997; Frankel et al., 1999). The amplitude and frequency of a SWD 
show a typical waxing and weaning pattern throughout a seizure (Shaw, 2004). 
 During seizures a decrease of consciousness is observed and rats are behavioral 
unresponsive, although information processing seems to be at least partially intact 
(Drinkenburg et al., 2003). The reaction of these symptoms to different antiepileptic drugs 
is comparable to the pharmacological profile found in human absence epilepsy (Coenen & 
van Luijtelaar, 2003; Danober et al., 1998). However, different from humans the seizure 
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activity in rats is progressive and persists into adulthood. Hence, in all rat strains the 
number of seizures and the number of affected animals increases with age (Coenen & van 
Luijtelaar, 2003). Nevertheless, the rat strains differ slightly in the age of seizure onset 
and development (Crunelli & Leresche, 2002). 
 Of the different rat strains listed in Table 3, two have been the subject of intensive 
study and validation in the last twenty years. These are the GAERS (Genetic Absence 
Epilepsy Rats from Strasbourg), first described and established in 1984 by the group of 
Marescaux (Marescaux et al., 1984); and the WAG/Rij (Wistar Albino Glaxo/Rijswijk), 
discovered by van Luijtelaar and Coenen in 1986 (van Luijtelaar & Coenen, 1986). Both 
rat strains are inbred and derived original from Wistar stock. Although the two models 
appear to be very similar in nearly all characteristics like EEG, behavior, their 
pharmacological profile, and the involvement of the thalamocortical loop, slight 
differences exist regarding the ontogeny of the paroxysms that occur earlier in GAERS 
(Coenen & van Luijtelaar, 2003; Danober et al., 1998). Next, it was recently found that 
the two models might also differ in their putative genetic cause of seizure activity 
(Gauguier et al, 2004; Rudolf et al., 2004). This is especially interesting, because it might 
indicate that also in rats, comparable to what was already suggested in human and mice, 
different genotypes can cause similar phenotypes. The GAERS model will not be 
discussed any further, but in depth reviews can be found elsewhere (Danober et al, 1998). 
The WAG/Rij rat model will be discussed in more detailed hereafter. 
 It is important that there are also rat strains that are almost devoid of SWD. These 
strains have either been bred for the purpose of a non-epileptic control as in GAERS 
(Danober et al., 1998), or discovered by screening various rat strains in search for a non-
epileptic control (Inoue et al., 1990). In the latter study it was found that when six months 
old WAG/Rij rats were compared with other age matched inbred strains none of the rats 
from the ACI (August Copenhagen Irish) strain had SWD. This made the ACI a good 
candidate for a non-epileptic control strain, although it was discovered later that also some 
of these rats hold the potential to develop SWD at an older age (De Bruin et al., 2000). 
The presence of inbred non-epileptic control animals is an important tool in unravelling 
the genotypic and environmental influences in the development of absence epilepsy. 
 
1.4.3. The WAG/Rij rat model, a closer look 
 
In 1986 van Luijtelaar and Coenen, by studying sleep-wake cycles in rats, coincidently 
observed that all adult rats of the WAG/Rij strain expressed SWD. This discovery led 
them to a more detailed examination of the phenomenon and became what is known the 
WAG/Rij rat genetic animal model of absence epilepsy (Coenen & van Luijtelaar, 2003).  
 The WAG/Rij rats are originally derived from Wistar rats. Unlike the latter, 
WAG/Rij rats have been undergone intensive brother-sister mating for more than 130 
generations and are considered an inbred strain. This means that all individuals of this 
strain are homozygous, sharing the same genotype. 
 At six months of age all WAG/Rij rats spontaneously show frequent generalized, 
bilateral SWD activity in their EEG (Figure 2) (Coenen & van Luijtelaar, 1987). These are  
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 Table 3: Overview of rat models of absence epilepsy1 

  

 
 

Strain 
 
SWD frequency 

& duration 

 
Age of onset 

 
Reference 

 
Wistar Albino Glaxo/ 
Rijswijk (WAG/Rij)2,4 

 

 
7-9 Hz 
(1-30 sec.) 

 
~ 3 months 

 
Coenen & van Luijtelaar (2003); van 
Luijtelaar & Coenen (1986) 

Genetic absence 
epilepsy rats of 
Strasbourg (GAERS)2,4 

 

7-11 Hz 
(0.5-75 sec.) 

> 30 days Danober et al. (1998); Marescaux et 
al., (1992) 

Wistar3,4  > 3 months Coenen & van Luijtelaar (2003); 
Danober et al. (1998); Willoughby & 
Mackenzie (1992) 
 

Wistar Furth2,4 7-9 Hz 
(~ 31 sec.) 
 

> 3 months Willoughby & Mackenzie (1992) 

Wistar (WKY/N)2,4 7-9 Hz 
(~ 7 sec.) 
 

> 5 months Willoughby & Mackenzie (1992) 

Long-Evans3,4 7-9 Hz 
(1-5 sec.) 

 Cortez et al. (2001); Kaplan (1985); 
Semba et al., (1980); Shaw (2004); 
Willoughby & Mackenzie (1992) 
 

Fischer 3442,5 7-9 Hz 
(~ 10 sec.) 

< 6 months Buzsáki et al., (1988); Jandó et al., 
(1995); Vadász et al., (1995); 
Willoughby & Mackenzie (1992) 
 

Spontaneous Epileptic 
Rats (SER)2 
 

5-7 Hz > 5 weeks Hanaya et al., (2002); Sasa et al., 
(1988); Serikawa et al., (1991) 

PVG/C2,5 7-9 Hz 
(~ 4 sec.) 

< 6 months Kaplan (1985); Vanderwolf (1975); 
Willoughby & Mackenzie (1992) 
 

Lou/M2,4 7-9 Hz 
(~ 2.5 sec.) 
 

< 10 months Willoughby & Mackenzie (1992) 

Brown-Norway2,5 7-9 Hz 
(~ 2.1 sec.), tremor 
of head and body, 
only in males 
 

> 8.5 months Inoue et al., (1990); Jandó et al., 
(1995); Vadász et al., (1995); 
Willoughby & Mackenzie (1992) 

Agouti (DA)2,5 7-9 Hz 
(~ 1 sec.) 
 

< 12 months Willoughby & Mackenzie (1992) 

G/Cpb2 7-9 Hz 
(~ 2 sec.) 
 

 Inoue et al., (1990) 

W
ith

 E
pi

le
ps

y 

B/Cpb2 7-9 Hz 
(~ 2 sec.) 
 

 Inoue et al., (1990) 

Continued … 
 
characterized by an ongoing pattern of sharp spikes followed by a slow wave. The spikes 
have a positive deflection and amplitude of at least twice the background EEG activity. 
The frequency of SWD is between 7-10 Hz, being higher in the beginning of a discharge 
and slightly decreasing until the end (Midzianovskaia et al., 2001). The average length of  
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 Table 3: Overview of rat models of absence epilepsy1 (continued) 
  

 
 

Strain 
 
SWD frequency 

& duration 

 
Age of onset 

 
Reference 

 
Non-epileptic Control 
GAERS2,4 

 
Normally not 
present 

 
Normally not 
present 

 
Danober et al., (1998); Marescaux et 
al. (1992) 
 

ACI (some might 
develop SWD)2,5 

Normally not 
present, if present 
7-9 Hz (1-2 sec.) 
 

Sporadically in 
old age 
(> 6 months) 

De Bruin et al., (2000); Inoue et al., 
(1990) 

‘W
ith

ou
t’ 

Ep
ile

ps
y 

Sprague-Dawley3,4 Normally not 
present 

Normally not 
present 
 

Willoughby & Mackenzie (1992); 
 

 
Table mainly based on Willoughby & Mackenzie (1992); Inoue et al., (1990)   1 Only strains that spontaneously develop 
absence seizures are considered; 2 Inbred strain; 3 Outbred strain; 4 Wistar related; 5 Wistar unrelated 

 
a SWD is 5 seconds (range 1-30 sec.) and the mean number of discharges per hour is 18 
(range 4-33) (van Luijtelaar & Coenen, 1986). 
 Even though absence epilepsy is considered to be a generalized form of epilepsy, the 
SWD in WAG/Rij rats show a fronto-parietal dominance (Meeren et al., 2002; 
Midzianovskaia et al., 2001). Comparable results were also reported for other rat models 
(Danober et al., 1998) and in humans (Niedermeyer, 1993a,b). Furthermore, the spikes are 
more prominent in anterior parts of the cortex, while the waves are mainly pronounced in 
the more posterior regions (Midzianovskaia et al., 2001). Although the occurrence of 
SWD requires an intact thalamocortical loop, Meeren and colleagues could show that 
SWD have a focus in the peri-oral lib region of the somatosensory cortex from where they 
spread over the rest of the cortex (2002). While this does not inevitably mean that the 
focus is also the source of the defect underlying SWD (Crunelli & Leresche, 2002), the 
idea is supported by the observation that the focal application of ethosuximide in this 
region led to the cessation of seizure activity, while the application at other parts of the 
cortex had less or no effect (Manning et al., 2004). It was observed earlier that the cortex 
of WAG/Rij rats is hyperexcitable, lacking normal paired pulse inhibition as was 
demonstrated in vitro (Luhmann et al., 1995). 
 The behavior during SWD is characterized by immobility of the rat. Generally 
twitching of the vibrissae, facial myoclonic jerks and eye twitching is seen during an 
absence, intermittently accompanied by head tilting, accelerated breathing, and body 
tension (van Luijtelaar & Coenen, 1986). Although the animals appear behaviorally 
unresponsive during a seizure, it was recently shown that some information processing 
still takes place (Drinkenburg et al., 2003). 
 The occurrence of SWD is closely coupled to vigilance and sleep-wake cycles of 
rats, being more prominent during states of passive wakefulness and light slow-wave 
sleep or drowsiness, while being mostly absent during deep slow-wave sleep and REM 
sleep (Coenen et al., 1991; Drinkenburg et al., 1991). Next, it was found that the incidence 
of SWD follows a circadian pattern (van Luijtelaar & Coenen, 1988). There are generally 
no sex differences in the occurrence of discharges (Coenen & van Luijtelaar, 1987). 
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However, the ovarian hormone progesterone and its active metabolite allopregnanolone 
increase SWD (Budziszewska et al., 1999; van Luijtelaar et al., 2003), and a relationship 
between the occurrence of SWD and the phase of the menstrual cycle was observed (van 
Luijtelaar et al., 2001). 
 The WAG/Rij rat model has been extensively pharmacologically validated (Coenen 
& van Luijtelaar, 2003). It was found that the typical anti-absence drugs like 
ethosuximide, sodium valproate and diazepam (Coenen & van Luijtelaar, 1989; Peeters et 
al., 1988) decrease seizure activity, while drugs like carbamazepine, vigabatrin or 
tiagabine, commonly prescribed for convulsive epilepsy, increase seizure activity 
(Bouwman & van Rijn, 2004; Coenen et al., 1995; Peeters et al., 1988). This adds to the 
validity of the WAG/Rij rat as an animal model of human absence epilepsy. Next to the 
establishment of a pharmacological profile a broad range of other substances affecting the 
excitatory glutamatergic system, the inhibitory GABAergic system, the monoaminergic 
system, the opioidergic system, and some hormones were studied in the WAG/Rij strain 
(Coenen & van Luijtelaar, 2003; Schridde & van Luijtelaar, 2004). 
 

 
Figure 2. Example of a typical cortical spike-wave discharge (SWD) in an adult WAG/Rij rat. The SWD has a 
frequency around 8 Hz that wanes till the end. Note the typical bilateral and generalized distribution of the 
discharge and the fronto-parietal dominance. The numbers for the different EEG leads correspond to locations 
indicated in the cartoon of a rat brain on the left (adapted from Meeren et al., 2002). 
 
In an attempt to study the mode of inheritance of SWD Peeters et al. (1990, 1992) 
performed a mendelian cross-breeding study using epileptic WAG/Rij rats and ACI rats. 
The ACI strain is commonly used as non-epileptic control, because rats of this strain only 
seldom develop SWD (Inoue et al., 1990) or show substantially less SWD (De Bruin et 
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al., 2000). Comparable to humans (Metrakos & Metrakos, 1961), the results revealed an 
autosomal dominant monogenetic inheritance for the occurrence of SWD. Furthermore, 
complex inheritance patterns were suggested for the number and mean duration of SWD 
(Peeters et al, 1990, 1992). This indicated that although it is only a single gene that 
determines if a rat becomes epileptic or not, the actual expression of the phenotype 
(SWD) is influenced by more than one gene (oligogenetic). Similar results were also 
reported for other rat strains (Danober et al., 1998; Jandó et al., 1995; Vadász et al., 1995). 
Recent molecular genetic approaches using F2 progeny of the WAG/Rij x ACI crosses 
revealed a quantitative trait locus on chromosome 9 (denoted T1swd/wag) for the average 
duration of SWD (Gauguier et al., 2004). 
 Just like in other rat models, the onset of SWD in WAG/Rij rats is age related. 
Around two to three months of age SWD begin to show up sporadically in the EEG of 
some WAG/Rij rats. Before this time SWD do not occur. From two months on, the 
number and duration of discharges, and the number of affected rats, increases with age, 
until SWD become fully matured at six months of age, when they are frequently present in 
all WAG/Rij rats (Coenen & van Luijtelaar, 1987). 
 There exists, however, quite some interindividual variation in the course of SWD 
development between WAG/Rij rats. Next, although all rats show SWD at six months of 
age the number and mean duration of the discharges between individual rats differs 
considerably. Given that WAG/Rij rats are fully inbred, these observations do suggest that 
next to genetic- also environmental factors might contribute to the expression of SWD in 
WAG/Rij rats. 
 This assumption corresponds to outcomes of a study of Vadász and colleagues 
(1995) who suggested that developmental-environmental factors are involved in the 
development of SWD in rats. Next, in other animal models like EL mice it was observed 
that the environment could alter seizure susceptibility (Todorova et al., 1999). Finally, it 
could be shown that housing rats in an enriched environment could prevent convulsive 
seizures either induced by amygdala kindling or kainic acid injections (Auvergne et al., 
2002; Young et al., 1999). 
 Next to the generalized SWD (Type 1 SWD), WAG/Rij rats also express a second 
type of SWD (Type 2 SWD) (van Luijtelaar & Coenen, 1986). This second type is not 
accompanied by behavioral signs and seems to be a more localized phenomenon 
(Midzianovskaia et al., 2001). Compared to the Type 1 SWD, the Type 2 SWD are 
characterised by a lower amplitude of opposite polarity, a shorter duration (~ 1 second) 
and a slightly slower frequency around 6 Hz (van Luijtelaar & Coenen, 1986). The Type 2 
SWD are oppositely sensitive for dopaminergic agents: the dopamine antagonist 
haloperidol increases the number of Type 1 SWD, while apomorphine, a dopamine 
agonist, reduces the number of Type 1 SWD and increases Type 2 SWD (Midzianovskaia 
et al., 2001). Next, Type 2 SWD show a different quantitative trait locus compared to 
Type 1 SWD (Gauguier et al., 2004). Strongest linkage was obtained on chromosome 5 
for total duration of Type 2 SWD (denoted T2swd/wag). This indicates that both 
discharges are also influenced by distinct molecular mechanisms guided by different 
genetic factors. 
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1.5. Environmental Manipulation 
 
Generally there are two important variables that influence the impact (qualitative and 
quantitative) of a given environmental manipulation on an organism. These are the timing 
of an environmental manipulation and the way the environment is manipulated itself. Both 
variables are related and interact. 
 The variable timing refers to the age at which an organism undergoes an 
environmental manipulation and the duration of an environmental manipulation. Broadly 
an environmental manipulation can be pre-, peri, or post natal, and some ages are regarded 
as ‘sensitive’ or even ‘critical’ periods for a given environmental manipulation to 
influence an organism (Andersen, 2003). This means that during a certain period in its 
development an organism is more susceptible for an environmental manipulation 
(sensitive) than during other periods, or that an environmental manipulation only 
influences an organism when it is applied during a certain period (critical). The duration 
refers to the time an organism is exposed to an environmental manipulation. The same 
environmental manipulation might result in different effects in an organism, dependent on 
its duration. A good example is the difference between the neonatal handling and maternal 
deprivation paradigm described later. In both paradigms pups are separated from their 
dams, but the duration of separation is different between the two methods (Pryce & 
Feldon, 2003). It is important to note that the factors age and duration of environmental 
manipulation are not mutually exclusive. It might be that during a ‘sensitive’ period it is 
sufficient if a given environmental manipulation is short, while during other periods the 
same environmental manipulation might only influence an organism if it is applied for a 
longer time interval.  
 The variable environmental manipulation refers to the way the environment is 
manipulated. There are numerous ways of environmental manipulations. Generally a 
twofold classification can be made if either the environment is manipulated directly or the 
way an organism perceives the environment. The latter refers to the manipulation of the 
senses of an organism like sensory deprivation. The specific manipulation used influences 
the effects it has on an organism. 
 In the current thesis the timing of the environmental manipulation only refers to rats 
of postnatal age, either pre-weaning, early post-weaning or adulthood. The duration of the 
manipulation varied dependent on the methods used. The environmental manipulations 
were enriched/impoverished housing and neonatal handling/maternal deprivation. 
 The two paradigms of enriched/impoverished housing and neonatal 
handling/maternal deprivation are very common and have been used frequently (mainly in 
rats and mice) during the last 50 years, although the underlying research utilising the 
methods generally pursuit different goals (Fernández-Teruel et al., 2002; Würbel, 2002). 
Research using the enriched/impoverished housing paradigms mainly focused on brain 
plasticity and problem solving tasks, while the studies applying neonatal 
handling/maternal deprivation aimed at endocrinology and emotional effects (Fernández-
Teruel et al., 2002). Experiments that combined both paradigms to study and compare the 
effects and putative underlying mechanisms on a given variable are scarce. 
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1.5.1. The Enriched/Impoverished housing paradigms 
 
The use of the enriched housing paradigm can be dated back to 1947, when Donald O. 
Hebb noticed that rats reared in an enriched environment performed better on behavioral 
tasks than those rats reared under standard lab conditions (Rosenzweig & Bennett, 1996; 
van Praag et al., 2000). Since than enriched housing has been employed extensively in 
various studies and in modified ways. The modifications mainly concern the level of 
enrichment and the additional use of social housing or not.  
 Common to all enriched environments is that they provide an animal with a 
(changing) pool of inanimate objects to explore and the use of large cages equipped with 
different levels and platforms, ladders, tunnels, mazes and running wheels, providing the 
animals with extra opportunities for exploration and physical activity (Rosenzweig & 
Bennett, 1977; van Praag et al., 2000). Often animals are housed in groups, adding a 
‘social’ variable to the enrichment (Rosenzweig & Bennett, 1977; van Praag et al., 2000). 
Enrichment is generally applied in rats post-weaning and over the entire day, although it 
was also applied in pre-weaning pups and in periods of various lengths during the day 
instead of continuously (Ferchmin & Eterović, 1986; Kohl et al., 2002; Rosenzweig & 
Bennett, 1977). 
 The impoverished environment can be regarded as the opposite housing condition 
from enriched housing. Animals that are impoverished housed are single raised in small 
cages without any extra stimulation. This condition is also referred to as ‘restricted’ or 
‘isolation housing’ in the literature (Renner & Rosenzweig, 1986; Rosenzweig & Bennett, 
1977; Teather et al., 2002). Less devastating impoverished housing is also used, merely 
depriving the animals from the inanimate enrichment, while providing a minimum of 
social stimulation (2-3 animals per cage) (Marashi et al., 2003). The latter is similar to 
standard lab housing. Social housing, also often applied as experimental condition, is 
mostly defined as housing a group of animals together in a larger cage, without any 
further enrichment (Jones et al., 1992; Renner & Rosenzweig, 1986). 
 Research revealed that housing rats or mice in enriched/impoverished environments 
can have profound and often long lasting effects on a variety of brain and behavior related 
variables (Rampon et al., 2000; Rosenzweig & Bennett, 1977, 1978; Renner & 
Rosenzweig, 1987; Van Praag et al., 2000), rather caused by a combination of different 
environmental factors than a given factor alone (Ferchmin & Bennett, 1975; Rosenzweig 
et al., 1978; van Praag et al., 2000). Remarkably, the brain remains sensitive for housing 
effects across the live span (Rosenzweig & Bennett, 1996; van Praag et al., 2000), 
although in some cases it might take longer to induce the effects and they are of smaller 
magnitude in older animals (Greenough, 1976; Rosenzweig & Bennett, 1996). 
 Regarding brain anatomy and neuronal structure it was found that rats reared in 
enriched environments had heavier brains and thicker cortices, more glia cells and 
increased perikarya (Greenough, 1976; Rosenzweig & Bennett, 1978). The latter 
primarily stemming from an increase in dendritic branching, accompanied by increased 
spine density and synapse formation (Comery et al., 1995; Greenough, 1976, Rosenzweig 
& Bennett, 1978). Neurochemically changes in the cholinergic (Rosenzweig & Bennett, 
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1978), noradrenergic (Naka et al., 2002), dopaminergic (Hall et al., 1998; Jones et al., 
1992), serotonergic (Jones et al, 1992; Preece et al., 2004), glutamatergic (Gagné et al., 
1998, Myhrer et al., 1992) and GABAergic systems  (Cordoba et al., 1984) were observed 
due to different housing conditions. Most of these neurotransmitter systems, especially 
GABA and glutamate, but also dopamine, are known to play a role in absence epilepsy 
and are able to modulate SWD (Coenen & van Luijtelaar, 2003; Danober et al., 1998). 
Rats housed in enriched/impoverished environments also differ in several behavioral 
measurements like locomotion (Varty et al., 2000), exploratory activity (Renner & 
Rosenzweig, 1986) and various learning tasks (Renner & Rosenzweig, 1987; van Praag et 
al., 2000). Interestingly, it was recently shown that enriched housing could also thwart the 
occurrence of epileptic seizures evoked either by kainic acid injections or amygdala 
kindling in rats (Auvergne et al., 2002; Young et al., 1999). 
 In this thesis the enriched/impoverished housing condition mainly resembles the 
way housing was manipulated by Rosenzweig and colleagues (Rosenzweig & Bennett, 
1977, 1978, 1996). Briefly, the enriched housing condition consisted of a group of 10 rats 
housed together in a complex environment with a pool of routinely changed objects, 
whereas impoverished housing implied a singly housed rat in a standard colony cage 
(Figure 3). Therefore in the following chapters enriched housing refers to a combination 
of inanimate and social enrichment, whereas impoverished housing represents an 
environment in which rats are deprived of both inanimate enrichment and social contact. 
 
1.5.2. The Neonatal Handling/Maternal Deprivation paradigms 
 
Like the enriched/impoverished housing paradigm the application of the neonatal 
handling/maternal deprivation paradigm to study environmental influences on brain and 
behavior dates back to the middle of the last century (Clausing et al., 2000; Pryce & 
Feldon, 2003). Since the groundbreaking work of the groups of Levine and Denenberg 
both paradigms were frequently used in a variety of ways and studies, recurrently showing 
that the manipulation of early pre-weaning rearing conditions can lead to permanent 
changes in brain and behavior of rats and mice (Clausing et al., 2000; Pryce & Feldon, 
2003). Both paradigms, neonatal handling and maternal deprivation, refer to the temporal 
separation of the pups from the dam during the first weeks of live, causing a disruption of 
normal maternal care and mother/pup interactions (Pryce et al., 2001). 
 In case of neonatal handling the pups are separated from the dam for a short period 
(3-20 minutes) during which the nest remains together (Kalinichev et al., 2002) or the 
pups are transferred individually to separate cages (Lehmann et al., 2002a; Ploj et al., 
1999). Alternatively, pups might also be handled for several minutes by the experimenter 
before reunion with their mother (Claussing et al., 2000). Neonatal handling does, 
however, not represent a period of maternal deprivation, because the separation period 
corresponds to the time periods a mother is routinely off the nest during the course of a 
day (Caldji et al., 1998; Pryce et al., 2001). 
 The maternal deprivation paradigm refers to the separation of the pups and dam for 
at least one hour (Lehmann et al., 1999) and can go up till separation of the pups for 24  
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Figure 3. Illustrations of housing conditions as used in this thesis. (a) The enriched environment consisted of a 
large cage (75 x 150 x 80 cm) divided into different compartments. Rats were housed in groups of 8-10. A 
variety of 10 different objects from a pool of 50 objects (see c & d) were always present, scattered throughout 
the cage according to a predefined arrangement. The objects were changed and/or rearranged every other day. 
(b) In the impoverished housing condition rats were single housed in standard Macrolon Type III cages. (c-d) 
Examples of the objects used in the enriched housing condition. Typical objects were tubes with various 
openings, ceramic pots, wooden/plastic and metal toys, running wheels for exercise, toy cars, different paper 
boxes, etc. 
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hours (Ellenbroek & Cools, 2002; Lehmann et al., 2002b). Unlike neonatal handling, 
maternal deprivation thus clearly resembles the temporal absence of maternal care (Pryce 
& Feldon, 2003). Like in neonatal handling, also during maternal deprivation the nest 
might either be left intact, or pups are separated from each other (Lehmann et al., 2002a). 
 The procedures of neonatal handling and maternal deprivation are either applied 
during the entire pre-weaning period (McIntosh et al., 1999; Ploi et al., 1999) or during 
specific postnatal days (Lehmann et al., 1999; Lehmann et al., 2002a). An important point 
in the interpretation of data acquired using neonatal handling and maternal deprivation is 
the use of an appropriate control group (Pryce & Feldon, 2003). The common use of a 
group of rats that are left completely undisturbed during the first weeks of life (non-
handling control group) might in itself represent an experimental group, because in 
standard lab environments rats are always exposed to a minimum of environmental 
stimulation (e.g. cage maintenance)  (Pryce & Feldon, 2003). Together with the diversity 
of applied neonatal handling/maternal deprivation paradigms this complicates the 
interpretation of the observed differences between groups (see Pryce & Feldon, 2003 for a 
recent review). 
 Despite these difficulties, research revealed that animals that underwent neonatal 
handling or maternal deprivation pre-weaning display various changes in brain and 
behavior that persist into adulthood (Pryce et al., 2001). One of the first and most often 
studied topics is the change of hypothalamus-pituitary-adrenal (HPA) axis activity after 
neonatal handling or maternal deprivation (Clausing et al., 2000), altering the stress 
reactivity and emotionality of the animal (Meaney et al., 1992, 1996). Changes were also 
reported in a variety of other neurotransmitter systems such as monoamines (Papaioannou 
et al., 2002), opiates (Ploi & Nylander, 2003; Ploj et al., 1999) and the GABAergic system 
(Bodnoff et al., 1987; Bolden et al., 1990; Caldji et al., 2000). All these systems have been 
shown to play a role in absence epilepsy and can influence SWD activity (Coenen & van 
Luijtelaar, 2003; Danober et al. 1998). Rats that underwent neonatal handling or maternal 
deprivation also differ from conspecifics in several behavior measurements like open field 
behavior (Caldji et al., 2000), neophagia tests (Caldji et al., 2000), or emotionality/anxiety 
measurements (Kalinichev et al., 2002). Recently, it was shown that neonatal handling 
could decrease seizure onset time, and hence facilitated epilepsy in a lithium/pilocarpine 
epilepsy model (Persinger et al., 2002). 
 In this thesis the use of neonatal handling and maternal deprivation resembles the 
way both paradigms are commonly applied in research (Caldji et al., 2000; Ploj et al., 
1999). Neonatal handling and maternal deprivation were applied during the first three 
weeks of life. In both treatments the mother was temporarily removed from its litter (15 
minutes for neonatal handling, 180 minutes for maternal deprivation) and the pups were 
transferred separately to small plastic boxes (neonatal handling) or remained in their home 
cage (maternal deprivation) before reunion with their mother. The control group consisted 
of rats that were left completely undisturbed, but run on a normal maintenance schedule, 
hence being comparable to standard lab housing. 
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1.6. Hyperpolarization-activated cation channels and epilepsy 
 
Idiopathic epilepsies are often regarded as ion channel diseases (Gardiner, 1999; Hirose et 
al., 2000). Although this mainly concerns deviations in voltage gated Na+, K+, and Ca2+ 
channels and their respective currents, recent observations recurrently stress the important 
role of the mixed hyperpolarization-activated cation current (Ih) in mediating seizure 
activity (Chen et al., 2002; Poolos, 2004). 
 The h-current is a slowly developing, non-inactivating, mixed Na+/K+ inward cation 
current (Chen et al., 2002; Pape, 1996). Ih is a depolarizing current that is activated upon 
membrane hyperpolarization negative to approximately –50 to –70 mV (Lüthi & 
McCormick, 1998a; Pape, 1996). Next to its voltage sensitivity, Ih is influenced by cyclic 
nucleotides, especially cAMP (Chen et al., 2002; Lüthi & McCormick, 1999; Poolos, 
2004). Also cGMP sensitivity (Biel et al., 2002; Zagotta et al., 2003) and influences on Ih 
by intracellular pH levels were shown (Munsch & Pape, 1999). This cyclic nucleotide 
sensitivity renders the current susceptible for influences of neurotransmitters and 
hormones linked to second messenger systems involving cAMP (Santoro & Tibbs, 1999), 
as well as to intracellular Ca2+ (Lüthi & McCormick, 1998b; 1999). The binding of cAMP 
to the h-channel leads to a depolarizing shift in the activation curve of Ih, causing a change 
in Ih functioning and its influence on cell depolarization (Santoro & Tibbs, 1999). 
 The different properties of Ih are mediated by the specific assembly of four 
hyperpolarization-activated, cation channel subunits (HCN1-4). (Ludwig et al., 1998; 
Santoro et al., 1997). Each subunit consists of six transmembrane domains and posses an 
intracellular domain at the C-terminal region that binds to cyclic-nucleotides (Biel et al., 
2002; Chen et al., 2002; Zagotta et al., 2003). Always four subunits form homomeric, and 
possibly even heteromeric, HCN ion channels (Santoro & Baram, 2003). The homomeric 
channels can be ranked according to their activation/deactivation kinetics and cAMP 
sensitivity from HCN 1 (fastest kinetics and hardly any cAMP sensitivity) to HCN 4 
(slowest kinetics and strong cAMP sensitivity) (Biel et al., 2002; Santoro & Baram, 
2003). It is suggested that the various possible assemblies of the four subunits, and the 
resulting characteristics of Ih, are tuned in such a way that they serve the particular 
functions of the cell or network in which they are expressed (Lüthi & McCormick, 1998a; 
Santoro & Baram, 2003).  
 The h-current shows a wide distribution throughout the central- and peripheral 
nervous system, but can also be found in heart and tissue of smooth muscles or glands 
(Chen et al, 2002; Lüthi & McCormick, 1998a; Santoro & Tibbs, 1999). In the brain Ih is 
mainly expressed in neurons of the cortex, hippocampus and thalamus (Franz et al., 2000; 
Poolos, 2004). However, the expression of the respective HCN channel types (HCN1-4) 
varies considerably between brain structures and neuronal subpopulations (Bender et al., 
2001; Franz et al., 2000; Santoro et al., 2000; Vasilyev & Barish, 2002). Whereas HCN 1 
is prominent in the cerebral/cerebellar cortex and hippocampus, it is nearly absent in 
thalamus (Franz et al., 2000; Santoro et al., 2000). In contrast HCN 4 is mainly expressed 
in thalamus and other subcortical structures; while HCN 2 is widely expressed throughout 
the nervous system (Santoro & Baram, 2003; Santoro et al., 2000). Although HCN3 is 
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also widely distributed, its general expression in the brain is relatively low (Santoro & 
Baram, 2003). Even at the single neuron level HCN channels show a non-uniform 
distribution, but it is at present not clear if this region specificity also holds for the 
respective HCN-subunit expression (Chen et al., 2002). In pyramidal neurons for example 
the expression of Ih and HCN channels is low at the soma, basal dendrites and the 
proximal apical dendrite, while expression is prominent at distal dendrites (Berger et al., 
2001; Lörincz et al., 2002; Magee, 1998; Williams & Stuart, 2000). 
 The four HCN subunits and their corresponding channel assemblies undergo 
changes during development (Bender et al., 2001; Santoro & Tibbs, 1999; Vasilyev & 
Barish, 2002). Long-term alterations and plasticity in Ih and HCN channels were also 
reported after various insults or lesions (Bräuer et al., 2001; Brewster et al., 2002; Chen et 
al., 2001, 2002). These findings suggest that HCN channels and Ih are susceptible for 
environmental influences. 
 Ih serves multiple functions on the single-cell and on a network level (for review see 
Robinson & Siegelbaum, 2003; Santoro & Baram, 2003). One of the main roles of Ih is its 
contribution to neuronal excitability by keeping the membrane potential around the resting 
potential, causing a reduced input resistance (Lüthi & McCormick, 1998a; Poolos, 2004). 
Ih is also known as a prominent ‘pacemaker current’, involved in various rhythmic 
oscillations like sleep spindles (Lüthi & McCormick, 1998a, 1999), SWD (Ludwig et al., 
2003), delta- (McCormick & Pape, 1990), theta- (Xu et al., 2004) and gamma activity 
(Fisahn et al., 2002). Other suggested roles of Ih are its involvement in: subthreshold 
synaptic integration and the cable properties of neurons (Berger et al., 2001; Magee, 1998, 
1999; Williams & Stuart, 2000), neurotransmitter release (Beaumont & Zucker, 2000; 
Lupica et al., 2001; Siegelbaum, 2000), and synaptic plasticity involved in learning and 
memory (Mellor et al., 2002; Nolan et al., 2003). 
 As mentioned earlier, Ih plays an important role in mediating epileptic seizure 
activity (Chen et al., 2002; Poolos, 2004). Drugs that block Ih have been shown to be 
antiepileptic (Kitayama et al., 2003) and antiepileptic drugs like lamotrigine and 
gabapentin are suggested to exert their antiepileptic effects via mediation of Ih (Poolos et 
al., 2002; Surges et al., 2003). Alterations in HCN channels and Ih were reported in 
induced seizure models (Brewster et al., 2002; Chen et al., 2001) and epilepsy patients 
(Bender et al., 2003). Especially in absence epilepsy HCN channels and Ih seem to play a 
crucial role (Ludwig et al., 2003; Poolos, 2004). There is ample evidence that Ih is 
involved in normal and paroxysmal thalamocortical discharges underlying absence 
epilepsy. Mutant mice that, due to a lack of HCN2, show a deficient Ih, develop 
spontaneous SWD (Ludwig et al., 2003). Changes in Ih were also associated with the 
occurrence of SWD in a genetic absence epilepsy model, the stargazer mouse (Di 
Pasquale et al., 1997). Interestingly, an impaired Ih was recently shown in WAG/Rij rats 
(Budde et al., 2003; Strauss et al., 2004). In the thalamus of WAG/Rij rats, Budde et al. 
(2003) found a more negative Ih activation and a reduced cAMP sensitivity compared to 
non-epileptic ACI rats. Strauss and colleagues (2004) investigated Ih in pyramidal neurons 
of the somatosensory cortex, the site of seizure generation (Meeren et al. 2002), in 
WAG/Rij, non-epileptic Wistar and ACI rats. They found that Ih activation was strongly 
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reduced and much slower in neurons of WAG/Rij rats compared to both other strains. 
This reduction in Ih was accompanied by a 34% reduction of HCN1, while HCN2-4 were 
not altered. 
 
1.7. Aims and outline of the thesis  
 
Absence epilepsy is regarded as an inherited epilepsy phenotype of multifactorial origin, 
including environmental influences. The study of genetic and environmental influences in 
the ontogeny of absence epilepsy in man is, however, hampered by the heterogeneity in 
both genotype and phenotype of absence epilepsy. Furthermore, for ethical reasons it is 
not possible to study environmental influences in humans in a systematic way. Valid 
genetic animal models like the WAG/Rij rat are therefore an important tool to investigate 
the different contributions of genotype and environment in the epileptogenesis of absence 
epilepsy. 
 Experimental crosses of inbred strains succeeded in unraveling the inheritance 
pattern of SWD in WAG/Rij rats (Peeters et al., 1990, 1992) and linkage studies to find 
the underlying chromosomal regions are underway (Gauguier et al., 2004). However, 
systematic studies of environmental influences on the development of absence seizures 
are lacking, although the current data strongly plead for an environmental-developmental 
contribution in the expression of the SWD phenotype (Coenen & van Luijtelaar, 2003; 
Vadász et al., 1995). In induced convulsive seizure models it was already shown that the 
environment in which an animal growth up can influence seizure expression (Auvergne et 
al., 2000; Persinger et al., 2002; Young et al., 1999). 
 The aim of the current thesis was to find out in how far and in which way the 
genotype and the environment influence SWD in rats. Only the postnatal environment was 
considered. The objectives of the thesis were: 
 
 a) In how far can the environment influence SWD? 
 b) Are all characteristics of a SWD influenced the same by genotype and 
  environment? 
 c) Do different environmental manipulations exert the same or different influences? 
 d) Is there a sensitive/critical period for a given environment to influence SWD? 
 e) What are putative underlying factors/mechanisms via which the environment 
  influences SWD? 
 f) Are the two different types of SWD influenced the same by genotype and 
  environment? 
 
In chapters 2 and 3 the influence of genotype and post-weaning environment on the 
development and expression of SWD are discussed. WAG/Rij rats, a genetic animal 
model of absence epilepsy (Coenen & van Luijtelaar, 2003), and ACI rats, a strain 
commonly used as nonepileptic control because most members of this strain are almost 
free of absence seizures (Inoue et al., 1990), were housed during different periods in either 
an enriched or impoverished environment. It is known that enriched/impoverished 
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housing can lead to changes in a variety of brain variables related to the pathogenesis of 
SWD. In the study outlined in chapter 2 both strains were differently housed after 
weaning and recorded at three months of age. Around this age SWD begin to show up in 
the EEG of WAG/Rij rats for the first time (Coenen & van Luijtelaar, 1987). 
 In the experiment described in chapter 3 housing was manipulated during the period 
in which SWD become fully manifest in WAG/Rij rats. The rats were housed from 
weaning in either an impoverished or enriched environment till they are three months old. 
Thereafter, housing changed for half of the rats; while for the other half housing stayed 
the same. Recordings were performed at six months of age, when SWD are fully manifest 
in WAG/Rij rats (Coenen & van Luijtelaar, 1987). 
 Because both strains are inbred, the design of the two experiments allowed the 
dissection of genotype and housing influences, or possible genotype-housing interactions, 
in the development and expression of SWD. Furthermore, it allowed the investigation if 
genotype and environmental influences differ at certain periods in life, or if they are 
stable. In the experiments Type 1 and 2 SWD were analyzed. Because the occurrence of 
Type 1 SWD strongly depends on genetic factors (Peeters et al., 1990, 1992), we expected 
that housing would mainly influence seizure expression (number & mean duration of 
SWD). It was hypothesized further that number and mean duration of SWD might be 
differently influenced by genotype or housing condition, based on observations that both 
parameters are influenced by different genes (Gauguier et al., 2004; Peeters et al., 1990, 
1992) and react differently to drugs (Schridde & van Luijtelaar, 2004; van Luijtelaar & 
Coenen, 1995). Regarding Type 2 SWD no directed hypotheses were made, due to the 
relative lack of knowledge regarding these paroxysms. It was supposed, however, that 
Type 2 SWD might be differently influenced by genotype and housing condition 
compared to Type 1 SWD, due to their known dissimilarities in morphology, topography, 
pharmacological properties and genetic linkage (Gauguier et al., 2004; Midzianovskaia et 
al., 2001; van Luijtelaar & Coenen, 1986). 
 The brain is especially sensitive for environmental influences early in life, therefore 
influences of the pre-weaning environment on Type 1 SWD (number, mean duration, and 
morphology) were analyzed by manipulating the normal mother/pup interactions using 
neonatal handling and maternal deprivation. Both manipulations can lead to changes in 
the brain associated with absence epilepsy. Because the first two experiments strengthen 
the strong heritability of Type 1 SWD, environmental manipulations were applied to 
WAG/Rij rats only. Regarding the results of the two preceding experiments, we expected 
that also the early environmental manipulations would influence the various 
characteristics of SWD to a different degree. We found that number and morphology of 
SWD were influenced by early rearing environment, while mean duration of SWD was 
unaffected. These results are discussed in chapter 4. 
 Recently it was shown that changes in the hyperpolarization-activated cation current 
(Ih) and HCN channels are related to absence epilepsy in mice (Di Pasquale et al., 1997; 
Ludwig et al., 2003) and WAG/Rij rats (Budde et al., 2003; Strauss et al., 2004). HCN 
channels undergo changes during development (Bender et al., 2001; Santoro & Tibbs, 
1999; Vasilyev & Barish, 2002) and show plasticity after insults (Chen et al., 2001) and 
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lesions (Bräuer et al., 2001). This might suggest that HCN and Ih are sensitive for 
environmental influences. Chapter 5 deals with potential changes in Ih and three of its 
channel constituting subunit proteins (HCN1, 2 and 4) due to early rearing environment as 
a possible underlying mechanism for the alterations in SWD reported in chapter 4. 
Analyses were focused on the somatosensory cortex that triggers SWD in WAG/Rij rats 
(Meeren et al., 2002).  
 A general discussion is presented in chapter 6. Here the different observations from 
the experiments are related to each other and are discussed with regard to the main 
question and objectives. Finally a summary of the thesis is presented. 
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The influence of strain and housing on two types of 
spike-wave discharges in rats 
 
U. Schridde and G. van Luijtelaar 
 
 
WAG/Rij rats, a genetic model of absence epilepsy, show two types of spike-wave discharges (Type 1 and Type 
2) in their EEG activity. The large interindividual variation in the expression of the phenotypes (number and 
mean duration of spike-wave discharges) suggests that as well as genetic, environmental factors also play a role. 
The aim of our study was to establish effects of strain and housing on the incidence and expression of both types 
of paroxysms. Therefore, WAG/Rij and ACI rats were housed from weaning in either an enriched or 
impoverished environment for 60 days. At three months of age the EEG of the rats was recorded for four hours 
to examine the effects of strain and housing on the incidence and expression of the two types of paroxysms. 
Generally, enriched housing led to worsening of Type 1 and Type 2 spike-wave discharges (SWD). However, 
the number of affected rats and the expression (number and mean duration) of Type 1 and Type 2 spike-wave 
discharges were differently influenced by strain and housing. This suggests that Type 1 and Type 2 spike-wave 
discharges are independent phenomena and that number and mean duration of these paroxysms are controlled by 
different mechanisms. Finally, the worsening of absence seizures after enrichment is different from what has 
been found for convulsive seizures. 
 
Keywords: Absence epilepsy, ACI rats, enriched environment, housing, impoverished environment, spike-wave 
discharges, WAG/Rij rats 
 

 
1. Introduction 
 
Many different laboratory rat strains develop absence seizures, especially when they are 
getting older (Inoue et al., 1990; Willoughby & Mackenzie, 1992). The seizures are 
characterized by a sudden paroxysmal loss of consciousness (Drinkenburg et al., 2003), 
behavioral immobility with twitches of the vibrissae with concomitant bilateral 
generalized synchronous spike-wave discharges (SWD) around 8 Hz in the EEG, that last 
about five seconds (van Luijtelaar & Coenen, 1986). Hence, they closely resemble the 
SWDs characterizing childhood absence epilepsy; although in humans the frequency of 
the SWD is lower (~3Hz) and the onset earlier in life. 
 Since the discovery that rats of the WAG/Rij strain have a substantial amount of 
SWD (van Luijtelaar & Coenen, 1986), many studies were devoted to establishing the 
validity of the model, including studies on the underlying causes of the discharges (van 
Luijtelaar & Coenen, 1997). Nowadays the WAG/Rij rat is regarded as a well-established 
rat model for childhood absence epilepsy (Coenen et al., 1992; Crunelli & Leresche, 
2002). Nevertheless, the definite cause of the SWD is still a matter of debate. Although 
mainly thalamic structures were formerly thought to be the primary source of the rhythmic 
oscillations (McCormick & Bal, 1997; Steriade et al., 1993), recent results also point to a 
leading role of the neocortex in the initiation of SWD (Meeren et al., 2002). 
 Cross-breeding WAG/Rij rats with ACI rats, a strain commonly used as nonepileptic 
control because most members of this strain are nearly free of absence seizures (Inoue et 
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al., 1990) or show substantial less SWD (De Bruin et al., 2000), revealed an autosomal 
dominant monogenetic inheritance for the presence of SWD (Peeters et al., 1990, 1992). 
However, complex inheritance patterns were suggested for the number and duration of the 
discharges, implying that SWD are influenced by more than one gene. Comparable results 
were also found for other rat strains (Danober et al., 1998; Jandó et al., 1995; Vadász et 
al., 1995). 
 In addition to the generalized SWD (Type 1 SWD), WAG/Rij rats show another 
type of SWD (Type 2 SWD) not accompanied by concomitant behavioral signs. The Type 
2 SWD are characterized by a lower amplitude of opposite polarity compared to the Type 
1 SWD. Also, they have a shorter duration (~1 second) and their frequency is slightly 
lower (~6 Hz) (van Luijtelaar & Coenen, 1986). Furthermore, they seem to be a more 
localised phenomenon than the Type 1 SWD and are, again compared to type 1 SWD, 
oppositely sensitive for dopaminergic agents such as haloperidol and apomorphine 
(Midzianovskaia et al., 2001). How far these two types of paroxysms are related, or share 
a common underlying oscillatory mechanism is, however, still an open question. 
 WAG/Rij rats have a quite large interindividual variation in their expression 
(number and mean duration) of Type 1 SWD. Because WAG/Rij rats are fully inbred for 
more than 130 generations, the observed phenotypic variations between rats must be due 
to environmental factors. The finding that the first onset of Type 1 SWD is age-related 
and varies between rats (Coenen & Van Luijtelaar, 1987) further suggests an 
environmental contribution. In animal models such as EL mice it was shown that 
environmental factors could alter seizure susceptibility (Todorova et al., 1999). 
Furthermore, Vadász and colleagues proposed that in addition to genetic, developmental-
environmental factors are also involved in the generation of SWD (Vadász et al., 1995). 
 A commonly used method to study environmental influences is the manipulation of 
housing conditions (Würbel, 2002). It has been shown that rats and mice housed in 
enriched or impoverished environments differ in a variety of brain and behavior related 
variables (Rampon et al., 2000; Renner & Rosenzweig, 1987; van Praag et al., 2000), 
including the dopaminergic and GABAergic system (Cordoba et al., 1984; Jones et al., 
1992). These amines are known to play an important role in the pathogenesis of SWD 
(Danober et al., 1998). Furthermore, it was recently shown that housing in an enriched 
environment could prevent convulsive seizures in rats (Auvergne et al., 2002; Young et 
al., 1999). 
 The aim of the present study was to investigate whether strain (WAG/Rij vs. ACI) 
and housing (enriched vs. impoverished) would have an influence on the number of rats 
that develop Type 1 or Type 2 SWD as well as on the phenotypic expression at three 
months of age, when SWD showed up in the EEG for the first time. This would allow one 
to gain more insight into possible shared or non-shared mechanisms in the pathology of 
the two types of discharges. 
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2. Materials and Methods 
 
2.1. Animals 
 
A total of 39 WAG/Rij and 40 ACI rats were used. The rats were bred and born in our 
laboratory. Experimental handlings were performed with the aim of minimizing 
discomfort. They were approved by the local animal ethical committee of Nijmegen 
University and performed according to local guidelines and the European Communities 
Council Directive of 24 November 1986 (86/609/EEC). 
 At weaning, male rats were selected and divided into an enriched environment (EC) 
housed (nWAG/Rij (EC) = 20; nACI (EC) = 20) and an impoverished environment (IC) housed 
group (nWAG/Rij (IC) = 19; nACI (IC) = 20) using a split-litter design. 
 From weaning onward, all rats were maintained on a reversed 12 h light-dark regime 
with white lights on at 21.00. All rats of a given strain were housed in the same room. The 
air temperature was kept at 20°C. Once a week all rats were handled briefly. Every two 
weeks the bedding material of the cages (EC and IC) was changed. Fresh tap water and 
standard rat chow (Hope Farms, Woerden, the Netherlands) were always available ad lib. 
 The rats remained in the different housing conditions for a period of 60 days. At 
three month of age, all animals underwent surgery and EEG recordings were made. 
During this time the rats were single housed. 
 
2.2. Housing 
 
2.2.1. Enriched environment Rats were housed in groups of 8–10 in a large cage (75 x 150 
x 80 cm). Only animals from the same strain were housed together. Each EC cage had 
metal sidewalls and a wire mesh roof. The front consisted of two Plexiglas doors. On one 
side, each cage was equipped with two food hoppers and a bottle of tap water. The floor 
was divided into two compartments (75 x 75 cm): one side contained standard bedding 
material, the other one consisted of a wire mesh grid. Another wire mesh grid (75 x 75 
cm) hung approximately 40 cm from the ceiling at one side of each cage making up a 
‘second floor’. This floor could be reached via a wooden plank and a branch spanned 
across the other compartment of the cage. Furthermore, an EC cage always contained two 
smaller metal ‘sleeping boxes’ (12 x 32 x 12 cm). The side of the hanging compartment 
and the grid floor, as well as the places of the metal boxes, were changed every two weeks 
according to a predefined schedule. The plank and branch were rearranged every week. A 
variety of 10 different objects (tubes with various openings, ceramic pots, wooden/plastic 
and metal toys, running wheels for exercise, toy cars, etc.) from a pool of 50 objects were 
always present, scattered throughout the cage according to a predefined arrangement. 
Those objects were changed and/or rearranged every other day. 
 
2.2.2. Impoverished environment In the IC condition all rats were singly housed in 
standard Makrolon type III cages (21 x 37 x 15 cm). 
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2.3. Surgery 
 
Rats were anaesthetized with isoflurane, mounted in a stereotaxic apparatus, and received 
0.1 ml atropine intramuscular (i.m.) as a parasympatholyticum to avoid excessive 
salivation. Before incisions were made, lidocaine was applied as a local anesthetic. 
Maintenance anesthesia was provided via permanent isoflurane inhalation applied through 
a nose mask. The depth of the anesthesia was periodically assessed via the limb 
withdrawal reflex. The rat’s body temperature was monitored via a sensing probe and 
maintained at 37°C using a heating pad. Rats were equipped with unilateral epidural 
electrodes (Plastic One MS-333/2-A, Roanoke, VA, USA) over the frontal (A-P: 2.0; M-
L: 3.5) and parietal (A-P:-6.0; M-L: 4.0) cortex. A ground electrode was placed over the 
cerebellum. All coordinates were determined with the aid of the stereotaxic atlas of 
Paxinos and Watson (1998) (Bregma zero-zero, skull surface flat). The electrode socket 
was fixed to the skull using two stainless steel jeweler screws and dental acrylic. After the 
operation the rats were given a recovery period of 14 days. 
 
2.4. EEG/SWD recordings 
 
2.4.1. Apparatus The EEG was recorded and stored on disk for off-line analysis by use of 
a microcomputer running a WINDAQ system (version 1.48, DATAQ Instruments, Akron, 
OH, USA). The signals were amplified and filtered (1–100 Hz) and than digitized at a 
sample rate of 512 Hz. During recordings, animals were exposed to background white 
noise (53.2 dB). 
 
2.4.2. Procedure Before the recordings all rats were briefly handled daily during a period 
of three days. One day before the EEG recordings the rats were placed in transparent 
Plexiglas recording cages (25 x 30 x 35 cm), equipped with food and tap water ad lib, and 
connected to EEG leads. The EEG leads were connected to the EEG amplifier via a swivel 
to guarantee free movements. The rational for this procedure was to ensure that the rats 
were completely adapted to the recording situation before the start of the actual 
recordings, and hence prevent any putative confounding behavioral effects on the EEG 
recordings. This was also validated by analyzing the behavior scored during EEG 
recordings, which did not differ between EC and IC housed WAG/Rij rats (data not 
shown). The EEG was recorded during the dark phase for four hours between 11.00 and 
15.00. During this period the number of paroxysms is fairly high in rats (van Luijtelaar & 
Coenen, 1988). 
 
2.4.3. Dependent variables The numbers of animals that have developed Type 1 SWD or 
Type 2 SWD per strain and housing condition were counted and percentages were 
calculated. For all rats the Type 1 SWD and the Type 2 SWD were automatically detected 
using SWAUTO (Westerhuis et al., 1996), and subsequently checked by one of the 
authors using criteria described elsewhere (van Luijtelaar & Coenen, 1986). The number 
and mean duration for both types of SWD during the four hour EEG recordings were 
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determined. For rats without Type 1 or Type 2 SWD the respective number of paroxysms 
was included in the analysis as zero. For the analysis of the mean duration of Type 1 and 
Type 2 SWD, only those rats that had Type 1 or Type 2 SWD, respectively, were 
included. 
 
2.4.4. Statistical analyses The software package SPSS 9.0 (SPSS Inc., Chicago, IL, USA) 
was used. The data were analyzed using non-parametric and parametric tests, a P-value 
<0.05 was regarded as significant. 
 The percentages of rats that showed Type 1 SWD or Type 2 SWD were analyzed by 
Pearson Chi-square with either strain (WAG/Rij vs. ACI) or housing (EC vs. IC) as 
between factor. Also Pearson Chi-square with housing (EC vs. IC) as between factor was 
applied per strain separately. The variables ‘number of Type 1 SWD’, ‘number of Type 2 
SWD’ and ‘mean duration of Type 2 SWD’ were analyzed using a two-way analysis of 
variance (ANOVA) with factors strain (WAG/Rij vs. ACI) and housing (EC vs. IC). Due 
to the absence of any ACI rat showing Type 1 SWD (see Results), the variable ‘mean 
duration of Type 1 SWD’ was analyzed for WAG/Rij rats only using Student’s t-test for 
independent samples. The grouping factor was housing (EC vs. IC). 
 

 
Figure 1. Percentages of rats showing (a) Type 1 SWD or (b) Type 2 SWD per strain (WAG/Rij vs. ACI) and 
housing condition (EC vs. IC). * P<0.001 indicates level of significance for difference between strains. 12 out of 
14 (85.7%) of the EC housed WAG/Rij rats and 10 out of 12 (83.3%) of the IC housed WAG/Rij rats showed 
Type 1 SWD, but none of the ACI rats (0 out of 18 for both housing conditions) showed Type 1 SWD. 9 out of 
14 (64.3%) of the EC housed WAG/Rij rats and 9 out of 12 (75%) of the IC housed WAG/Rij rats showed Type 
2 SWD. In the ACI rats 14 out of 18 (77.8%) of the EC housed and 15 out of 18 (83.3%) of the IC housed rats 
showed Type 2 SWD. 
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3. Results 
 
3.1. EEG/SWD recordings 
 
3.1.1. General Figure 1 shows that none of the ACI, but 84.6% of the WAG/Rij rats 
showed Type 1 SWD (χ2

1 = 47.22, P<0.001). The percentages of WAG/Rij rats (69.2%) 
or ACI rats (80.6%) that showed Type 2 SWD were not statistically different. The 
distribution of rats showing either Type 1 SWD or Type 2 SWD was not different 
between housing conditions. Figure 2 gives an example of a typical Type 1 SWD from a 
rat of the WAG/Rij strain and typical examples of Type 2 SWD for both strains. A Type 1 
SWD was characterized by an ongoing pattern of asymmetric sharp spikes followed by a 
slow wave. The spikes had a positive deflection and an amplitude several times, but at 
least twice, the background EEG activity. The frequency of a Type 1 SWD was about 7–8 
Hz. Type 2 SWD also had an asymmetric spike-wave pattern albeit the amplitude always 
had an opposite deflection and was generally smaller than for Type 1 SWD. The 
frequency of Type 2 SWD was around 6–7 Hz. 

 
Figure 2. Examples of a typical Type 1 SWD (WAG/Rij) and Type 2 SWD (WAG/Rij & ACI). Type 1 SWD 
had an ongoing pattern of asymmetric sharp spikes followed by a slow wave. The spikes had a positive 
deflection and amplitude of at least twice the background EEG activity. The frequency of a Type 1 SWD was 
about 7–8 Hz. The Type 2 SWD had an asymmetric spike-wave pattern albeit the amplitude had an opposite 
deflection and was generally smaller than for the Type 1 SWD. The frequency of the Type 2 SWD was around 
6–7 Hz. Scale bars indicate time 1 second (abscissa) and amplitude 1mV (ordinate). 
 
3.1.2. Type 1 SWD An overview of the results for the variables ‘number of Type 1 SWD’ 
and ‘mean duration of Type 1 SWD’ is depicted in Figure. 3. The ANOVA for the 
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‘number of Type 1 SWD’ revealed a main effect for strain (F1,58 = 21.35, P <0.001). The 
WAG/Rij rats had many Type 1 SWD, the ACI rats none and this was independent of 
housing. The variable ‘mean duration of Type 1 SWD’ was analyzed for WAG/Rij rats 
only. Student’s t-test revealed an effect for housing (t16 = 2.56, P <0.05): WAG/Rij rats 
that were EC housed had longer discharges than their IC housed counterparts. 
 

Figure 3. Mean (± SE) for (a) number of Type 1 SWD per strain (WAG/Rij vs. ACI) and housing condition 
(EC vs. IC); and (b) mean duration of Type 1 SWD in seconds per housing condition (EC vs. IC) for WAG/Rij 
rats only. WAG/Rij rats had a significant higher number of Type 1 SWD compared to ACI rats. EC housed 
WAG/Rij rats had longer Type 1 SWD than IC housed WAG/Rij rats. **P <0.001; *P <0.05 indicates level of 
significance for differences between strains or housing condition, respectively. 
 

Figure 4. Mean (± SE) for (a) number of Type 2 SWD per strain (WAG/Rij vs. ACI) and housing condition 
(EC vs. IC); and (b) mean duration of Type 2 SWD in seconds per strain (WAG/Rij vs. ACI) and housing 
condition (EC vs. IC). EC housed rats had more Type 2 SWD than IC housed rats. ACI rats had longer Type 2 
SWD than WAG/Rij rats. *P <0.01; **P<0.001 indicates level of significance for differences between housing 
condition or strain, respectively. 
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3.1.3. Type 2 SWD An overview of the results for the variables ‘number of Type 2 SWD’ 
and ‘mean duration of Type 2 SWD’ is depicted in Figure. 4. The ANOVA for the 
‘number of Type 2 SWD’ revealed a main effect for housing (F1,58 = 7.42, P <0.01). 
WAG/Rij rats as well as ACI rats that were EC housed had more Type 2 SWD than those 
WAG/Rij or ACI rats that were IC housed. The ANOVA for the ‘mean duration of Type 2 
SWD’ revealed a main effect for strain (F1,43 = 11.86, P <0.001). ACI rats had longer 
Type 2 discharges than WAG/Rij rats, and this was independent of housing. 
 
4. Discussion 
 
About 85% of the WAG/Rij rats had Type 1 SWD, but none of the ACI rats had it. We 
have not seen any environmental effect on the number of animals showing Type 1 SWD. 
The absence of SWD in some WAG/Rij rats at three months of age is in line with earlier 
data reported by our lab (Coenen & van Luijtelaar, 1987) and points to an incomplete 
penetrance at this age. At six months of age, all WAG/Rij rats show SWD (Coenen & van 
Luijtelaar, 1987; van Luijtelaar & Coenen, 1986). 
 Not only the development of Type 1 SWD but also the number of Type 1 SWD was 
strain dependent, because WAG/Rij rats had, independent of housing, a significant higher 
number of Type 1 SWD compared to ACI rats. Nevertheless, regarding the mean duration 
of Type 1 SWD, EC housed WAG/Rij rats had longer discharges than IC housed 
WAG/Rij rats. Hence, the expression of the phenotype is at least partly dependent on 
housing, with EC housing leading to an increase in the length of the discharge in those 
rats showing Type 1 SWD. Our observation that number and duration of Type 1 SWD are 
differently influenced by strain or housing strengthens the assumption that number and 
duration are two independent factors affecting SWD. 
 The present findings about Type 1 SWD are in line with earlier research, both 
genetic and pharmacological. By cross-breeding WAG/Rij rats with ACI rats, Peeters et 
al. (1990, 1992) have found evidence that different genes are responsible for the 
development as well as for the control of the number and duration of the Type 1 
discharges. Also, by applying remacemide or its active metabolite FPL 12495, it was 
found that the number and duration of Type 1 SWD were influenced in different ways 
(van Luijtelaar & Coenen, 1995). 
 Neither strain nor housing had an influence on the number of rats that show Type 2 
SWD at three months of age. This is in contrast to the strain difference found for the 
number of rats having Type 1 SWD. The absence of a strain effect on the number of rats 
showing Type 2 SWD might indicate that the presence of Type 2 SWD in the EEG is a 
common phenomenon in rats. However, possible changes in the number of affected rats 
by age should also be considered. In addition, Type 2 SWD have been described in these 
two strains only (Midzianovskaia et al., 2001), hence further research including more 
strains is needed before one can draw a firm conclusion. 
 Strain and housing had, however, an influence on the number and duration of Type 2 
SWD. Rats that were EC housed had more Type 2 SWD than those that were IC housed. 
In addition, for those rats that show Type 2 SWD, ACI rats had longer discharges than 
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WAG/Rij rats. These findings imply that, and this is comparable to Type 1 SWD, the 
number and duration of Type 2 SWD are independent variables that are controlled by 
different processes. Furthermore, our data indicate that the expression of Type 1 and Type 
2 SWD are oppositely influenced by strain and housing. While the number of Type 1 
SWD depends on strain, the number of Type 2 SWD depends on housing. In contrast, 
housing influences mean duration of Type 1 SWD, while strain influences mean duration 
of Type 2 SWD. 
 Hence, the current results further underline that Type 1 and Type 2 SWD are 
different phenomena. Next to differences in their morphology (van Luijtelaar & Coenen, 
1986) Type 1 and Type 2 SWD also differ in their spatial distribution and 
pharmacological properties. Whereas the Type 1 SWD show a more fronto-parietal 
distribution in the EEG of WAG/Rij rats, generalized across both hemispheres, the Type 2 
SWD are more localized with a parieto-occipital distribution. Furthermore, by applying 
the dopamine agonist apomorphine, Type 2 SWD increased, whereas Type 1 SWD were 
completely suppressed. Haloperidol, the prototype dopamine antagonist, promoted Type 1 
SWD (Midzianovskaia et al., 2001). It is interesting to note, however, that both types of 
paroxysms react the same to the administration of GABAergic agents (Coenen et al., 
1995; Bouwman et al., 2003). 
 It was found that EC housing caused a prolongation of Type 1 SWD in WAG/Rij 
rats and an increase of Type 2 SWD in both strains. This implies that EC housing can lead 
to changes in the brain that influence the expression of the two phenotypes. However, EC 
housing leads to numerous and complex changes in the brain (Rampon et al., 2000; 
Renner & Rosenzweig, 1987; van Praag et al., 2000) and the current data cannot answer 
which changes in particular could have caused the observed differences in the phenotypes. 
Therefore, it would be interesting to study how far EC housing of the two strains will lead 
to changes in such factors as the GABAergic or dopaminergic system, known to be 
involved in the expression of Type 1 and Type 2 SWD (Danober et al., 1998). 
 EC housing combines many different factors such as a stimulus complex and always 
changing environment, social interactions and physical activity. Hence, it cannot be 
answered unambiguously which factors of enrichment have influenced the expression of 
Type 1 and Type 2 SWD. It has been shown (Ferchmin & Bennett, 1975; Rosenzweig et 
al., 1978), however, that it seems to be rather the combination of the different factors 
leading to the enrichment effects, than a given factor alone (van Praag et al., 2000). 
 Independent of which housing factors have caused the observed changes in mean 
duration of Type 1 SWD and number of Type 2 SWD, it is interesting that the results are 
contrary to what was found in convulsive epilepsy models. Housing rats in an EC 
condition delayed (Auvergne et al., 2002), or even inhibited (Young et al., 1999) the 
occurrence of convulsive seizures. In WAG/Rij rats, however, EC housing led to a 
prolongation of Type 1 SWD and hence to a ‘worsening’ of absence seizures in those rats 
showing the trait. Given the fact that many different rat strains develop absence seizures 
(Willoughby & Mackenzie, 1992), it would be interesting to study how far the worsening 
of absence seizures by EC housing can be generalized to other strains with a large number 
of SWD. Nevertheless, the opposite effects of EC housing on convulsive and absence 
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seizures fit nicely into the common observation that anti-epileptic drugs such as tiagabine 
or vigabatrin, but also carbamazepine and phenytoin, have opposite effects on convulsive 
and absence seizures (Danober et al., 1998; Peeters et al., 1988; Vergnes et al., 1984). 
 In summary, the results of the present study show that the development and the 
expression (number and mean duration) of Type 1 and Type 2 SWD at three months of 
age are differently influenced by strain and housing. This supports earlier findings, 
showing that Type 1 and Type 2 SWD are independent phenomena and that number and 
mean duration of these paroxysms are controlled by different mechanisms. Finally, 
different from what was found for convulsive seizures, enriched housing led to worsening 
of absence seizures in WAG/Rij rats, which underlines the opposite characteristics of 
convulsive and non-convulsive types of epilepsies. 
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The influence of strain and housing at different ages 
on the ontogeny of two types of spike-wave 
discharges in adult rats 
 
U. Schridde and G. van Luijtelaar 
 
 
Recently, we demonstrated that Type 1 and 2 spike-wave discharges (SWD) in the EEG of juvenile WAG/Rij 
rats were differently affected by housing before the period at which SWD start to occur. Here we consider 
possible sensitive periods by analyzing strain and housing influences before and after age of SWD onset. The 
effects of environment on two genotypes (WAG/Rij & ACI) were investigated by manipulating housing during 
the period in which SWD become fully manifest in WAG/Rij rats. Rats were first housed from weaning in either 
an impoverished or enriched environment. Housing changed for half of the rats at three months, while for the 
other half housing stayed the same. EEG recordings at six months showed that enriched housing led to a 
worsening of seizure activity. The occurrence, number and mean duration of both types of discharges were 
differently influenced by strain, housing and age. Our data strengthen the strong heritability of Type 1 SWD, but 
their mean duration seems to stay sensitive to housing during development. Type 2 SWD are more sensitive for 
environmental influences, especially in WAG/Rij rats. In WAG/Rij rats the period after three months seems a 
sensitive period for housing effects on Type 2 SWD. Finally, our data delineate that Type 1 and 2 SWD are 
independent phenomena, with their number and mean duration controlled by distinct mechanisms. 
 
Keywords: Absence epilepsy, ACI rat, Environment, Housing, Spike-wave discharges, Strain, WAG/Rij rat 
 

 
1. Introduction 
 
The WAG/Rij rat is a well established model for absence epilepsy (Coenen & van 
Luijtelaar, 2003; Crunelli & Leresche, 2002). Six month old rats from this strain 
recurrently show a paroxysmal decrease of consciousness and behavioral immobility 
accompanied by an EEG of generalized synchronous Spike-Wave Discharges (SWD) 
around 8 Hz that last about five seconds (van Luijtelaar & Coenen, 1986). 
 Cross breeding epileptic WAG/Rij rats with ACI rats, a strain nearly free of SWD 
(De Bruin et al., 2000; Inoue et al., 1990), revealed an autosomal dominant monogenetic 
inheritance for the occurrence of SWD (Peeters et al., 1990, 1992). The number and 
duration of SWD showed complex inheritance patterns, implying that SWD are influenced 
by more than one gene. Comparable results were also reported for other rat strains 
(Danober et al., 1998; Jandó et al., 1995; Vadász et al., 1995) and were recently supported 
by outcomes of linkage analysis (Gauguier et al., 2004). 
 The onset and course of SWD is age related (Coenen & van Luijtelaar, 1987). 
Around two to three months of age SWD begin to show up sporadically in the EEG of 
some WAG/Rij rats for the first time. Thereafter SWD increase in number and duration 
during development until SWD are fully matured at six months of age, when SWD are 
frequently present in all WAG/Rij rats. A comparable development was also observed in 
other rat strains (Chocholova, 1983; Danober et al., 1998; Vergnes et al.,1986). However, 
although in WAG/Rij rats SWD are virtually absent before three months of age, some 
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variation in age of onset exists between rats during the course of development. Next, quite 
some variation exists in number and duration of SWD between individual subjects, 
suggesting that next to genetic, also environmental factors might play a role. Indeed, 
Vadász and colleagues proposed that developmental-environmental factors are, next to 
genetic factors, involved in the development of SWD (Vadász et al., 1995); and in EL 
mice environmental factors were shown to alter seizure susceptibility (Todorova et al., 
1999). 
 Next to the generalized SWD (Type 1 SWD), WAG/Rij rats show a second, more 
localized, type of SWD (Type 2 SWD). Compared to Type 1 SWD, Type 2 SWD have a 
lower amplitude of opposite polarity, a shorter duration (~1 sec.), a slightly lower (~6 Hz) 
frequency (van Luijtelaar & Coenen, 1986), are not accompanied by behavioral signs and 
are oppositely sensitive for dopaminergic agents such as haloperidol and apomorphine 
(Midzianovskaia et al., 2001). 
 The presence of Type 2 SWD was recently reported for ACI rats, a strain commonly 
used as non-epileptic control, as well (Bouwman et al., 2003; Schridde & van Luijtelaar, 
2004a). Although most ACI rats are almost free of Type 1 SWD (Inoue et al., 1990), at 
least some ACI rats develop absence seizures when they become older (De Bruin et al., 
2000). The fact that both, WAG/Rij and ACI rats, demonstrate Type 1 and 2 SWD, albeit 
in different amounts, make them viable to study possible influences of strain and 
environment on both types of discharges. 
 Recently, we demonstrated that environmental influences play already a role on both 
types of SWD before they are fully developed in the EEG (Schridde & van Luijtelaar, 
2004a). In that experiment WAG/Rij and ACI rats were housed from weaning in either an 
impoverished or enriched environment for 60 days. EEG recordings at three months of 
age revealed that enriched housing led to a worsening of Type 1 and 2 SWD. The 
occurrence of Type 1 SWD was strain dependent, it occurred only in WAG/Rij rats, 
whereas the occurrence of Type 2 was not. Next, the mean duration of Type 2 SWD was 
also influenced by strain, with ACI rats having longer discharges than WAG/Rij rats, 
while housing influenced number of Type 2 and mean duration of Type 1 SWD. This 
underlines that Type 1 and 2 SWD are independent phenomena, and that number and 
mean duration of the paroxysms are controlled by different factors. 
 Yet, in WAG/Rij rats Type 1 SWD are not fully matured at three months of age 
(Coenen & van Luijtelaar, 1987) and in ACI rats they show up for the first time around six 
months (De Bruin et al., 2000). For Type 2 SWD this issue has not been addressed so far. 
Regarding the progress of seizure development with age, the question remains whether 
strain and housing influences in older rats would reveal similar effects. Data from induced 
convulsive seizure models revealed that environmental manipulations during different 
periods in life affect seizures differently (Auvergne et al., 2002; Persinger et al., 2002; 
Young et al., 1999). Hence, the question is whether there might be sensitive periods for 
environmental effects on SWD and whether such periods are different for the two strains 
and for both types of paroxysms. 
 The aim of the present experiment was to study the effects of strain and housing on 
both types of SWD before and after their age of onset. WAG/Rij and ACI rats were 
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housed from weaning in either an impoverished or enriched environment. At three months 
of age housing changed for half of the animals from impoverished to enriched or vice 
versa. For the other half of the rats housing stayed the same over the whole period. The 
EEG was recorded at six months of age and the effects of strain and housing were 
analyzed. 
 
2. Materials and methods 
 
2.1. Animals and course of the experiment 
 
Seventy-five WAG/Rij and 80 ACI rats, bred and born in our laboratory, were used. All 
experimental handlings were approved by the local animal ethical committee of Nijmegen 
University and performed according to local guidelines and the European Communities 
Council Directive of 24 November 1986 (86/609/EEC). 
 A schematic overview of the experimental protocol is given in Figure 1. A split-litter 
design was used for the division of the animals across groups. Male WAG/Rij or ACI rats 
were housed for 60 days in an impoverished housing (IC) or an enriched housing (EC) 
condition from weaning until three months of age. At three months of age the housing 
condition changed for half of the animals from impoverished to enriched or vice versa, the 
others remained in their original housing condition. Again rats were differently housed for 
60 days. 

 
Figure 1. Schematic overview of the experimental protocol used. Male WAG/Rij or ACI rats were housed in an 
impoverished (IC) or an enriched housing (EC) condition from weaning. At three months of age housing 
changed for half of the rats from IC to EC or vice versa. For the other half housing stayed the same over the 
whole period. At weaning a split-litter design was used to divide animals across groups. EEG recordings were 
performed at three and six months of age. * see Schridde & van Luijtelaar, 2004a. 
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At three months of age, half of the rats of either strain and housing condition underwent 
surgery for permanent electrode implantation; the other half underwent a sham operation. 
For the operated rats EEG recordings were performed at three months of age and again at 
six months of age. The sham-operated rats underwent real surgery and subsequent EEG 
recordings at six months of age only. During surgery and EEG recordings all rats were 
temporarily single housed. 
 
2.2. Housing conditions 
 
All rats were housed in the same room with the possibility to smell, see, and hear the other 
rats. They were maintained on a reversed 12hr light/dark cycle (lights on at 21.00). The air 
temperature of the animal facility was 20°C. Once a week all rats were handled briefly. 
Every two weeks the bedding material of the cages (EC and IC) was changed. Fresh tap 
water and standard rat chow (Hope Farms, Woerden, the Netherlands) were always 
available ad libitum. Briefly, the enriched housing condition consisted of a group of 8-10 
rats housed together in a complex environment, whereas impoverished housing implied a 
singly housed rat in a standard Makrolon type III cages (21 x 37 x 15 cm). For a detailed 
description of housing conditions see Schridde and van Luijtelaar (2004a). The rats 
remained during each housing period (before and after three months of age) for 60 days in 
their housing condition. 
 
2.3. Surgery 
 
All rats were anaesthetized with isoflurane, mounted in a stereotactic frame (Kopf 
Instruments, Tujunga, CA, USA), and got 0.1 ml atropine i.m. as parasympatholyticum to 
prevent excessive salivation. Maintenance anesthesia was provided via permanent 
isoflurane inhalation applied through a nose mask. The depth of the anesthesia was 
periodically assessed via the limb withdrawal reflex. The body temperature was 
maintained at 37°C using a heating pad. Animals that underwent sham operation were 
kept constantly anaesthetized and secured in the stereotactic frame for a comparable 
amount of time as those animals that underwent real surgery. However, they did not 
undergo any further surgical procedures. Lidocaine was applied as local anesthetic before 
incisions. Rats were equipped with unilateral epidural electrodes (Plastic One MS-333/2-
A, Roanoke, VA, USA) over the frontal (A-P: 2.0; M-L: 3.5) and parietal (A-P: -6.0; M-
L: 4.0) cortex. An electrode placed over the cerebellum served as ground. All coordinates 
were determined according to Paxinos and Watson (1998) (Bregma zero-zero, skull 
surface flat). The electrode socket was fixed to the skull using two stainless steel jeweler 
screws and dental acrylic. The tissue was sutured and rats were given a recovery period of 
14 days. Sham operated rats received an equal amount of handling and single housing 
during this time. 
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2.4. EEG/SWD data acquisition 
 
The EEG signals were amplified and filtered (1-100 Hz), digitized (sampling rate 512 Hz) 
and stored on disk for subsequent off-line analysis by use of a microcomputer running a 
WINDAQ system (DATAQ Instruments, Akron, OH, USA). Three days before the 
recordings all rats were briefly handled daily. For EEG recordings the rats were connected 
to EEG leads and placed in transparent Plexiglas recording cages (25 x 30 x 35 cm) 
equipped with food and tap water ad libitum. The EEG leads were connected to the EEG 
amplifier via a swivel to guarantee free movements. The rats got one day to adapt to the 
recording situation before the start of the actual recordings, and hence prevent any 
putative confounding behavioral effects on the EEG recordings. During the dark phase, 
the EEG was recorded for four hours between 11.00 and 15.00, when number of SWD is 
fairly high (van Luijtelaar & Coenen, 1988). During recordings, rats were exposed to 
background white noise (53.2 dB). 
 
2.5. Dependent variables and statistical analyses 
 
The numbers of rats with Type 1 or Type 2 SWD at six months of age were counted and 
percentages were subsequently calculated per strain and housing condition before and 
after three months of age. Type 1 and Type 2 SWD were automatically detected using 
SWAUTO (Westerhuis et al., 1996), and subsequently checked by one of the authors 
using criteria described elsewhere (van Luijtelaar & Coenen, 1986). The number and 
mean duration for both types of SWD during the four hours EEG recordings were 
determined. 
 All dependent variables were analyzed in SPSS 11.5 for Windows (SPSS Inc., 
Chicago, IL, USA). The variables number of rats with Type 1 or 2 SWD, respectively, 
were analyzed by Binary logistic regression and Pearson Chi-square analyses. Categorical 
factors used were: strain (WAG/Rij vs. ACI), housing before three months of age (EC vs. 
IC), housing after three months of age (EC vs. IC), and corresponding interactions. If 
interactions in the binary logistic regression had a P-value greater than 0.1 they were 
discarded and analyses were run again to increase power. The variables number or mean 
duration of Type 1 or 2 SWD, respectively, were analyzed using univariate statistics 
(ANOVA). Independent factors used were: strain (WAG/Rij vs. ACI), housing before 
three months of age (EC vs. IC), and housing after three months of age (EC vs. IC). 
Possible interaction effects were further analyzed by ANOVA and Students’ t-test. 
 
3. Results 
 
3.1. General 
 
Figure 2 shows examples of Type 1 and Type 2 SWD for either strain (WAG/Rij vs. 
ACI). They are typical for absence seizures in rats and in agreement to those previously 
reported. The Type 1 SWD had an ongoing pattern of 7-8 Hz asymmetric sharp spikes 
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(positive deflection) followed by a slow wave. The spike amplitude was at least twice the 
background EEG activity. Type 2 SWD also showed an asymmetric spike-wave pattern, 
albeit with generally smaller amplitude of opposite deflection compared to Type 1 SWD. 
The Type 2 SWD were also shorter and had a frequency around 6-7 Hz. 

Figure 2. Examples of Type 1 and Type 2 SWD per strain (WAG/Rij vs. ACI). Scale bars indicate time 1 
second (abscissa) and amplitude 1 mV (ordinate). 
 
Figure 3 shows that at six months of age only 7.1 percent of the ACI rats, and 100.0 
percent of the WAG/Rij rats had developed Type 1 SWD (χ2

1 = 103.35, P<0.001). 
However, significant more ACI rats (77.1%) compared to WAG/Rij rats (57.7%) had 
developed Type 2 SWD, as revealed by binary logistic regression (χ2

1 = 6.1, P<0.05). 
Furthermore, a housing after three months of age (χ2

1 = 4.75, P<0.05) and a housing 
before three month of age by housing after three months of age interaction effect (χ2

1 = 
4.19, P<0.05) were found. The interaction was analyzed further using Pearson Chi-square 
with housing condition split into four groups according to the way rats were housed 
during the whole six months (IC/IC, EC/IC, IC/EC, EC/EC). Of the rats that were IC/EC 
housed 88.6 percent showed Type 2 SWD, compared to only 58.1 (IC/IC), 61.5 (EC/IC), 
and 63.3 (EC/EC) percent in the other groups. This difference was significant (χ2

3 = 9.1, 
P<0.05). 
 
Figure 3 (opposite page, top). Percentages of rats with Type 1 SWD per strain (WAG/Rij vs. ACI) and (a) 
housing before three months of age (enriched (EC) vs. impoverished (IC)) and (b) housing after three months of 
age (EC vs. IC); and percentages of rats with Type 2 SWD per (c) strain (WAG/Rij vs. ACI) and (d) housing 
condition, with housing condition split into four groups (IC/IC, EC/IC, IC/EC, EC/EC) according to the way the  
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3.2. Type 1 SWD 
 
Figure 4 gives an overview of the results for the variables number of Type 1 SWD and 
mean duration of Type 1 SWD. WAG/Rij rats had more Type 1 SWD compared to ACI 
rats (F1, 114 = 213.66, P<0.001). Because of the nearly absence of Type 1 SWD in ACI 
rats, the variable mean duration of Type 1 SWD was analyzed for WAG/Rij rats only. The 
ANOVA revealed trends for an effect of housing after three months of age (F1, 48 = 3.8, 
P<0.057) and a housing before three months of age by housing after three months of age 
interaction effect (F1, 48 = 3.49, P<0.068). Regarding these small P-values, a second 
ANOVA was applied with housing condition split into four groups, according to the way  
 
rats were housed during the whole six months (regardless of strain). * P<0.05, ** P<0.001 indicates level of 
significance for differences between strains for Type 2 and Type 1 SWD, respectively. 
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WAG/Rij rats were housed during the whole six months (IC/IC, EC/IC, IC/EC, EC/EC). 
This analysis revealed a main effect for housing (F3, 48 = 3.26, P<0.05) with Duncan post 
hoc showing that rats that were always, or at least ones, enriched housed (EC/EC, IC/EC, 
EC/IC) had longer Type 1 SWD compared to those rats that were impoverished housed 
over the whole six months (IC/IC). 
 
 

 
Figure 4. Mean (± SE) number of Type 1 SWD per strain (WAG/Rij vs. ACI) and (a) housing before three 
months of age (enriched (EC) vs. impoverished (IC)) and (b) housing after three months of age (EC vs. IC); and 
(c) mean duration (± SE) of Type 1 SWD in seconds for WAG/Rij rats only, with housing condition split into 
four groups (IC/IC, EC/IC, IC/EC, EC/EC) according to the way rats were housed during the whole six months. 
* P<0.05, ** P<0.001 indicates level of significance for differences between housing or strains, respectively. 
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3.3. Type 2 SWD 
 
An overview of the results for the variables number of Type 2 SWD and mean duration of 
Type 2 SWD is shown in Figure 5. The ANOVA for the number of Type 2 SWD showed 
main effects for strain (F1, 114 = 17.71, P<0.001) and housing after three months of age (F1, 

114 = 22.99, P<0.001), as well as a strain by housing after three months of age interaction  
 

Figure 5. Mean (± SE) number of Type 2 SWD per strain (WAG/Rij vs. ACI) and (a) housing before three 
months of age (enriched (EC) vs. impoverished (IC)) and (b) housing after three months of age (EC vs. IC); and 
mean duration (± SE) of Type 2 SWD in seconds per (c) strain (WAG/Rij vs. ACI) and (d) housing condition, 
with housing condition split into four groups (IC/IC, EC/EC, EC/IC, IC/EC) according to the way rats were 
housed during the whole six months (regardless of strain). For (a) and (b) *P<0.001, **P<0.001 indicates level 
of significance for differences between housing after three months of age or strain, respectively. For (c) and (d) 
*P<0.005, **P<0.001 indicates level of significance for differences between housing condition or strain, 
respectively. 
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effect (F1, 114 = 10.36, P<0.002). No effect was found for housing before three months of 
age. A further analysis of the strain by housing after three months of age interaction 
revealed that WAG/Rij rats (t33 = 4.03, P<0.001) and ACI rats (t50 = 3.08, P<0.003) that 
were EC housed after three months of age had more Type 2 SWD compared to their IC 
housed counterparts. However, WAG/Rij rats that were EC housed after three months of 
age had more Type 2 SWD compared to EC housed ACI rats (t30 = 3.79, P<0.001). No 
strain difference was found between those rats that were IC housed during the same 
period. 
 The ANOVA for the mean duration of Type 2 SWD showed that ACI rats had 
longer discharges than WAG/Rij rats (F1, 76 = 22.1, P<0.001). Next, a housing before three 
months of age by housing after three months of age interaction effect was found (F1, 76 = 
22.54, P<0.001). The interaction effect was analyzed further using an ANOVA with 
housing condition split into four groups, according to the way rats were housed during the 
whole period (IC/IC, IC/EC, EC/IC, EC/EC). The analysis revealed a main effect for 
housing (F3, 80 = 4.56, P<0.005) with Duncan post hoc showing that rats for which the 
housing condition was changed at three months of age (IC/EC, EC/IC) had longer Type 2 
SWD than those rats that stayed in the same housing condition over the whole six months 
(IC/IC, EC/EC). 
 
4. Discussion 
 
In line with earlier research (Coenen & van Luijtelaar, 1987; Inoue et al., 1990) all 
WAG/Rij rats showed Type 1 SWD at six months of age, compared to only seven percent 
of the ACI rats, and this was independent of housing. At three months of age 85 percent of 
the WAG/Rij rats and none of the ACI rats had Type 1 SWD (Schridde & van Luijtelaar, 
2004a). Hence, the age at which Type 1 SWD start to occur strongly depends on the 
strain. However, an age dependent penetrance was found in both strains of rats. 
 Also the number of Type 1 SWD was strain dependent, because WAG/Rij rats had, 
independent of housing, many discharges while ACI rats showed only a few. However, 
housing influenced the mean duration of Type 1 SWD. WAG/Rij rats that were at least 
once EC housed (EC/EC, IC/EC, EC/IC) during the six months had longer discharges than 
rats that were always IC (IC/IC) housed. No differences in mean duration were found 
between the first three groups. This suggests that the mean duration of Type 1 SWD in 
WAG/Rij rats stays sensitive for EC housing during development, and that the effects of 
EC housing on Type 1 SWD are stable. Thus, although Type 1 SWD are primarily strain 
dependent, they are partly sensitive to housing: EC housing caused a worsening of 
seizures regardless of timing (before or after seizure onset) or duration (partly or during 
the whole period). 
 Since number and duration of Type 1 SWD were differently influenced by strain or 
housing, they can be considered as independent factors influencing SWD. Comparable 
results were obtained in three months old rats (Schridde & van Luijtelaar, 2004a) and are 
in line with data reported by Peeters et al. (1990, 1992). The latter authors found evidence 
that different genes are responsible for the occurrence and for the control of number and 
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duration of Type 1 SWD. Recent linkage data support these findings (Gauguier et al., 
2004). Furthermore, some drugs are known to manipulate number and mean duration of 
Type 1 SWD differently (van Luijtelaar & Coenen, 1995; Schridde & van Luijtelaar, 
2004b). 
 More ACI (77%) than WAG/Rij (58%) rats showed Type 2 SWD at six months of 
age. ACI rats also had longer discharges than WAG/Rij rats, which confirms data from 
three months old rats (Schridde & van Luijtelaar, 2004a), and indicates that strain effects 
on discharge duration are stable. However, in juvenile rats no strain difference was found 
for the number of rats with Type 2 SWD. The latter suggests an age dependent penetrance 
for Type 2 SWD. 
 Our data also indicate that, unlike Type 1 SWD, Type 2 SWD seem to be quite 
sensitive for housing influences. The number of rats with Type 2 discharges was highest 
in the IC/EC group regardless of strain. Furthermore, EC housing after three months of 
age increased the number of Type 2 SWD in both strains, with WAG/Rij rats seeming to 
be especially sensitive for EC housing during this period, because this group had the 
largest number of Type 2 SWD. Although housing before three months of age or housing 
after three months of age had no direct effect on mean duration of Type 2 SWD, we found 
that rats for which the housing condition changed at three months of age had longer 
discharges than those that stayed in their housing condition during the whole six months. 
 The increased number of Type 2 SWD by EC housing after three months of age 
confirms data in three months old rats (Schridde & van Luijtelaar, 2004a). However, the 
absence of any effect of housing before three months of age on number of Type 2 SWD in 
the present study suggests that housing effects on number of Type 2 SWD are reversible, 
with the most recent environment influencing number of discharges. Our observation that 
WAG/Rij rats had the largest number of Type 2 SWD due to EC housing after three 
months of age might indicate that this period is a sensitive period for housing effects on 
Type 2 SWD for this strain. 
 A putative candidate that might have caused the observed differences in incidence, 
number, or mean duration of Type 2 SWD between differently housed rats, or rats that 
underwent a change in housing condition, is the dopaminergic system. Apomorphine, a 
dopamine agonist, led to an increase in Type 2 SWD in WAG/Rij rats (Midzianovskaia et 
al., 2001) indicating a role of dopamine in Type 2 SWD. Next, the dopaminergic system is 
prone to manipulations of housing conditions (Hall et al., 1998; Jones et al, 1992). 
Interestingly, WAG/Rij and ACI rats differ in dopamine (re)activity of their mesolimbic 
and nigrostriatal systems (De Bruin et al., 2001). This corresponds with the observed 
strain difference in incidence of Type 2 SWD, with more ACI rats showing Type 2 SWD 
compared to WAG/Rij. The strain difference in dopaminergic systems might also be a 
possible reason for the higher sensitivity for EC housing after three months of age in the 
WAG/Rij compared to the ACI strain observed by us. 
 However, numerous and complex changes in the brains of differently housed rats 
have been reported (Rampon et al., 2000; Renner & Rosenzweig, 1987; van Praag et al., 
2000) and the current data cannot answer which changes in particular led to the observed 
differences in the phenotypes. Also, the two housing conditions (EC vs. IC) differ in a 
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variety of factors, such as environmental complexity, social interactions and physical 
activity and hence a clear answer of which factors have influenced Type 2 SWD cannot be 
given. However, as research has pointed out (Ferchmin & Bennett, 1975; Rosenzweig et 
al., 1978) it seems to be rather the combination of the different factors causing the 
enrichment effects, than one factor in particular (van Praag et al., 2000). 
 The present study further underlines the independence of Type 1 and Type 2 SWD. 
Furthermore, Type 1 and Type 2 SWD show differences in their morphology, spatial 
distribution, in reaction to the dopamine agonist apomorphine (Midzianovskaia et al., 
2001) and in genetic linkage (Gauguier et al., 2004) stressing again the notion that Type 1 
and Type 2 are two different paroxysms. Interestingly, both types of paroxysms react the 
same to GABA mimetic agents (Bouwman et al., 2003; Coenen et al., 1995). 
 In summary, our data show that enriched housing led to a worsening of seizure 
activity. Furthermore, the occurrence, number and mean duration of both types of 
discharges were differently influenced by strain, housing and age. The present 
observations strengthen the strong heritability of Type 1 SWD, but their mean duration 
seems to stay sensitive to housing during development. In contrast, Type 2 SWD seem to 
be more sensitive for housing influences, especially in WAG/Rij rats after three months of 
age. This suggests a sensitive period for this type of SWD in this strain. Finally, our data 
further delineate that Type 1 and Type 2 SWD are independent phenomena and that 
number and mean duration of the paroxysms are controlled by distinct mechanisms. 
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Neonatal environmental manipulations influence 
absence seizures in adult rats 
 
U. Schridde and G. van Luijtelaar 
 
 
WAG/Rij rats are a valid animal model of absence epilepsy. All individuals of this strain develop spontaneous 7-
9 Hz spike-wave-discharges (SWD) in their EEG. Although SWD are mainly under genetic control, we recently 
showed that they are also sensitive to environmental manipulations after weaning. Here we studied the influence 
of the neonatal rearing environment on SWD in adult WAG/Rij rats. Rats were neonatal handled, maternal 
deprived or left undisturbed (control) during the first three weeks of life. The EEG and the behavior were 
recorded in adult rats (~ 4½ months). Rats that underwent neonatal handling or maternal deprivation had less 
SWD, a lower intra-spike peak frequency, and a decreased power in the frequency spectrum of SWD, compared 
to rats of the control group. No differences were found for behavior and mean duration of SWD. The latter 
indicates that SWD are susceptible for early rearing environment and that number, mean duration and 
morphology of SWD are so to a different degree. Possible underlying mechanisms and mediating environmental 
factors responsible for the observed differences are discussed. 
 
Keywords: Absence epilepsy, Environment, Maternal deprivation, Neonatal handling, Spike-wave discharges, 
WAG/Rij rats 
 

 
1. Introduction 
 
Rats of the WAG/Rij strain, fully inbred and therefore homozygous for all autosomal 
genes, are considered as a valid genetic animal model of absence epilepsy (Coenen & van 
Luijtelaar, 2003). As adults, WAG/Rij rats recurrently show paroxysmal activities in their 
EEG characterized by trains of spike-wave discharges (SWD) with an intra-spike 
frequency around 8 Hz that last, by and large, ~5 seconds. The SWD in WAG/Rij rats 
start to appear when animals are around 2-3 months old (Coenen & van Luijtelaar, 1987). 
From than on, the number of animals with SWD, as well as the number of SWD per hour 
and the mean duration, show an age-dependent increase (Coenen & van Luijtelaar, 1987). 
Behaviorally  SWD are accompanied by a sudden decrease of consciousness, immobility 
and twitches of the vibrissae (van Luijtelaar & Coenen, 1986). 
 An autosomal dominant monogenetic inheritance for the development of SWD was 
found, while number and duration of the discharges show complex inheritance patterns 
(Peeters et al., 1990, 1992). Similar results have been reported for other rat strains 
(Danober et al., 1998; Jandó et al., 1995; Vadász et al., 1995). Despite the strong 
heritability of the various characteristics of SWD, WAG/Rij rats show inter-individual 
differences in the course of SWD development and in the expression of SWD in 
adulthood. This implies that next to genes also the environment influences SWD. It has 
been shown that the environment influences seizure susceptibility in EL mice, a model of 
genetically determined multifactorial epilepsy (Todorova et al., 1999), and that enriched 
housing prevents convulsive seizures induced by amygdala kindling or kainic acid 
injections in rats (Auvergne et al., 2002; Young et al., 1999). Recently, we showed that 
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SWD in WAG/Rij rats were also sensitive to housing conditions. Rats housed in an 
enriched environment after weaning consistently showed longer SWD compared to rats 
housed in an impoverished environment (Schridde & van Luijtelaar, 2004a; Schridde & 
van Luijtelaar, in press). This effect was independent of the duration of the housing 
condition or whether housing manipulation started immediately after weaning or at three 
months of age, indicating a stable environmental influence on mean duration of SWD. 
 However, it is especially early in live that the brain is sensitive for environmental 
influences that lead to permanently altered brain functioning and behavior in adulthood 
(Andersen, 2003; Hsu et al., 2003; Pryce & Feldon, 2003). Two often-used paradigms to 
study environmental influences pre-weaning are neonatal handling and maternal 
deprivation (Pryce & Feldon, 2003). In both paradigms pups are temporarily separated 
from their mother during the first weeks of live: in neonatal handling for several minutes 
and in maternal deprivation for several hours. While under standard laboratory conditions 
the dam is recurrently away from its pups for a time period comparable to that of neonatal 
handling, the separation employed during maternal deprivation represents the deprivation 
of maternal care (Caldji et al., 2000). 
 Animals that underwent neonatal handling or maternal deprivation pre-weaning 
show changes in their brain and behavior that persist long into adulthood (Pryce et al., 
2001). Changes are mainly reported in hypothalamus-pituitary-adrenal (HPA) axis activity 
(Meaney et al., 1992, 1996), but also for several neurotransmitters such as GABA 
(Bodnoff et al., 1987; Bolden et al., 1990; Caldji et al., 2000), monoamines (Papaioannou 
et al., 2002), and opiates (Ploj & Nylander, 2003; Ploj et al., 1999). All these systems 
have been shown to influence SWD (Coenen & van Luijtelaar, 2003). Interestingly, it was 
recently shown that neonatal handling could also influence convulsive epilepsy by 
decreasing seizure onset time in a lithium/pilocarpine epilepsy model (Persinger et al., 
2002). 
 The aim of the present experiment was to establish putative neonatal environmental 
effects on SWD, by manipulations of the rearing environment early in live. In this 
experiment rats were exposed to neonatal handling (NH), maternal deprivation (MD) or 
no treatment (control) during their first three weeks of live. The EEG was recorded in 
adulthood and the effects of early rearing environment on number, mean duration and 
morphology of SWD were investigated. Due to the close relationship between SWD and 
vigilance levels (Coenen et al., 1991; Drinkenburg et al., 1991) and the fact that neonatal 
handling/maternal deprivation can influence behavior (Caldji et al., 2000), behavior was 
observed and quantified along with the EEG. 
 
2. Materials and Methods 
 
2.1. Animals and course of the experiment 
 
A total of 21 pregnant WAG/Rij rats bred and born in our own laboratory were single 
housed in standard macrolon Type III cages with food and water provided ad libitum. Rats 
were maintained on a 12hr light/dark cycle (lights on at 7.00h) in a temperature-controlled 
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room. Prior to birth, pregnant dams were randomly allocated to one of three early rearing 
environments: Control (n=6), NH (n=7) or MD (n=8). All litters were born within a 9-day 
period. No culling of the litters was applied to prevent handling effects from the culling 
procedure itself (Barbazanges et al., 1996; Weizman et al., 1999). Day of birth was 
designated postnatal day (PN) 0. NH and MD were carried out daily, starting on PN 1 and 
continued till PN 21 (day 22). Rats of the control group were left undisturbed during this 
time, except one day for cage maintenance. All treatments occurred between 10.00 and 
13.00h. The rats were weaned and separated by sex around 30 days. Per early rearing 
environment group 16 male rats were randomly selected. Rats were housed in pairs (same 
rearing environment, different litter) in standard macrolon Type III cages with food and 
water provided ad libitum, maintained on a reversed 12hr light/dark cycle (lights on at 
21.00h) and left undisturbed except for routine cage maintenance. 
 All experimental manipulations were approved by the local animal ethical 
committee of Nijmegen University and in accordance with local guidelines and the 
European Communities Council Directive of 24 November 1986 (86/609/EEC). 
 
2.2. Neonatal Handling/Maternal Deprivation 
 
For both treatments (Caldji et al., 2000; Ploj et al., 1999) the mother was first removed 
from its litter and temporary separated in a clean cage (always the same cage for each 
mother). In case of NH the pups were transferred to small plastic boxes filled with 
sawdust and lined with paper towels. The pups remained individually housed in these 
boxes for 15 minutes after which they were transferred back into their home cage, 
followed by their mother. In case of MD the pups remained in their home cage for 180 
minutes before reunion with their mother. 
 
2.3. Surgery 
 
For surgery the animals were anesthetized with isoflurane and mounted in a stereotactic 
frame (Kopf Instruments, Tujunga, CA, USA). They received 0.1ml atropine (im) as 
parasympatholyticum to prevent excessive salivation and lidocaine as local anesthetic. 
Maintenance anesthesia was provided via permanent isoflurane inhalation applied through 
a nose mask and periodically assessed by the limb withdrawal reflex. A rat’s body 
temperature was monitored via a sensing probe and maintained at 37°C using a heating 
pad. Rats were equipped with unilateral epidural electrodes (Plastic One MS-333/2-A, 
Roanoke, VA, USA) over the frontal (A-P: 2.0; M-L: 3.5) and parietal (A-P: -6.0; M-L: 
4.0) cortex. An electrode placed over the cerebellum served as ground. All coordinates 
were determined according to Paxinos and Watson (1998) (Bregma zero-zero, skull 
surface flat). The electrode socket was fixed to the skull using two stainless steel jeweler 
screws and dental acrylic. The tissue was sutured and rats were allowed a recovery period 
around 14 days. 
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2.4. EEG and behavioral recordings 
 
EEG recordings were performed in adulthood (~ 4½ months), when all rats of the 
WAG/Rij strain show SWD (Coenen & van Luijtelaar, 1987). The rats were transferred to 
Plexiglas recording cages (25 x 30 x 35 cm), equipped with food and tap water ad libitum, 
and connected to EEG leads via a swivel that allowed free movement. The signals were 
amplified and filtered (1-100 Hz), digitized at a sampling rate of 512 Hz and saved on 
disk for off-line analysis using a microcomputer and a Windaq system (DATAQ 
Instruments, Akron, OH, USA). The rats got one day to habituate to the recording 
situation to prevent any putative confounding novelty effects on the EEG recordings. The 
EEG was recorded for four hours during the dark phase between 10.00-14.00h, when the 
number of paroxysms is quite high (van Luijtelaar & Coenen, 1988). Next to the EEG, the 
behavior of the animals was recorded on video for off-line analysis. During recordings 
rats were exposed to background white noise (53.2 dB). 
 
2.5. Dependent variables and statistical analyses 
 
SWD were detected automatically using SWC-finder and subsequently checked by one of 
the authors using criteria described earlier (van Luijtelaar & Coenen, 1986). The total 
number and mean duration of SWD were determined for the four hours recording period. 
The morphology of SWD was analyzed with a Fast Fourier Transform procedure with a 
Hanning window. Always the first 2 seconds of a SWD were chosen for the analysis. The 
parameters analyzed were intra-spike peak frequency and spectral-power of the sigma 
 

Figure 1. Effects of early rearing environment on number (A) and mean duration (B) of SWD in seconds. Data 
represent mean ± S.E.M. (A) Neonatal handled (NH) and maternally deprived (MD) rats had less SWD 
compared to control rats. (B) No effects of early rearing environment were found on mean duration of SWD. * 
P=0.011 indicates difference between control compared to NH and MD rats. 
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(SWD) band (7-12 Hz), as well as the delta- (0-3.5 Hz), theta- (4-6.5 Hz), and beta-band 
(12.5-25 Hz). The spectral-power can be regarded as an estimate of the signal amplitude, 
although it does not exclusively depends on the amplitude of the EEG. In order to 
establish whether any putative group differences in spectral-power would be selective for 
SWD, 2 second periods during passive wakefulness were also analyzed using the same 
procedure and frequency bands. 
 According to criteria defined elsewhere (van Luijtelaar et al., 1996), explorative 
(sniffing, rearing, walking, digging, and manipulating objects with the forepaws), 
automatic (grooming, eating, drinking, licking, and defecation) and passive (sitting, 
standing or lying still, and sleeping) behaviors were scored from video during the first 15 
minutes of each consecutive hour, using a Tandy 102 and The Observer for post 
processing (Noldus, 1991). The total duration (in seconds) of each behavior was 
determined per 15 minutes interval. 
 All statistical analysis were run in SPSS 11.5 for Windows using univariate or 
multivariate analysis of variance (ANOVA, MANOVA) followed by Duncan post-hoc 
test if appropriate. The between factor for all analysis was early rearing environment: 
Control, NH, and MD. A P<0.05 was regarded as significant. 
 
3. Results 
 
3.1. Effects of early rearing environment on SWD 
 
Although all rats showed SWD, independent of neonatal rearing environment, we found 
group differences in several SWD characteristics. Figure 1A shows the effects of early 
rearing environment on number of SWD. The ANOVA revealed an overall effect for early 
rearing environment (F(2,38) = 5.06, P=0.011). Duncan post-hoc test showed that WAG/Rij 
rats that underwent NH or MD had significantly less SWD compared to rats of the control 
group. Compared to the control group, NH and MD rats had on average 35 percent less 
discharges, while NH and MD treated rats did not differ. In contrast to number of SWD, 
we found no effects of early rearing environment for mean duration of SWD (F(2, 38) = 
1.14, P=0.33) (Figure 1B). 
 The three groups also differed in SWD morphology (intra-spike peak frequency & 
spectral-power) as depicted in Figure 2. The ANOVA for the intra-spike peak frequency 
revealed differences between groups (F(2,38) = 4.26, P<0.05). As depicted in Figure 2B, the 
intra-spike peak frequency of NH rats was 7.85 Hz compared to 8.51 Hz in control rats 
and hence on average 0.7 Hz slower (P<0.05). The intra-spike peak frequency of MD rats 
(8.09 Hz) fell in between. Figure 2C shows the averaged spectrograms of all three groups. 
The MANOVA of the spectral-power in the delta- (0-3.5 Hz), theta- (4-6.5 Hz), sigma- 
(7-12 Hz) and beta-band (12.5-25 Hz) revealed an overall difference between groups 
(F(8,72) = 2.38, P<0.05). We found differences between groups for the sigma- (F(2,38) = 
5.76, P=0.007) and beta-band (F(2,38) = 3.38, P<0.05). Duncan post-hoc test showed that 
WAG/Rij rats that underwent NH or MD had significantly less spectral-power in the 
sigma-band compared to rats of the control group. Rats of the NH group had also less 



Neonatal environmental manipulations influence absence seizures in adult rats 

 80 

 

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Frequency in Hz

Po
w

er
 (*

10
-9

 V
2 )

Control
MD
NH

SWD Control

SWD M D

SWD NH

Control MD NH

7.9

8.2

8.5

8.8

*

SW
D

 P
ea

k 
Fr

eq
ue

nc
y 

in
 H

z

Theta band (4-6.5 Hz)

Control MD NH

0.5

1.0

1.5

2.0

2.5

3.0

Po
w

er
 (*

10
-9

 V
2 )

          Sigma band (7-12 Hz)

Control MD NH

3

6

9

12

15

18 **

Po
w

er
 (*

10
-9

 V
2 )

Beta band (12.5-25 Hz)

Control MD NH

3

6

9

12

*

Po
w

er
 (*

10
-9

 V
2 )

A B

C 

D Delta band (0-3.5 Hz)

Control MD NH

0.5

1.0

1.5

2.0

2.5

3.0

Po
w

er
 (*

10
-9

 V
2 )



Chapter 4 

 81 

spectral-power in the beta-band compared to control, while MD rats fell in between. We 
did not find differences in intra-spike peak frequency or spectral-power between NH and 
MD rats. As depicted in Figure 3 we also did not find differences between groups in 
spectral-power in any of the frequency bands during passive wakefulness (F(8,72) = 0.74, 
P=0.66). 
 
3.2. Effects of early rearing environment on behavior 
 
Figure 4 displays the results of the behavioral analysis during EEG recordings. A 
repeated-measurements MANOVA revealed effects for behavior (F(2,37) = 393.06, 
P<0.001), indicating that the various behavioral categories were differently present during 
the recording period, and an interval by behavior interaction effect (F(6,33) = 6.88, 
P<0.001). A further analysis of the interval by behavior interaction effect showed that 
passivity, although generally the dominating behavior, declined over time, while 
automatic and explorative behaviors increased. Significant differences between behavioral 
categories were found across intervals, with passive > automatic > explorative behavior 
during the 1st (F(2,39) = 952.84, P<0.001) and 2nd (F(2,39) = 61.38, P<0.001) interval and 
passive, automatic > explorative behavior during the 3rd (F(2,39) = 238.93, P<0.001) and 4th 
(F(2, 39) = 40.96, P<0.001) interval. However, the absence of early rearing environment 
effects showed that neonatal environmental manipulations did not affect behavior in the 
recording cage during the EEG recordings. 
 
4. Discussion 
 
The present experiment shows that early rearing environment can influence various 
characteristics of SWD in WAG/Rij rats later in live. We found differences in the number 
and morphology (intra-spike peak frequency, spectral-power) of the discharges between 
our three ‘early rearing environment’ groups. No differences were found for the mean 
duration of absence seizures. 
 The number of SWD was much lower in NH and MD reared rat compared to control 
rats. We also observed a decrease of the intra-spike peak frequency, and spectral power in 
the sigma- (7-12 Hz, the frequency band of the SWD) and beta-band (12.5-25 Hz) in NH 
 
 
Figure 2 (previous page). Effects of early rearing environment on morphology of SWD. (A) Examples of 
SWD of each group for illustrative purpose only: Control, maternally deprived (MD), and neonatal handled 
(NH). All SWD were characterized by an ongoing pattern of asymmetric sharp spikes of positive deflection, 
followed by a slow wave. The spike amplitude was at least twice the background EEG activity, but appeared 
smaller in NH and MD rats compared to control. The intra-spike frequency was 7-9 Hz. Scale bars indicate time 
1 second (abscissa) and amplitude 1 mV (ordinate). (B) Data present mean ± S.E.M of intra-spike peak 
frequency. The intra-spike peak frequency of NH rats was on average 0.7 Hz slower compared to control rats. 
The intra-spike peak frequency of MD rats fell in between (* P<0.05, indicates difference between control vs. 
NH). (C) Averaged spectrograms for all three groups. (D) Differences in spectral-power between groups (mean ± 
S.E.M.): NH and MD rats had less spectral-power in the sigma (SWD)-band (7-12 Hz) compared to control (** 
P<0.007); and NH rats had less spectral-power in the beta-band (12.5-25 Hz) compared to control, while MD 
rats fell in between (* P<0.05). 
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and MD rats compared to control. The decreased power in the beta-band most probably 
reflects group differences in the 2nd harmonic of the SWD peak frequencies. We found no 
group differences in spectral-power during passive wakefulness in any of the frequency 
bands analyzed. This suggests that the changes in spectral-power are selective for SWD 
only, and cannot be ascribed to a decreased EEG amplitude in general. Because the 
spectral-power of the sigma-band might be regarded as an estimate of spike amplitude, 
our observations tentatively suggest that NH and MD rats express SWD of lower 
amplitude and decreased intra-spike frequency compared to control rats. A first visual 
examination of SWD from the respective groups seems to support this suggestion, 
although a detailed quantification is needed in follow up research to verify this 
assumption. 
 NH and MD can influence an animal’s behavior (Caldji et al., 2000). Next, SWD are 
closely related to behavior and vigilance levels, being prominent during states of low 
activity and drowsiness, but nearly absent during activity and arousal (Coenen et al., 1991; 
Drinkenburg et al., 1991). To control for possible confounding behavioral influences on 
SWD, caused by differences in early rearing environment, we scored behavior during the 
EEG recordings. We found no differences in behavior between our three early rearing 
environment groups, however. This indicates that the decrease of SWD is not due to a 
change in activity or vigilance level caused by NH or MD. The observed behavioral 
changes over time might be related to circadian variation in behavior in general. 
 Our observation that the different characteristics of SWD like number, mean 
duration, and morphology react differently to environmental influences is in line with 
previous research (Schridde & van Luijtelaar, 2004a; Schridde & van Luijtelaar, in press). 
WAG/Rij rats that were either enriched or impoverished housed after weaning differed in 
mean duration of SWD, with enriched housing causing a prolongation of discharges. No 
differences were found between enriched or impoverished housed rats in number of SWD. 
The morphology of SWD was not analyzed in these studies. Different sensitivities of the 
various characteristics of SWD were also reported for drugs (Schridde & van Luijtelaar, 
2004b; van Luijtelaar & Coenen. 1995); and it was suggested that different SWD 
characteristics are influenced by different genes (Peeters et al., 1990; 1992). That different 
genes might be involved in shaping the expression of SWD was recently confirmed in 
linkage analysis (Gauguier et al., 2004; Rudolf et al., 2004). The outcomes of the present 
experiment support the idea that number, mean duration, intra-spike frequency and spike 
amplitude (as derived from spectral-power) are different factors influencing SWD. 
 Early rearing environment influenced the number of SWD, while housing after 
weaning solely affected the mean duration of SWD (Schridde & van Luijtelaar, 2004a; 
Schridde & van Luijtelaar, in press). This might indicate that a decrease of absence 
seizures is caused by factors that are primarily sensitive to early rearing environment, but 
relative unaffected by enrichment/impoverishment later in life. It is interesting that in 
contrast to the seizure reduction observed in the current experiment, NH facilitated 
convulsive seizures in a lithium/pilocarpine epilepsy model (Persinger et al., 2002). 
Opposite effects of environmental manipulations on absence- and convulsive seizures 
were already suggested for housing influences after weaning (Schridde & van Luijtelaar, 
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Figure 3. Effects of early rearing environment on background EEG. (A) Averaged spectrograms of all three 
groups during passive wakefulness: Control, maternally deprived (MD), and neonatal handled (NH) rats. (B) 
Spectral-power of each group for the delta- (0-3.5 Hz), theta- (4-6.5 Hz), sigma- (7-12 Hz), and beta-band (12.5-
25 Hz). There were no differences between groups in any of the frequency bands during passive wakefulness. 
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2004a; Schridde & van Luijtelaar, in press). Unfortunately, the number of studies that 
directly compare the effects of early rearing environment (cq. NH & MD) together with 
enriched/impoverished housing on the brain and behavior is scarce (Fernández-Teruel et 
al. 2002). It would be tempting to combine both environmental manipulations to analyze 
possible influences and putative underlying mechanisms on seizures directly. 
 

Figure 4. Behavior scores over the four 15 minutes intervals of each consecutive hour. Data represent total 
duration in seconds (mean ± S.E.M.) per interval. Because no effects were found for early rearing environment, 
behavioral data were pooled. * Indicates differences compared to automatic behavior; ** indicates differences 
compared to passive behavior; † indicates differences compared to automatic and passive behavior. In all cases 
P<0.001. 
 
Regarding the nature of our study, we cannot directly say which underlying factors and 
mechanisms are responsible for the changes in number and morphology of SWD between 
differently reared rats. However, various drugs such as haloperidol, hypnorm, etomidate 
and vigabatrin influence number and morphology (e.g. intra spike-peak frequency) of 
SWD (Bouwman et al., 2004; Duysens et al., 1991; Inoue et al., 1994; Midzianovskaia et 
al., 2001). These observations might suggest a contribution of monoaminergic systems 
(haloperidol, hypnorm), the GABAergic system (etomidate, vigabatrin) and even voltage 
gated ion channels (etomidate) in mediating our observed changes in number and 
morphology of SWD. For the monoaminergic- and GABAergic systems the susceptibility 
for early environmental manipulations was already shown (Bodnoff et al., 1987; Bolden et 
al., 1990; Caldji et al., 2000; Hsu et al., 2003; Papaioannou et al., 2002), while for ion 
channels evidence is pending. However, whether the changes can be ascribed to these 
factors only, is not known. NH and MD are well known to affect HPA-axis hormones 
(Meaney et al., 1992, 1996), and a relationship between SWD and levels of 
adrenocorticotropic hormone and corticosterone was established (Tolmacheva et al., 
2003). Recently, we found that corticosterone enhanced SWD in a dose- and time-
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dependent manner (Schridde & van Luijtelaar, 2004b). In all, the underlying mechanisms 
for our observed group differences remain uncertain. 
 In the present experiment we observed a gradual decrease in number and intra-spike 
peak frequency of SWD, and the spectral-power of the sigma- (7-12 Hz) and beta-band 
(12.5-25 Hz) during an SWD, from control over MD to NH rats. This might indicate that 
the decrease is caused by at least one common factor involved in all three conditions, 
though to a different degree. One of the most important factors for the development of an 
organism early in life is its maternal environment (Pryce & Feldon, 2003). The three 
rearing environments we used vary in the degree and quality of maternal care (Pryce et al., 
2001). It has been shown earlier that the mother-pup interactions can influence the brain 
and behavior of the pups later in life (Caldji et al., 1998; Liu et al., 1997). Other mediating 
factors might be the amount of handling of the pups and enrichment/environmental 
stimulation. In the current experiment MD and NH rats were handled daily, whilst control 
rats were only handled once for cage maintaining purposes during the three weeks period. 
Also, during separation from their dam, NH rats were always placed in new cages lined 
with paper towels and bedding material, hence receiving an extra amount of 
environmental stimulation or enrichment (Fernández-Teruel et al., 2002). Control rats 
might have faced the least stimulation of all three groups. Clearly more research is needed 
to find out which factor(s) led to our observed group differences in SWD. 
 In summary, our data show that SWD are susceptible for early rearing environment, 
and that the various characteristics of SWD like number, mean duration and morphology 
are so to a different degree. This corresponds to previous findings showing that housing 
influences number and mean duration of SWD differently. 
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Neonatal environmental manipulations alter 
neocortical Ih and HCN1 protein expression in adult 
WAG/Rij rats 
 
Ulrich Schridde, Ulf Strauss, Anja Bräuer, Gilles van Luijtelaar 
 
 
We recently observed that WAG/Rij rats that were either neonatal handled or maternal deprived during postnatal 
days 1-21, showed as adults less spike-wave discharges compared to normal reared controls. Recent observations 
link seizure activity in WAG/Rij rats to the hyperpolarization-activated cation current (Ih) at the somatosensory 
cortex, the site of seizure generation in WAG/Rij rats. Therefore, we investigated if the seizure reduction 
observed earlier might be associated with changes in Ih and its channel subunits HCN1, 2 and 4 at the 
somatosensory cortex of WAG/Rij rats. During postnatal days 1-21 WAG/Rij pups were neonatal handled, 
maternal deprived or left undisturbed (control). In adulthood we performed whole-cell recordings of layer 5 
pyramidal neurons, in situ hybridization and Western blot for all three subunits, at the somatosensory cortex of 
male WAG/Rij rats. Neonatal handling or maternal deprivation caused an increase of Ih and HCN1 compared to 
control rats, while HCN2 and 4 and mRNA of any of the subunits were not different between groups. This 
suggests that the increase in HCN1 in neonatal handled and maternal deprived WAG/Rij rats is due to group 
differences in post-transcriptional or post-translational factors that affect the amount or location of the HCN1 
protein, causing an increase in Ih, and eventually restore Ih mediated functions associated with cortical 
excitability. Our observations support the role of Ih and HCN1 as a possible mechanism mediating the decreased 
absence seizure activity in neonatal handled or maternal deprived WAG/Rij rats observed earlier. 
 
Keywords: Absence epilepsy, Hyperpolarization-activated cation current, HCN, Ih, Maternal deprivation, 
Neonatal handling, patch-clamp, WAG/Rij 
 

 
1. Introduction 
 
WAG/Rij rats are considered as a valid genetic animal model of absence epilepsy (Coenen 
& van Luijtelaar, 2003; Crunelli & Leresche, 2002). The seizures are characterized by 
recurring sudden decreases of consciousness, behavioral immobility and vibrissae 
twitches accompanied by the concomitant occurrence of paroxysmal trains of 7-9 Hz 
spike-wave discharges (SWD) in the EEG (van Luijtelaar & Coenen, 1986). The first 
seizures develop around 2-3 months and progress until rats are around 6 months old 
(Coenen & van Luijtelaar, 1987). 
 Although seizures in WAG/Rij rats have a strong genetic origin, with a complex 
mode of inheritance (Peeters et al., 1990, 1992), recent evidence suggests that the seizure 
expression is also sensitive for environmental manipulations. WAG/Rij rats that were 
housed in an enriched environment post-weaning had longer seizures, compared to their 
impoverished housed counterparts (Schridde & van Luijtelaar, 2004; Schridde & van 
Luijtelaar, in press). This environmental effect was independent of post-weaning age and 
housing duration. Also, enrichment effects persisted after rats were transferred to 
impoverished housing. 
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Next, we could show that manipulations of the pre-weaning environment of WAG/Rij rats 
also influenced SWD. Rats that were either neonatal handled or maternally deprived 
during the first three weeks of life showed as adults pronounced decreases in seizure 
activity, intra-spike peak frequency, and power of the SWD frequency band, compared to 
untreated control rats (this thesis). 
 Together, these observations indicate that although the occurrence of SWD depends 
on genetic factors, their various characteristics such as number, duration or morphology 
are sensitive for environmental manipulations throughout life. Furthermore, the influence 
of environmental manipulations on SWD, whether applied in pups, adolescent or adult 
rats, seems to be constant with age. However, which underlying factors and mechanisms 
might mediate the observed changes in seizure expression caused by the different 
environments is currently not known. 
 Recent observations recurrently stress the important role of the hyperpolarization-
activated cation current (Ih) in mediating seizure activity (Bender et al., 2003; Brewster et 
al., 2002; Chen et al., 2001; Di Pasquale et al., 1997; Ludwig et al., 2003; Strauss et al., 
2004). Ih is a mixed Na+/K+ depolarizing current, activated upon membrane 
hyperpolarization (Pape, 1996). The h-current shows a prominent distribution in heart and 
brain tissue where it contributes to various functions as well on the single-cell as on a 
network level (Chen et al., 2002; Santoro & Tibbs, 1999). The different properties of Ih 
are mediated by the particular assembly of four subunits and their specific sensitivity to 
bind cyclic nucleotides like cAMP (Chen et al., 2002; Ludwig et al., 1998; Santoro et al., 
1997). These subunits form the homo- or heteromeric hyperpolarization-activated cation 
channel (HCN) (Santoro & Baram, 2003). The four subunits (HCN1-4) and their 
corresponding channel assemblies undergo changes during development (Bender et al., 
2001; Santoro & Tibbs, 1999; Vasilyev & Barish, 2002), and show plasticity after insults 
(Chen et al., 2001) and lesions (Bräuer et al., 2001a). These findings suggest that HCN 
channels and Ih can be modified and are susceptible for environmental influences. 
 HCN-channel blockers have antiepileptic effects (Kitayama et al., 2003) and some 
antiepileptica are suggested to exert their antiepileptic effects via mediation of Ih (Poolos 
et al., 2002; Surges et al., 2003). Alterations in HCN channels and Ih were reported in 
induced seizure models (Brewster et al., 2002; Chen et al., 2001) and epilepsy patients 
(Bender et al., 2003). Especially in absence epilepsy HCN channels and Ih seem to play a 
crucial role (Ludwig et al., 2003; Poolos, 2004). Mutant mice lacking HCN2 channels 
show a deficient Ih and develop spontaneous SWD (Ludwig et al., 2003). Also in the 
mutant mouse stargazer (a valid absence seizure model) the occurrence of SWD was 
associated with alterations in Ih (Di Pasquale et al., 1997). Interestingly, an impaired Ih 
was recently shown at the somatosensory cortex in WAG/Rij rats (Strauss et al., 2004). In 
WAG/Rij rats the somatosensory cortex is the site of absence seizure generation and 
spread (Meeren et al., 2002), and pharmacological research suggests that this might also 
hold for other absence seizure models such as the GAERS rat (Manning et al., 2004). 
Strauss and colleagues found that the fast component of Ih activation was strongly reduced 
and much slower in neurons of the somatosensory cortex of WAG/Rij, compared to 
neurons from non-epileptic Wistar and ACI rats. In the WAG/Rij rats the reduction in Ih 
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was accompanied by a 34% reduction of the HCN1 protein, while HCN1 mRNA was not 
altered. No differences were found for the remaining HCN2-4 mRNA and proteins 
(Strauss et al., 2004). The authors proposed that the impaired Ih at the somatosensory 
cortex might contribute to hyperexcitability and absence seizure activity in WAG/Rij rats. 
 The aim of the present study was to investigate if the decrease of seizure activity in 
neonatal handled or maternal deprived WAG/Rij rats observed earlier (this thesis) might 
be associated with changes in Ih and three of its channel constituting subunits (HCN1, 2 
and 4) at the site of seizure generation. During their first three weeks of live WAG/Rij rats 
were exposed to neonatal handling (NH), maternal deprivation (MD), or no treatment 
(control). We performed whole-cell recordings from layer 5 pyramidal neurons together 
with in situ hybridization and Western blot analyses for HCN1, 2 and 4 subunits at the 
somatosensory cortex of differently reared WAG/Rij rats in adulthood. 
 
2. Materials and Methods 
 
2.1. Subjects and environmental manipulations 
 
All experimental procedures were in accordance with local guidelines, approved by the 
animal ethical committee of Radboud University Nijmegen, and in agreement with the 
European Communities Council Directive of 24 November 1986 (86/609/EEC). 
 Prior to birth, pregnant WAG/Rij rats of our own colony were randomly allocated to 
one of three early rearing environments: no treatment control, MD, or NH. All litters were 
born within a 9-day period. No culling of the litters was applied to prevent handling 
effects that result from the culling procedure itself (Barbazanges et al., 1996; Weizman et 
al., 1999). Day of birth was designated postnatal day (PN) 0. NH and MD were carried out 
daily between the 4th and 7th hour of the light phase, starting on PN 1 and continued till 
PN 21 (day 22). Rats of the control group were left undisturbed during this time, except 
one day for cage maintenance. For NH and MD the mother was first removed from its 
litter and temporary separated in a clean cage (always the same cage for each mother). In 
case of NH each pup was transferred to a small plastic box filled with sawdust and lined 
with paper towels, where it remained for 15 minutes before being transferred back to the 
home cage, followed by the mother. In case of MD the pups remained in their home cage 
for 180 minutes before reunion with their mother. Around 30 days of age the rats were 
weaned and separated by sex. Only male rats were randomly selected. From than on rats 
were housed in pairs (same treatment, different litter) in standard macrolon Type III cages 
on a reversed 12hr light/dark cycle (light on at 21.00h) with food and water ad libitum in a 
temperature controlled room. Rats were left undisturbed except for cage maintaining 
purposes. All measurements were performed in adulthood (~6 months and older), when 
SWD are fully developed in WAG/Rij rats (Coenen & van Luijtelaar, 2003). 
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2.2. Slice preparations 
 
Acute coronal brain slices were prepared from adult WAG/Rij rats (ncontrol = 6, nMD = 7, 
nNH = 7) as described in Deisz et al. (1991). Rats were deeply anaesthetized with ether and 
decapitated. The brain was removed and immediately transferred to cold (2-5°C), 
carbogenated (95% O2, 5% CO2), artificial cerebrospinal fluid (ACSF) containing (in 
mM): 124 NaCl, 3.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 10 D (+)-glucose and 2 
CaCl2 (all chemicals were of analytical grade, Merck, Darmstadt, Germany). Using a 
vibrating microtome (TPI 1000, Vibratome, St. Louis, MO), brain slices of 400 µm 
nominal thickness were cut and allowed to recover for at least 1 h at 33 ± 1°C before they 
were stored at room temperature.  
 
2.3. Patch Clamp recordings 
 
Individual slices were transferred to a submerged recording chamber (1-2 ml/min ACSF at 
34°C) and pyramid-shaped layer 5 neurons of the somatosensory cortex were visualized 
using infrared differential interference contrast (IR-DIC) video microscopy with a x 40 
magnification water immersion objective (Axioskop 2 FS Zeiss, Göttingen, Germany). 
Somatic whole-cell current and voltage recordings were performed as described for layer 
2/3 neurons (Strauss et al., 2004). Patch pipettes were pulled from corning #0010 glass 
capillaries (WPI, Berlin, Germany) to a final pipette resistance between 3-5 MΩ. In 
voltage clamp a maximum of regularly monitored series resistance of 15 MΩ with 
changes <20% during recordings was tolerated. There was no significant difference in 
series resistance between recordings of control, MD or NH neurons. The pipette solution 
contained (in mM): 120 K-methylsulfate, 20 KCl, 14 Na-phospocreatine, 0.5 EGTA, 10 
HEPES, 4 Mg2+-ATP 0.3 Tris2GTP (Sigma-Aldrich, Steinheim, Germany), (pH 7.25, 288 
mOsm). A theoretical liquid junction potential of –10 mV has not been corrected for. 
 Voltage-clamp recording of pharmacologically isolated Ih was performed after 
blocking the fast inward-rectifying potassium channels (KIR) with 400 µM Ba2+ (Merck) 
added to a modified ACSF with MgSO4 replaced by MgCl2 and omitted NaH2PO4. Na+-
currents were blocked with 0.5 µM Tetrodotoxin (TTX, Tocris, Bristol, UK) and Ca2+-
currents with 1 mM Ni2+. In some experiments 20 µM 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), 20 µM D(-)-2-amino-5phosphonopentatonic acid (D-APV) and 10 µM 
bicuculline were added to block spontaneous synaptic events. To block Ih, the specific 
antagonist 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride 
(ZD7288, Tocris) was prepared as a 100 mM solution, divided in aliquots and kept at -20 
°C until use, when it was dissolved to its final concentration (25-50 µM) in the modified 
ACSF. 
 Data from patch-clamp recordings were collected with an EPC-10 (HEKA, 
Lambrecht, Germany), digitized (50 kHz, after Bessel filtering at 5.0 kHz) and stored 
using PULSE software (HEKA). The cell capacitance (CM) was obtained from the integral 
of the slow capacitive transient from 10 mV voltage steps with alternating de- and 
hyperpolarizing polarity. The tail current amplitudes (a1) and maximal tail current (a2) 
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from a -130 mV step were plotted against the preceding step voltage (V) and well fitted 
separately for each neuron with the Boltzmann equation of the form: 
 

I(V) = (a1 - a2) /[1 + e ((V-V
1/2

) / k) + a2] 
 
V1/2, the midpoint of voltage activation, and k, the slope of the curve, were obtained to 
identify the voltage sensitivity of the h-channel. Double-exponential fits (excluding an 
initial delay of 10-30 ms) of the trajectory of the Ih traces yielded first- (τfast) and second-
order (τslow) time components. The amplitude of Ih was yielded with a ZD7288 subtraction 
method and/or leak subtraction protocols and/or back-extrapolating double-exponential 
fits to the start of the current with highly similar results (Sciancalepore and Constanti, 
1998; Bräuer et al., 2001a, Strauss et al., 2004). The reversal potential was determined by 
stepping to different test potentials after fully activating the Ih (step potential -140 mV for 
2s). Linear regression of the tail currents (measured as described for voltage sensitivity) 
yielded the reversal potential. 
 Analysis and exponential fits of the current and voltage traces were performed with 
PULSE-FIT 8.63 (HEKA). Paired and unpaired Student’s t-tests or one-way-ANOVA 
were performed with the SPSS software package (v. 10.0, SPSS Inc., Chicago, Il). All 
data are presented as mean ± SEM. 
 
2.4. In situ hybridization 
 
Brains from adult WAG/Rij rats (ncontrol =2, nMD= 2, nNH =2) were dissected and frozen on 
dry ice. Horizontal slices (19 µm) were cut on a cryotome and fixed in 4% 
paraformaldehyde (w/v), washed in 0.1 M PB (pH 7.4), and dehydrated afterwards. A 
detailed description of the antisense oligonucleotide and the protocol used can be found 
elsewhere (Bräuer et al., 2001a,b). 
 
2.5. Western blot 
 
For Western blot analysis protein extracts of the somatosensory cortex from brains of 
adult WAG/Rij rats (ncontrol =3, nMD= 3, nNH =3) were used. The antibodies for the Western 
blot analysis of HCN1, HCN2 and HCN4 were from Alomone Labs (Jerusalem, Israel). 
As an internal control for standardization of protein amount ß-actin expression was used 
throughout. For a detailed protocol of Western blot analysis see Bräuer et al. (2001a, 
2003). 
 
2.6. Quantification of Western blot analysis 
 
Quantifications of Western blots were performed using a computerized videodensitometry 
system (Metamorph, Universal Imaging, Downingtown, PA). All measurements were 
focused at the somatosensory cortex. Detailed descriptions of the quantification methods 
were described previously (Bräuer et al., 2001a,b; Bräuer et al., 2003). Statistical analyses 
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for differences between the three neonatal rearing environment groups (control, MD, NH) 
were performed using non-parametric Mann-Whitney U test (Statview, Abacus, Cary, 
NC), with a significance level of P<0.05. 
 
3. Results 
 
3.1. Increased Ih in layer 5 neocortical pyramidal neurons in adult NH and 
 MD rats 
 
A comparison of voltage behaviors of pyramidal neurons in layer 5 from the 
somatosensory cortex of rats reared in the three neonatal environments is shown in Figure 
1. The differences in the voltage responses to hyperpolarizing current steps in whole cell 
current clamp recordings concern classical hallmarks of Ih, namely the voltage sag during 
hyperpolarizing current injections and the subsequent transient rebound depolarization. 
 

 
 
Figure 1. Comparison of voltage responses of representative layer 5 pyramidal neurons at the somatosensory 
cortex of rats from different neonatal rearing environments. The whole- cell current-clamp traces show voltage 
responses to 500 ms long current steps (depicted in the lowest row, frequency 0.1 Hz). Top, Traces recorded in 
the presence of 400 µM Ba2+ to block fast inward rectification , 1 mM Ni2+ to block calcium currents and 1 µM 
Tetrodotoxin (TTX) to block sodium currents show differences in voltage sag during hyperpolarization and post-
hyperpolarization rebound depolarization. Bottom, Traces recorded in the presence of the specific Ih blocker 
ZD7288 (50 µM, 15 min). The scale bars apply to all three groups. The dotted line represents a membrane 
potential of –65 mV. Note the pronounced hyperpolarization following ZD7288 application in MD and NH 
neurons. 
 
In neurons from MD and NH rats the voltage sag was pronounced and faster in onset than 
in neurons from control animals, which also had a less prominent rebound depolarization. 
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In line with this, application of 50µM ZD7288, a selective Ih blocker (Harris and 
Constanti, 1995), increased the input resistance, diminished the voltage sag and prevented 
the rebound depolarization and hyperpolarized the resting potential in neurons of rats from 
all three rearing environments (control, MD, NH), but the effect was pronounced in 
neurons of MD or NH rats. Both observations suggest a greater contribution of Ih to 
membrane voltage responses in rats that underwent MD and NH. 
 We further explicitly determined the functional expression of Ih by somatic whole-
cell voltage-clamp recordings under conditions to minimize the contribution of other 
voltage gated currents (see Materials and Methods). Representative recordings of Ih in 
layer 5 somatosensory pyramidal neurons are presented in Figure 2A. Ih increased in 
amplitude after both types of early postnatal manipulation, but more pronounced in NH (I 
= -517.72 ± 81.57pA, n = 10) than in MD (I = -396.68 ± 45.47 pA, n = 12), compared to I 
= -302.21 ± 68.95 pA (n = 9, P < 0.05, respectively) in normal reared control WAG/Rij 
rats (measured as steady state current close to the end of a 2 sec voltage step to –130 mV). 
Whole current-voltage relationships are depicted for the population in Figure 2B. The 
increase in amplitude appeared more pronounced over a broad voltage range when 
comparing the current densities, computed as Ih /Cm (current amplitude normalized to cell 
capacitance, Figure 2C, P < 0.05 between –80 and –130 mV for MD and NH compared to 
control, respectively). For voltage steps to –130 mV the current densities are 
approximately doubled in MD (Ih /CM = -4.19 ± 0.43 pA/pF, n = 12) and NH (Ih /CM =       
-4.72 ± 0.59 pA/pF, n = 10) compared to normally reared control WAG/Rij rats ( Ih /CM = 
-2.31 ± 0.25 pA/pF, n = 9). A closer look at the physiological range in which Ih will shape 
the excitability of neurons, i.e. at a membrane potential of –80 mV, revealed that current 
density also doubled following either MD or NH. The current density data suggest a larger 
h-channel availability or a higher single h-channel conductance in the neurons of the rats 
which underwent MD or NH. 
 Additionally, Ih activation was sensitive to the rearing conditions; i. e. became more 
rapid following MD or NH as is evident in Figures 3A/B. To characterize Ih activation in 
more detail, the Ih waveform was fit with the sum of 2 exponential functions which were 
necessary and sufficient to adequately describe the activation kinetics as shown 
superimposed in Figure 3A. The fast (τfast) and slow (τslow) timeconstants differed by 
approximately one order of magnitude and were voltage dependent for all rearing 
environments (data not shown). The τfast displayed acceleration with the change in rearing 
environments. At –130 mV τfast was consistently slower in normally reared WAG/Rij rats 
(131.6 ± 17.7 ms, n = 9) than following NH (84.2 ± 11.6 ms, n = 10) or MD (80.5 ± 10.6 
ms, n = 12) (Figure 3 C). 
 Both changes, the increase in Ih amplitude and the acceleration of its activation 
could in principle be caused by a shift in the voltage dependence of Ih towards positive 
potentials. Therefore we analyzed steady state voltage activation of Ih in layer 5 neurons 
of rats from all three rearing environments separately for each neuron (see Materials and 
Methods). Returning to a VM of -50 mV after voltage steps of 2 s (-130 to -40 mV) 
revealed a gradual decline in the tail current. The deactivation timeconstant (Figure 4 D/F) 
revealed by monoexponential fits was slower in neurons from normally reared control 
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WAG/Rij rats (τdeactivation = 246 ± 53.9 ms, n = 9) than following NH (τdeactivation = 141.6 ± 
42.9 ms, n = 10, P<0.05) or MD (τdeactivation = 145.4 ± 38.1 ms, n = 12, P<0.05). Since 
deactivation of Ih appeared relatively slow in all three groups the relative conductance was 

 
Figure 2. Increase of Ih in adult rats after early environmental manipulations. (A) Ih recorded in somatic whole-
cell voltage-clamp from the same layer 5 pyramidal neurons of the somatosensory cortex as shown in current 
clamp in Figure 1. Neonatal rats underwent maternal deprivation (WAG/Rij MD), neonatal handling (WAG/Rij 
NH) or were reared normally (WAG/Rij control). Currents were elicited by 2-s-long voltage steps from –40 mV 
to –130 mV from a holding potential of –50 mV as depicted at the bottom. All recordings were made in the 
presence of 400 µM Ba2+ (to block IKir), 1 mM Ni2+ (to block ICa) 1 µM TTX, CNQX, D-AP5, and bicuculline. 
(B) Population data illustrating an increase in Ih amplitude in NH and MD rats. The steady state amplitudes (at 
times indicated by the dotted lines in A) were used for construction of averaged I-V relationships. (C) Steady 
state amplitudes as shown in B were normalized to the cell capacitance and given as current densities. Note that 
Ih densities do not differ in neurons of rats from the same rearing group, whereas the differences between control 
and MD or NH got more pronounced for this parameter. For B and C control (n = 9), control cAMP (n = 8), MD 
(n = 12), MD cAMP (n = 10), NH (n = 10), NH cAMP (n = 9). Data are displayed as means ± SEM. 
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determined from tail current amplitudes measured ~25 ms after repolarization (dotted 
lines in Figure 3D, for details see Materials and Methods). Normalized tail currents could 
be well fitted with a Boltzmann equation which yielded comparable V1/2 and k between 
groups (Figure 3E, Table 1). 
 
 
   Table 1: Common general and Ih properties of layer 5 pyramidal 
   neurons from somatosensory cortex of WAG/Rij rats raised under 
   different rearing conditions 
 

  
Control 

 
MD 

 
NH 

 
C (pF) 

 
109.0 ± 13.5 (17) 

 
101.3 ± 5.4 (22) 

 
122.0 ± 10.0 (19) 

 
Vh-reversal (mV) 

 
-45.0 ± 1.5 (5) 

 
-41.2 ± 1.3 (8) 

 
-41.3 ± 1.9 (6) 

 
V1/2 (mV) 

 
-85.3 ± 2.3 (9) 

- 
86.4 ± 2.0 (12) 

- 
86.1 ± 1.1 (10) 

 
Slope (k) 

 
11.1 ± 0.8 (9) 

 
10.7 ± 0.6 (12) 

 
12.4 ± 0.4 (10) 

 
V1/2 - 100 µM cAMP (mV) 

 
-82.6 ± 1.1 (8) 

 
-85.6 ± 1.3 (10) 

 
-84.8 ± 0.9 (9) 

 

 
slope - 100 µM cAMP 
 

 
8.9 ± 0.8 (8)* 

 

 
9.4 ± 0.2 (10)* 

 

 
9.6 ± 0.4 (9)* 

 
 
Data presented as the mean ± S.E.M. (number of cells), *P<0.05 when compared to slopes in the same 
group without cAMP 

 
 
Putative changes in basal modulation of Ih by different resting levels of cyclic nucleotides 
in the three groups have been explored using the intracellular presence of a saturating 
concentration of cAMP (100 µM) in an additional set of experiments. The application of 
cAMP slightly shifted the V1/2 by only ~1-3 mV, but markedly increased the slope of the 
voltage sensitivity in all three groups (Figure 3E, Table 1). However, intracellular cAMP 
did not lead to apparent group differences in the slope of the voltage sensitivity. There 
was no change in the rate of activation or deactivation of Ih (Figure 3C/F). This is 
consistent with the predominant expression of HCN1 in neocortical pyramidal neurons 
described by many investigators (for a review see Robinson and Siegelbaum, 2003). 
However, the group differences in Ih amplitude and density between normally reared 
WAG/Rij rats (control) on one hand and MD and NH on the other hand were maintained 
(Figure 2B/C). For voltage steps to –130 mV the current densities are again approximately 
doubled in MD (Ih /CM = -3.8 ± 0.33 pA/pF, n = 10) and NH (Ih /CM = -4.3 ± 0.45 pA/pF, n 
= 9) compared to normally reared control WAG/Rij rats (Ih /CM = -2.4567 ± 0.24 pA/pF, n 
= 8). Therefore, it is unlikely that any of these group differences are due to kinase 
independent actions of cAMP on HCN channels (Wainger et al., 2001). The permanent 
presence of 4 mM ATP in the pipette solution also excludes any contribution of adenylate 
cyclase independent ATP effect to the differences in Ih (Komagiri and Kitamura, 2004). 
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Figure 3. Acceleration of Ih activation after maternal deprivation (MD) and neonatal handling (NH), but no 
change in voltage dependence of Ih. (A) Traces (gray) represent the current response from neurons of non treated 
WAG/Rij rats (control), and rats which underwent maternal deprivation (MD) or neonatal handling (NH). The 
traces are capacity and linear current subtracted as described in Material and Methods. Ih waveforms are well 
fitted by the sum of two exponential functions as shown superimposed (black) on the traces. (B) Same traces as 
in A normalized to steady state amplitude to illustrate the acceleration of the current activation. (C) Quantitative 
comparison of the fast activation time constants (τfast activation) in response to a –130 mV voltage step without (solid 
diamonds) and with (open diamonds) 100 µM cAMP in the pipette solution. Note the slowing of the initial fast 
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component of Ih in the control when post hoc compared to MD or NH. (D) Representative families of tail 
currents recorded with cAMP free pipette solution upon return to -50 mV from 2 s voltage steps from -130 to -40 
mV. Note the reduced tail amplitudes and the slower deactivation of Ih in neurons of control rats (left). Tail 
current amplitude measurements were taken at the time indicated by the dotted lines and circles. (E) Population 
data of voltage dependence depicted as mean relative tail currents, plotted against the preceding test potential 
without (left panel, circles) and with (right panel, triangles) 100 µM cAMP in the pipette solution. Curves were 
fitted with a Boltzmann function (lines and dotted lines, see Materials and Methods). For the fitting parameter, 
particularly V1/2 and k, see Table 1. (F) Population data for deactivation time constants (τdeactivation) estimated at a 
step back to -50 mV from a 2 s  -130 mV step without (solid triangles) and with (open triangles) 100 µM cAMP 
in the pipette solution. For C, E and F control (n = 9), control cAMP (n = 8), MD (n = 12), MD cAMP (n = 10), 
NH (n = 10), NH cAMP (n = 9). Data represent means ± SEM. Throughout the figure: *P < 0.05 when compared 
to control without cAMP; #P < 0.05 when compared to control with 100 µM cAMP in the pipette solution. 
 
 
Neonatal rearing conditions did not appear to affect membrane area, as estimated by 
whole cell capacitance (CM) measurements (Table 1). There were no significant 
differences in CM between normally reared WAG/Rij rats and MD or NH (P > 0.1, 
respectively). Furthermore, rearing conditions did not influence the relative contribution 
of different ionic permeabilities, as assessed by reversal potential estimations (see 
Materials and Methods, Table 1). 
 
3.2. HCN1 protein, but not mRNA expression is increased in neocortex of 
 NH and MD rats 
 
To investigate whether the observed increase in Ih after NH and MD might be 
accompanied by putative changes in the molecular correlates of Ih, we performed in situ 
hybridization and Western blot to analyses the distribution and amount of the channel 
subunits HCN1, 2 and 4. 
 The mRNA signal of all three HCN subunits in the neocortex of WAG/Rij rats 
showed the same distribution as described before (Strauss et al., 2004). We did not find 
any differences in the amount of mRNA in any of the HCN subunits between our three 
neonatal rearing environment groups (Figure 4B). 
 The Western blot analysis of HCN1 expression revealed, however, increased levels 
of the protein in the rat neocortex from MD (44% increase) and NH (84% increase) 
compared to normal reared control WAG/Rij rats (Figure 4A). Interestingly, the increase 
in HCN1 protein from control in MD and NH rats paralleled our observed increase in Ih. 
In contrast to HCN1, Western blot analyses of the HCN2 and HCN4 subunits showed a 
similar protein expression across all three neonatal rearing environment groups as 
depicted in Figure 4C. 
 
4. Discussion 
 
Our results show for the first time that environmental manipulations early in development 
can influence the hyperpolarization-activated cation current Ih and HCN protein 
expression at the somatosensory cortex, the site of seizure generation (Meeren et al., 
2002), of WAG/Rij rats later in life. We found that as adults, NH or MD reared WAG/Rij  
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Figure 4. Analysis of HCN1, 2 and 4 protein expression in the neocortex of rats from the three neonatal rearing 
environments. (A) Western blots of HCN1 from total protein extracts of adult rats from the three neonatal 
rearing environments: control (WAG/Rij control), maternal deprivation (WAG/Rij MD), and neonatal handling 
(WAG/Rij NH). Quantification of respective Western blot analyses per group, indicating that rats that underwent 
maternal deprivation (WAG/Rij MD) or neonatal handling (WAG/Rij NH) had an increased HCN1 protein (B) 



Chapter 5 

 103 

In situ hybridization analysis of HCN1 mRNA expression in the neocortex of rats from three neonatal rearing 
environments. No alterations are detectable between the three groups. (C) Western Blot of HCN2 and 4 subunits 
and the quantitative analyses between the the three neonatal rearing environments. *P<0.05 when compared to 
control. 
 
 
rats had: (1) an increased Ih; (2) faster activation/deactivation kinetics of Ih;  and (3) an 
increased HCN1 protein expression, compared to control rats. 
 Using whole-cell recordings from layer 5 pyramidal neurons at the somatosensory 
cortex, we found that NH or MD reared WAG/Rij rats showed increased (nearly doubled) 
Ih current densities and faster activation/deactivation kinetics compared to control rats. 
Our observation that there were no group differences in cell capacities underscores that 
the increase in current is not due to changes in cell size, but represents larger channel 
availability in neurons of NH and MD rats – a fact which is also reflected by the 
differences in the Ih densities. 
 The different properties of Ih are mediated by the particular assembly of the four 
channel constituting subunits and their specific sensitivity to bind cyclic nucleotides like 
cAMP (Chen et al., 2002; Ludwig et al., 1998; Santoro et al., 1997). Our observation that 
NH and MD WAG/Rij rats differed from control in the rate of channel activation, with Ih 
of NH and MD showing faster activation/deactivation kinetics, suggests that the observed 
group differences in Ih are mainly mediated by an underlying difference in the fast HCN1 
subunit. The HCN1 subunit has been shown to be widely expressed in the neocortex, most 
prominent in layer 5 pyramidal cells (Franz et al., 2000; Santoro et al., 2000). HCN1 
channels show a rapid activation in the range of tens of milliseconds, whereas HCN2 
channels, also prominent in the cortex, show much slower kinetics around hundreds of 
milliseconds (Santoro et al., 2000; Santoro & Tibbs, 1999). Furthermore, HCN1 shows 
only minimal responses to cAMP, while HCN2 shows prominent shifts in voltage 
dependence upon cAMP binding (Ludwig et al., 2003; Santoro & Tibbs, 1999). In our 
recordings we observed, however, no differences in the voltage dependency of Ih between 
our three rearing environment groups. The V½ and the slope of the voltage sensitivity (k) 
were comparable in all three groups. Even when the recordings were repeated with cAMP, 
V½ and the curves of the voltage sensitivity did not differ between differently reared 
WAG/Rij rats. This observation further corroborates the assumption that the increased Ih 

in NH and MD WAG/Rij rats is rather caused by a selective increase of HCN1 subunits, 
than by alterations in HCN2 or 4, or changes in basal levels of underlying cyclic 
nucleotides. Also the finding that the application of cAMP neither affected the group 
differences in Ih amplitude and density, nor the rate of activation/deactivation, and only 
slightly shifted the V½, supports again a selective involvement of the less cAMP sensitive 
HCN1 (Robinson and Siegelbaum, 2003). 
 Indeed our Western blot analyses showed a selective up-regulation of the HCN1 
subunit at the somatosensory cortex of NH and MD WAG/Rij rats compared to control, 
while HCN2 and 4 were not different between groups. Interestingly, changes in HCN1 
were observed at the protein level only, but not for mRNA. This suggests that the increase 
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in HCN1 in NH and MD WAG/Rij rats is due to group differences in post-transcriptional 
or post-translational factors that affect the amount or location of HCN1 proteins. 
 Our findings correspond to recent observations of Strauss et al. (2004), who reported 
a decreased Ih and HCN1 protein at the somatosensory cortex of WAG/Rij rats compared 
to non-epileptic control Wistar or ACI rats. As in our case, Strauss et al. (2004) did not 
find any differences in HCN2 and 4 proteins or any changes at the mRNA level. They 
suggested that the deficit in Ih of WAG/Rij rats might be due to an impaired cofactor, 
required for optimal HCN1 expression, its trafficking towards the dendrites, or protein 
stability in the dendritic membrane. Strauss et al. (2004) proposed further that the 
resulting impairment of Ih might contribute to hyperexcitability in the cortex of WAG/Rij 
rats, possibly by increasing temporal summation and excitatory postsynaptic potentials in 
pyramidal neurons, or an enhancement of burst firing of cortical neurons, eventually 
promoting absence seizure activity. 
 Our observations of an increased HCN1 protein and Ih in NH and MD reared 
WAG/Rij rats compared to control animals suggests, that both environmental 
manipulations might affect the unknown cofactor. The resulting increase in HCN1 and Ih 

might than restore the Ih mediated functions in the cortex proposed by Strauss et al. 
(2004), eventually leading to less hyperexcitability and seizure reduction. While we did 
not measure Ih related functioning in the current experiment, it is interesting that NH or 
MD increased HCN1 at the somatosensory cortex in WAG/Rij rats up to a level 
comparable to that of Wistar rats reported by Strauss et al. (2004). Although Wistar rats 
are not completely devoid of SWD, seizures are much less prominent than in WAG/Rij 
rats (Coenen & van Luijtelaar, 2003). Interestingly, we recently observed a pronounced 
seizure decrease in NH and MD compared to control WAG/Rij rats (this thesis). In this 
experiment, WAG/Rij rats underwent NH, MD or received no treatment (control) during 
the first three weeks of life. The experimental procedures matched exactly those applied in 
the current experiment. In adulthood the EEGs of the rats were recorded in vivo to analyze 
putative influences of early environmental manipulations on absence seizures. The order 
of the magnitude of the observed group differences in seizure activity was the same, 
although reversed, as in Ih and HCN1 measured in the current experiment: NH < MD < 
control (for seizure activity); NH > MD > control (for Ih and HCN1). These observations 
suggest a negative relationship between Ih/HCN1 and seizure activity, and support the role 
of Ih and HCN1 as a possible mechanism mediating decreased absence seizures in NH or 
MD WAG/Rij rats (this thesis). 
 A close relationship between Ih/HCN and absence seizures is also supported by 
recent observations. Mice lacking HCN2 channels show a deficient Ih and develop 
spontaneous absence epilepsy (Ludwig et al., 2003), and in stargazer mice the occurrence 
of SWD was associated with alterations in cortical Ih (Di Pasquale et al., 1997). However, 
in stargazer mice absence seizures were associated with an increased Ih, while our 
observations, together with the data of Strauss et al. (2004), suggest a negative 
relationship between absence seizures and Ih in WAG/Rij rats. Next, while Ludwig and 
colleagues (2003) found a relationship between absence seizures and HCN2 in mice, our 
data revealed no evidence for such a relation. These discrepancies might possibly be 
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related to model specific differences, or to the fact that Ih serves different functions at 
different parts of the nervous system. Clearly more research is needed to elucidate the 
precise role of Ih and HCN in the pathophysiological process of absence epilepsy. 
 Our data suggest that Ih at the site of the somatosensory cortex plays an important 
role in seizure generation. Recently, it was shown that the somatosensory cortex is the site 
of seizure generation in WAG/Rij rats (Meeren et al., 2002) and pharmacological research 
suggests that this might also be the case in another absence epilepsy model, the GAERS 
rat (Manning et al., 2004). Interestingly, Klein and colleagues (2004) recently reported 
differences in voltage gated sodium channels between WAG/Rij and Wistar rats that were 
selective for the somatosensory cortex only. However, if the changes in Ih and HCN1 after 
NH or MD are also selective for the somatosensory cortex, or also occur in other parts of 
the brain, must be investigated in follow up research. 
 In the present experiment we found that Ih and HCN1 increased in a gradual way 
from control over MD to NH rats. This observation, although in reversed order, is in line 
with our recently reported finding of a gradual seizure decrease from control over MD to 
NH reared WAG/Rij rats (this thesis), supporting our earlier assumption that changes 
between groups are due to at least one common environmental factor present in all three 
groups, though to a different degree. Our current data did not reveal, however, which 
factors might be involved, stressing the need for further research. But, based on literature, 
some suggestions can be made. The maternal environment constitutes one of the most 
important influences in pups during the first weeks of life (Pryce & Feldon, 2003). 
Mother-pup interactions are known to have an impact on the brain and behavior of the 
pups later in life (Caldji et al., 1998; Liu et al., 1997), and NH or MD have been shown to 
influence maternal behavior. Our groups also vary in the amount of pup handling and 
enrichment/environmental stimulation. While NH and MD rats were handled daily during 
the first three weeks, control rats received only a limited amount of handling during cage 
maintenance. Furthermore, because NH rats were put into new cages lined with paper 
towels and bedding material during separation, they might have faced an extra amount of 
enrichment (Fernández-Teruel et al., 2002), while control rats might received the least 
stimulation of all groups. 
 In summary, our data show that Ih and HCN channel subunits at the somatosensory 
cortex of WAG/Rij rats are susceptible for neonatal environmental manipulations. NH or 
MD cause an increase of Ih and HCN1 compared to normal reared control rats, while 
HCN2 and 4 and mRNA of any of the subunits were not different between groups. This 
suggests that the increase in HCN1 in NH and MD WAG/Rij rats is due to group 
differences in post-transcriptional or post-translational factors that affect the amount or 
location of the HCN1 protein, causing an increase in Ih, and eventually leading to a 
restoring of Ih mediated functions associated with cortical excitability. Our observation 
support the role of Ih and HCN1 as a possible mechanism mediating the decreased absence 
seizures in NH or MD WAG/Rij rats found earlier (this thesis). 
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General Discussion 
 
Absence epilepsy is an inherited epilepsy phenotype of multifactorial origin. This implies 
that seizures result from a complex interplay between different genes 
(oligogenetic/polygenetic) and environmental influences (Doose et al., 1973; Steinlein, 
1998). Unfortunately, a systematic investigation of the different underlying genes, and 
especially the study of environmental contributions to the seizure phenotype, in man is 
hampered by practical and ethical reasons. Valid genetic animal models, like the 
WAG/Rij rat model (Coenen & van Luijtelaar, 2003; Crunelli & Leresche, 2002), help to 
circumvent these issues by studying the influences of genotype and environment, and their 
possible interactions, on the development of absence epilepsy directly. 
 The inheritance pattern of SWD in WAG/Rij rats (Peeters et al., 1990a, 1992) and 
other absence seizure models (Danober et al., 1998; Vadász et al., 1995) was revealed by 
experimental crosses of inbred strains. Recently, linkage was found for quantitative trait 
loci associated with SWD (Gauguier et al., 2004; Rudolf et al., 2004). However, 
systematic studies of environmental influences on the development of absence seizures 
are lacking, although current data strongly plead for an environmental-developmental 
contribution in the expression of the SWD phenotype (Coenen & van Luijtelaar, 2003; 
Vadász et al., 1995). 
 The aim of the present thesis was to find out in how far and in which way the 
genotype and the environment influence SWD in rats. Only the postnatal environment was 
considered. In chapters 2 and 3 two commonly used paradigms for post-weaning 
environmental manipulations (enriched/impoverished housing) were applied in epileptic 
(WAG/Rij) and non-epileptic control (ACI) strains. In chapter 4 two pre-weaning 
environmental manipulations (neonatal handling/maternal deprivation) were used in 
WAG/Rij rats. Chapter 5 presents evidence for a putative underlying factor/mechanism 
responsible for the changes between differently reared animals reported in chapter 4. 
 Here, the results of these studies shall be integrated and discussed with regard to the 
main question and objectives outlined in ‘1.7 Aims and outline of the thesis’ as well as in 
light of the current literature. Finally, future perspectives will be presented. 
 
6.1.Genotype/environmental influences in the presence of SWD 
 
One of the main findings of this thesis is that the presence of SWD was not influenced by 
the environmental manipulations used; regardless of the way in which the environment 
was manipulated (enriched/impoverished housing, neonatal handling/maternal 
deprivation) and the timing when it was manipulated (pre- or post-weaning). Although it 
cannot be ruled out that other manipulations applied during earlier periods (e.g. pre- or 
perinatal) could lead to different results, the data presented in this thesis suggest that the 
presence of SWD only depends on genetic factors. This assumption corresponds to earlier 
findings in WAG/Rij rats (Peeters et al., 1990a, 1992), as well as to human data (Metrakos 
& Metrakos, 1961). In both cases the presence of the typical SWD pattern was supposed 
to be inherited through an autosomal dominant gene. An autosomal dominant transmission 
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of SWD was also reported for other absence epilepsy animal models, although in these 
studies the presence of SWD was not necessarily linked to one single gene locus (Danober 
et al., 1998; Vadász et al., 1995). 
 Various genes were suggested to underlie idiopathic generalized epilepsies, but to 
date the definite genes remain unknown (Steinlein, 2004). Genes linked to the GABAergic 
system and ion channels have been proposed to be involved in absence epilepsy in human 
and animal models. GABA and various ion channels play an important role in the 
pathology of absence epilepsy (Crunelli & Leresche, 2002; Snead, 1995). In humans a 
mutation of the GABRG2 gene, encoding the GABAA receptor γ2 subunit (Wallace et al., 
2001), and an association with the GABRB3 gene, encoding the GABAA receptor β3 
subunit (Feucht et al., 1999), were suggested. Regarding ion channels, mutations were 
reported for the CACNA1A gene, encoding the α1A subunit of voltage gated calcium 
channels (Jouvenceau et al., 2001), and Chen and colleagues (2003) found associations 
between absence epilepsy and the gene encoding the α1H subunit of the low threshold 
Ca2+ channel. Different mice mutants consistently support the role of ion channel genes in 
the development of absence seizures (Burgess & Noebels, 1999; Ludwig et al., 2003). 
 Although the presence of SWD seems to be insensitive to environmental influences, 
various characteristics of SWD such as number, mean duration and their morphology 
(intra-spike peak frequency, spectral-power) were all susceptible for the different 
environmental manipulations applied. This shows that although the environment has no 
influence on whether a rat becomes epileptic or not, it shapes the final expression of the 
seizure phenotype. 
 
6.2.1. The various characteristics of SWD are differently influ- 
 enced by the environment 
 
As expected, it was observed that the environment influenced the various characteristics 
of SWD, such as number, mean duration, and morphology (intra-spike peak frequency, 
spectral-power). Interestingly these characteristics were influenced differently. 
 Rats that were enriched housed after weaning consistently showed longer discharges 
compared to impoverished housed rats. This effect was independent of the age at which an 
animal was enriched housed (1 vs. 3 months of age) and the duration of the housing 
period (60 vs. 120 days). The number of SWD was unaffected by housing conditions. Pre-
weaning manipulations of the early rearing environment by neonatal handling or maternal 
deprivation on the other hand affected the number and morphology of SWD, but not their 
duration. The variable morphology was not measured in the housing experiments 
described in chapters 2 and 3.  
 These observations support the idea that number, mean duration, intra-spike peak 
frequency, and the spike amplitude (as derived from spectral power) are different factors 
influencing SWD, and are in line with earlier data. Based on data from a crossbreeding 
study, using epileptic (WAG/Rij) and non-epileptic (ACI) inbred strains, Peeters and 
colleagues (1990a, 1992) proposed that different genes control number and mean duration 
of SWD. Also in GAERS, another prominent absence epilepsy animal model, the 
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phenotypic expression of SWD was suggested to be of polygenetic origin (Danober et al., 
1998). Recent linkage data support these genetic studies by founding different quantitative 
trait loci for mean duration of SWD (Gauguier et al., 2004) and morphological 
characteristics of SWD like amplitude (Rudolf et al., 2004). Until now, however, no 
linkage could be found for the number of SWD (Gauguier et al., 2004; Rudolf et al., 
2004). 
 Other evidence comes from pharmacological experiments. Remacemide, or its active 
metabolite FPL 12495, influenced number and mean duration in WAG/Rij rats differently 
(van Luijtelaar & Coenen, 1995). While both drugs caused a seizure decrease, the mean 
duration of SWD increased. Dissimilar effects on number and mean duration of SWD 
were also reported after the injection of NMDA (Peeters et al., 1990b) or AMPA (Peeters 
et al., 1994) in WAG/Rij rats, which both drugs causing a dose dependent increase of 
SWD without influencing their duration. A selective increase in number of SWD, but not 
in duration, was recently shown after the administration of corticosterone in WAG/Rij rats 
(Schridde & van Luijtelaar, 2004). 
 The observations presented in chapters 2 to 4 might suggest that the number of SWD 
is primarily sensitive to manipulations of the rearing environment by neonatal handling or 
maternal deprivation, while the mean duration of SWD is mainly sensitive to 
manipulations of housing conditions. No suggestions can be made regarding the 
morphology of SWD, because it was only measured after manipulations of the early 
rearing environment. However, regarding the design of the experiments described in 
chapters 2 to 4, such a conclusion must be regarded with caution. The experiments differ 
not only in the way the environment was manipulated (neonatal handling/maternal 
deprivation vs. enriched/impoverished housing), but also in the timing when the 
environment was manipulated (pre-weaning vs. post-weaning). Bearing these constraints 
in mind, the present observations suggest that different environmental manipulations exert 
different influences on SWD. 
 
6.2.2. Timing of environmental manipulations 
 
Next to the way the environment is manipulated, the timing when the environment is 
manipulated, is important for the influence of the environment on a given variable. The 
latter refers to the age at which an organism undergoes an environmental manipulation 
and the duration of an environmental manipulation. 
 The experiments described in chapters 2 and 3 revealed that WAG/Rij rats, that were 
at least once enriched housed after weaning, had longer SWD compared to WAG/Rij rats 
that were continuously impoverished housed. The number of discharges was not affected. 
The effects were independent of the age at which the rats were enriched housed (1 vs. 3 
months) or the duration of the housing period (60 vs. 120 days). The enrichment effects 
on SWD persisted after rats were transferred to the impoverished housing condition. 
These observations indicate that the mean duration of SWD is sensitive for enriched 
housing post-weaning regardless of age and duration, and that enrichment effects are 
stable. The results on SWD correspond to earlier studies, showing that 
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enriched/impoverished environments can have profound and often long lasting effects on 
brain and behavior independent of age (Rampon et al., 2000; Renner & Rosenzweig, 
1987; Rosenzweig & Bennett, 1977, 1978, 1996; van Praag et al., 2000). 
 Manipulations of the pre-weaning environment by neonatal handling or maternal 
deprivation led to a pronounced decrease of seizures and changes in the morphology of 
the discharges in adult WAG/Rij rats (chapter 4). The mean duration of SWD was not 
influenced by these early environmental manipulations. The observation that 
environmental manipulations early in life still affect SWD in adult rats is in line with 
previous research. Animals that underwent neonatal handling/maternal deprivation during 
the first weeks of life displayed various changes in brain and behavior that persist into 
adulthood (Bodnoff et al., 1987; Bolden et al., 1990; Caldji et al., 2000; Meaney et al., 
1992, 1996; Papaioannou et al., 2002; Ploj & Nylander, 2003; Ploj et al., 1999; Pryce et 
al., 2001). 
 Considering the constraints of the employed experimental designs, described in the 
previous paragraph (6.2.1.), the data suggest that there might be periods during 
development in which the different characteristics of SWD are especially susceptible for 
environmental influences. It might be that the number of SWD (and possibly also their 
morphology) is especially sensitive for environmental influences pre-weaning, while the 
mean duration of SWD is sensitive for environmental influences later in life. However, 
such a conclusion awaits further verification. Nevertheless, the present observations 
clearly indicate that, although the presence of SWD depends on genetic factors, their 
phenotypic expression maintains sensitivity to the environment throughout life. The 
environmental influences on SWD seem to be stable, regardless if the environment was 
manipulated in pups, adolescent or adult rats. 
 
6.2.3. Environmental influences on SWD are complex 
 
The results of the current thesis indicate that the phenotypic expression of SWD (number, 
mean duration, morphology) could be influenced by various environmental manipulations 
throughout life. The different characteristics of SWD vary in their sensitivity to 
environmental influences, depending on the type of environmental manipulation (neonatal 
handling/maternal deprivation, enriched/impoverished housing), the timing (pre- or post-
weaning) or both. Unfortunately, studies that directly compare effects of various 
environmental manipulations during different periods across the lifespan on brain and 
behavior are scarce (Fernández-Teruel et al., 2002). Regarding the results presented here, 
it would be tempting to combine different environmental manipulations applied at 
different ages, and analyze possible influences and putative underlying mechanisms on 
seizures directly. 
 Interestingly, it was found that neonatal handling/maternal deprivation early in life 
caused alleviation of seizures (reduction of SWD), while manipulations of housing 
condition later in life led to a worsening of seizure activity (prolongation of discharges). 
These results might have important consequences for the development of future 
therapeutic interventions in the treatment of absence epilepsy. 
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6.3. Environmental influences in absence and convulsive 
 seizure models 
 
The data presented in this thesis are the first results that show that non-convulsive absence 
seizures are susceptible for environmental manipulations. These observations correspond 
to recent findings showing environmental influences (enriched housing, neonatal 
handling) in convulsive seizure models. Post-weaning enriched housing prevented rats 
from either developing seizures after kainic acid administration (Young et al., 1999), or 
inhibited epileptogenesis in an amygdala kindling model (Auvergne et al., 2002). Using a 
lithium/pilocarpine epilepsy model, Persinger and colleagues (2002) found that pre-
weaning neonatal handling facilitated epilepsy later in life by decreasing seizure onset 
time. Although kindling models might be difficult to compare with genetic epilepsy 
models, the results confirm the present data in showing that environmental manipulations 
by enriched housing or neonatal handling can influence seizure activity and that seizures 
are sensitive to environmental influences throughout life.  
 The data also reveal important differences. While in the kindling models enriched 
housing alleviated seizures, it aggravated them in WAG/Rij rats, as indicated in increased 
mean duration of SWD. In contrast, neonatal handling facilitated convulsive seizures by 
decreasing seizure onset time, while it led to a seizure reduction in WAG/Rij rats. These 
opposite effects of environmental manipulations on convulsive and absence seizures fit 
nicely into the observation that drugs like phenytoin, carbamazepine, vigabatrin or 
tiagabine that alleviate convulsive seizure types are without effect on, or even worsen, 
absence seizures (Panayiotopoulos, 1999). 
 
6.4. Various underlying factors/mechanisms might mediate 
 environmental effects on SWD 
 
The current results show that pre-weaning neonatal handling/maternal deprivation and 
post-weaning enriched/impoverished housing affect SWD differently. Early neonatal 
handling/maternal deprivation influenced number and morphology of SWD, while 
enriched/impoverished housing later in life affected mean duration of SWD. These 
observations might suggest that the various environmental manipulations affect different 
underlying mechanisms responsible for the observed changes in SWD. 
 Some opioid receptor agonists and antagonists have been shown to selectively 
influence the number of SWD in WAG/Rij rats (Lasoń et al., 1994). Recently, it was 
reported that the acute injection of corticosterone caused an increase in the number of 
SWD, while leaving mean duration of SWD unaffected (Schridde & van Luijtelaar, 2004). 
Neonatal handling and maternal deprivation have a strong impact on opioid systems and 
corticosterone activity (Meaney et al., 1992, 1996; Ploj & Nylander, 2003; Ploj et al., 
1999). Especially the relationship between manipulations of the early rearing environment 
and functioning of the hypothalamus-pituitary-adrenal (HPA) axis, controlling 
corticosterone levels, are well established (Meaney et al., 1992, 1996). This suggests that 
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the changes in seizure activity after neonatal handling/maternal deprivation might be 
mediated by opioids or hormones of the HPA-axis. It would be interesting to test these 
hypotheses by studying the effects of our environmental manipulations on SWD together 
with a direct investigation of possible changes in opioidergic systems or HPA-axis 
activity. Regarding the latter topic, preliminary data from WAG/Rij rats did not reveal a 
difference between neonatal handled, maternal deprived and a non-treated control group 
in basal plasma corticosterone levels so far (unpublished observation). 
 Recently, a quantitative trait locus (T1swd/wag) was mapped for mean duration of 
SWD to rat chromosome 9 (Gauguier et al., 2004). The locus spans a region that contains 
a number of different genes encoding for ion channels and anion exchangers, possibly 
involved in absence epilepsy (Gauguier et al., 2004). Gauguier and colleagues suggested 
that this locus might be homologous to chromosome 1 in mice, and possibly to 2q33-q37 
in humans. In mice it was found that loci on chromosome 1 are associated with 
pentylenetetrazol or kainic acid induced seizure sensitivity (Ferraro et al., 1997, 1999). 
Interestingly, enriched housing can influence kainic acid induced seizure sensitivity in rats 
(Young et al., 1999), which tentatively suggests that genes associated with T1swd/wag are 
sensitive for enriched housing. However, kainic acid induced seizure sensitivity is 
supposed to be a multifactorial trait (Ferraro et al., 1999) and enriched housing changes 
the expression of a large number of different genes in the nervous system (Rampon et al., 
2000). This makes further investigations of a possible role of T1swd/wag in mediating 
housing influences on SWD necessary. 
 It was observed that housing influenced SWD and a second type of paroxysmal 
discharges differently (see 6.6.2. for details). Both paroxysms are known to be oppositely 
affected by dopaminergic agents (Midzianovskaia et al., 2001). This might point to an 
involvement of the dopaminergic system in mediating housing effects on SWD. The 
dopaminergic system plays an important role in SWD (Deransart et al., 2000; Inoue et al., 
1994; van Luijtelaar et al., 1996), and has been shown to be sensitive for manipulations of 
housing conditions (Hall et al., 1998; Jones et al., 1992). These observations make 
dopamine an interesting candidate for further research about possible underlying 
mechanisms responsible for housing effects on SWD. 
 The GABAergic system influences convulsive and non-convulsive seizures, like 
absence epilepsy, differently. While an increase in GABA activity reduces convulsive 
seizures (Schachter, 1995), it exacerbates absence seizures (Bouwman & van Rijn, 2004; 
Coenen et al., 1995; Peeters et al., 1989). As mentioned earlier (6.3.), convulsive- and 
absence seizures are oppositely influenced by environmental manipulations, too. This 
might indicate that neonatal handling/maternal deprivation and enriched/impoverished 
housing have influenced SWD by changes in the GABAergic system. An enhancement of 
the GABAergic system was reported after manipulations of the early rearing environment 
and housing conditions (Bodnoff et al., 1987; Bolden et al., 1990; Caldji et al., 2000; 
Cordoba et al., 1984). While an enhanced GABA is in line with the exacerbation of 
seizure activity after enrichment, it is contrary to the seizure decrease after neonatal 
environmental manipulations. Furthermore, GABA always influences both, number and 
mean duration of SWD (Coenen et al., 1995), while it was observed here that changes in 



Chapter 6 

 117 

either one or the other variable were possible. Likewise, a parallel decrease in number and 
intra-spike peak frequency of SWD after neonatal handling and maternal deprivation was 
observed. But GABA enhancing drugs like vigabatrin influence number and intra-spike 
peak frequency of SWD in opposite directions: increasing number and decreasing intra-
spike peak frequency (Bouwman & van Rijn, 2004). These observations make an 
involvement of the GABAergic system rather unlikely. Nevertheless, more research is 
needed before a firm conclusion can be drawn. 
 The paradigms of neonatal handling/maternal deprivation and 
enriched/impoverished environment can lead to numerous and complex changes in the 
brain (Fernández-Teruel et al., 2002; Rampon et al., 2000; van Praag et al., 2000), and 
different environmental manipulations can influence the same variables. Manipulations of 
the early rearing environment, for example, exert a strong influence on opioid systems and 
corticosterone (Meaney et al., 1992, 1996; Ploj & Nylander, 2003; Ploj et al., 1999), but 
both systems can also be influenced by housing (Moncek et al., 2004; Smith et al., 2003), 
although the evidence is equivocal (Bardo et al., 1997; Schrijver et al., 2002). Due to the 
nature of the experiments described in chapters 2 to 4, it cannot directly be said which 
factors and mechanisms are eventually responsible for the changes in SWD between rats 
from the different environments. The observation that the various characteristics of SWD 
were differently influenced by the used environmental manipulations suggests, however, 
that environmental influences on SWD are mediated by various factors. Such an 
assumption is in line with a proposed multifactorial, oligo- or polygenetic origin of 
absence epilepsy (Doose et al., 1973; Peeters et al. 1990a, 1992; Steinlein, 1998). Clearly, 
more research is needed to investigate in which way environmental manipulations affect 
the brain and influence seizure activity. Because it was found that various environmental 
manipulations influence SWD differently, it would be tempting to combine the different 
environmental manipulations and study the possible influences and putative underlying 
mechanisms on seizures directly. 
 
6.5. Neonatal environmental manipulations influence SWD by 
 changes in Ih and HCN1 
 
To study possible underlying factors that might mediate the effects of environmental 
manipulations on SWD, it was determined whether the observed changes in seizure 
activity after neonatal handling or maternal deprivation of WAG/Rij rats (chapter 4) were 
related to changes in the hyperpolarization-activated cation current (Ih) and three of its 
channel constituting subunits (HCN1, 2 and 4). 
 Ih is a non-inactivating mixed Na+/K+ current that slowly depolarizes the cell upon 
membrane hyperpolarization (Pape, 1996). The current is mediated by HCN-channels and 
their specific sensitive for cyclic nucleotides like cAMP (Chen et al., 2002; Ludwig et al., 
1998; Santoro et al., 1997). Ih is widely distributed in the brain and is involved in various 
functions from the single cell up to the network level (Chen et al., 2002; Santoro & Tibbs, 
1999). HCN channels undergo changes during development (Bender et al., 2001; Santoro 
& Tibbs, 1999; Vasilyev & Barish, 2002) and after insults or lesions (Bräuer et al., 2001; 
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Chen et al., 2001), which suggests that they might be sensitive for environmental 
influences. Recent studies revealed that changes in Ih and its channel constituting subunits 
might play an important role in mediating epileptic seizure activity in animal models 
(Brewster et al., 2002; Chen et al., 2001, 2002; Di Pasquale et al., 1997; Kitayama et al., 
2003; Ludwig et al., 2003; Poolos et al., 2002; Poolos, 2004; Surges et al., 2003) and man 
(Bender et al., 2003). Especially in absence epilepsy Ih seems to play a prominent role (Di 
Pasquale et al., 1997; Ludwig et al., 2003; Strauss et al., 2004). 
 The present data revealed that neonatal handling and maternal deprivation 
influenced Ih and HCN1, which suggests that this ion-channel might be involved in 
mediating the effects of our neonatal environmental manipulations on SWD. It was found 
that neonatal handling and maternal deprivation caused an up-regulation of the fast 
component of Ih and HCN1 at the somatosensory cortex, compared to control rats. No 
group differences in HCN2 and HCN4 proteins or changes at the mRNA of any of the 
channel subunits could be found. This might suggest that neonatal handling and maternal 
deprivation influence post-transcriptional or post-translational factors involved in 
functional HCN1 implementation. 
 Interestingly, these observations correspond to recent observations by Strauss et al. 
(2004), who reported an impaired Ih and an enhanced excitability in neurons of the 
somatosensory cortex of WAG/Rij rats. Strauss and colleagues found a reduction of the 
fast component of Ih and a reduced expression of the HCN1 subunit protein in neurons of 
the somatosensory cortex of WAG/Rij, compared to neurons from non-epileptic Wistar 
and ACI rats. Just as in the present experiment, they observed no differences in HCN2 and 
HCN4 proteins or in mRNA of any of the channel subunits. The authors suggest that the 
reduction in Ih and HCN1 might be related to deficits in neuronal functioning mediated by 
Ih which eventually contribute to the hyperexcitability in the cortex of WAG/Rij rats, 
promoting SWD. The observations described here imply that the seizure reduction 
observed in neonatal handled and maternal deprived rats (chapter 4) is paralleled by an 
increased Ih and HCN1 in neonatal handled and maternal deprived rats (chapter 5). This 
might support the upper-mentioned assumption, and suggests a negative relationship 
between absence seizures and Ih/HCN1. It might be proposed that the increase in HCN1 
and Ih might restore Ih-mediated functions in the cortex, causing less hyperexcitability, 
and eventually absence seizure reduction. In this regard, it is interesting, that the neonatal 
environmental manipulations caused an increase in HCN1 at the somatosensory cortex of 
WAG/Rij rats that is comparable to that of Wistar rats reported by Strauss et al. (2004). 
While also Wistar rats develop SWD, they are less prominent compared to WAG/Rij. 
 The results from chapters 4 and 5, together with the data from Strauss et al. (2004), 
support the role of Ih at the somatosensory cortex in seizure generation and are in line with 
recent evidence that suggests this part of the cortex to be the ‘focus’ of absence seizures in 
rats (Klein et al., 2004; Manning et al., 2004; Meeren et al., 2002). However, because the 
measurements were restricted to the somatosensory cortex only, more research is needed 
before one can draw a firm conclusion about whether the changes in Ih and HCN1 are 
specific for the somatosensory cortex or involve also other parts of the brain. 
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Nevertheless, the data show that Ih and HCN1 at the somatosensory cortex of WAG/Rij 
rats are susceptible for early environmental manipulations. This observation supports the 
role of Ih and HCN1 as a possible underlying mechanism mediating the changes in SWD 
after neonatal handling and maternal deprivation in WAG/Rij rats reported in chapter 4. If 
the changes in Ih/HCN1 might, however, be responsible for all observed group differences 
in SWD (number, intra-spike peak frequency, and spectral-power) is at present not clear. 
As mentioned in the previous paragraph, various factors/mechanisms are sensitive for 
environmental manipulations and hence might mediate environmental effects on SWD. 
Clearly more research is needed, and the present findings regarding Ih and HCN1 are a 
promising first step. 
 
6.6.1. Rats show two types of SWD 
 
Next to the generalized SWD associated with absence epilepsy (Type 1 SWD), a certain 
part of WAG/Rij rats also express a second type of SWD (Type 2 SWD) (van Luijtelaar & 
Coenen, 1986). Unlike Type 1 SWD, Type 2 SWD are not accompanied by behavioral 
signs and their spikes have a lower amplitude of opposite polarity compared to Type 1 
SWD. Type 2 SWD are also shorter and have a slightly lower frequency (~ 6 Hz)(van 
Luijtelaar & Coenen, 1986). Recent research revealed that the two types of paroxysms 
also differ with respect to their topography (Midzianovskaia et al., 2001). While Type 1 
SWD are generalized, Type 2 SWD seem to be more localized discharges that occur 
mainly at parietal/occipital regions. The two paroxysms were shown to be oppositely 
sensitive for dopaminergic agents. Application of the dopamine antagonist haloperidol 
increased Type 1 SWD, while the dopamine agonist apomorphine reduced the number of 
Type 1 SWD and increased Type 2 SWD (Midzianovskaia et al., 2001). Interestingly, 
both types of discharges are increased, however, by GABA enhancing agents (Bouwman 
et al., 2003; Coenen et al., 1995). Recent genetic analysis reported different quantitative 
trait loci for Type 1 and 2 SWD (Gauguier et al., 2004). Together, these observations 
suggest that Type 1 and Type 2 SWD are distinct and independent phenomena. 
 
6.6.2. Type 1 and Type 2 SWD are differently influenced by 
 genotype and environment 
 
The assumption that Type 1 and Type 2 SWD are different paroxysmal activities gets 
further support from the observations presented in chapters 2 and 3. It was found that 
Type 2 SWD were differently influenced by genotype and manipulations of housing 
condition compared to Type 1 SWD. The data showed that: a) while the presence of Type 
1 SWD was insensitive to housing manipulations and depended on the strain, suggesting a 
genetic origin, the presence of Type 2 SWD could be influenced by manipulations of 
housing conditions; b) while housing solely influenced mean duration of Type 1 SWD, 
number and mean duration of Type 2 SWD showed sensitivity to manipulations of 
housing conditions, though to different degrees; c) while housing influences on mean 
duration of Type 1 SWD seem to be stable and independent of age, the effects of housing 
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on number of Type 2 could be reversed, with the most recent environment influencing 
number of discharges. WAG/Rij rats seem to be especially sensitive for housing 
influences after three months of age, suggesting a sensitive period for housing influences 
on number of Type 2 SWD at this age in this strain. 
 Similar to Type 1 SWD, also in Type 2 SWD, the number and mean duration were 
differently influenced by genotype and environment. The most recent housing condition 
directly influenced the number of Type 2 SWD. Rats that were enriched housed showed 
more discharges compared to impoverished housed rats. The mean duration of Type 2 
SWD was not directly influenced by housing, but mainly dependent on the genotype: ACI 
rats had longer discharges compared to WAG/Rij. However, rats for which the housing 
condition changed at three months of age, had longer discharges than those that stayed in 
their housing condition, indicating that mean duration of Type 2 SWD can be influenced 
by the environment to some degree. These observations suggest that number and mean 
duration of Type 2 SWD are controlled by distinct mechanisms. 
 Regarding the nature of the present study, it is difficult to say which mechanisms are 
responsible for the differences in number and mean duration of Type 2 SWD between 
strains, differently housed rats, or rats where housing changed. However, a possible 
mechanism might be the dopaminergic system, known to be susceptible for manipulations 
of housing conditions (Hall et al., 1998; Jones et al., 1992). Dopaminergic drugs like 
apomorphine can influence Type 2 SWD in WAG/Rij rats (Midzianovskaia et al., 2001). 
Next, it was reported that WAG/Rij and ACI rats differ in dopamine (re)activity of their 
mesolimbic and nigrostriatal systems (De Bruin et al., 2001). This corresponds to the 
observed strain difference in mean duration of Type 2 SWD, with ACI rats showing 
longer Type 2 SWD compared to WAG/Rij. The strain differences in dopaminergic 
systems might also be a possible reason for the higher sensitivity for enriched housing 
after three months of age in WAG/Rij compared to ACI rats. However, numerous and 
complex changes have been reported in the brains of differently housed rats (Rampon et 
al., 2000; Renner & Rosenzweig, 1987; van Praag et al., 2000), and more research is 
needed to find out which factors might have influenced Type 2 SWD. 
 In summary, the presented results indicate that, similar to Type 1 SWD, also Type 2 
SWD are influenced by environmental manipulations. The different characteristics of 
Type 2 SWD vary in their sensitivity to environmental influences, depending on genotype 
and age. The data underscore that Type 1 and 2 SWD are different phenomena and their 
various phenotypic characteristics, like number and mean duration of discharges, are 
controlled by distinct mechanisms. 
 
6.7. Which environmental factors have caused the observed 
 differences in paroxysmal activities? 
 
An unambiguous and definitive answer to this question is hampered by the designs of the 
various experiments. The used paradigms of enriched-, impoverished housing, neonatal 
handling and maternal deprivation vary in a great number of different environmental 
factors and it is hardly possible to disentangle the contribution of each of them on SWD. 
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Furthermore, animals are not simply influenced by a static environment, but dynamically 
act and react to it throughout life, whereby the environment and the organism might 
undergo continuous changes. Nevertheless, some tentative suggestions can be made. 
 Although enriched housing differs from impoverished housing in many different 
ways, such as a stimulus-rich and complex surrounding, social interactions and the 
possibility for physical activity, research suggests that effects of enrichment are rather 
caused by a combination of factors, than a given factor alone (Ferchmin & Bennett, 1975; 
Rosenzweig et al., 1978; van Praag et al., 2000). The differences between neonatal 
handled, maternal deprived and control rats described in chapters 4 and 5 might be due to 
variations in the degree and quality of maternal care between the three groups (Pryce et 
al., 2001), known to influence the brain and behavior of pups later in life (Caldji et al., 
1998; Liu et al., 1997). Other possibilities might be the amount of handling or 
enrichment/environmental stimulation. While control rats were left relatively undisturbed, 
neonatal handled/maternal deprived rats were handled daily. Also, because neonatal 
handled rats were placed in new cages lined with paper towels, they temporarily received 
an extra environmental enrichment during the maternal separation period. 
 Clearly more research is needed to investigate which specific environmental 
factor(s) could be responsible for the observed differences between the environmental 
manipulations used. This would contribute to our understanding of the pathogenesis of 
absence epilepsy, and might support the development of future therapeutic and preventive 
strategies in epilepsy. 
 
6.8. Conclusions 
 
The aim of the present thesis was to find out in how far and in which way the genotype 
and the environment influence SWD (Type 1 & Type 2 SWD) in rats. All data suggest 
that while the presence of the absence seizure related Type 1 SWD depends on genetic 
factors (nature), the final expression of the seizure phenotype is shaped by the 
environment (nurture). These findings are in line with the current state of knowledge, 
stating that the phenotypic expression of a given trait is not only the mere result of either 
the one (nature) or the other (nurture). The presented data underline that both types of 
SWD result from the complex interplay of genetic as well as environmental influences, 
and hence the final phenotypic expression of a discharge resembles the mutual 
contribution of the one (nature) and the other (nurture). In this regard the experiments 
point to three interesting conclusions: 
 
 1) The impact of nature/nurture is different across the various characteristics of 
 Type 1 and Type 2 SWD; 
 

 2) The impact of nature/nurture on Type 1 SWD is different during development 
 (across age) and is influenced by the type of environmental manipulation; 
 

 3) The impact of nature/nurture is different for the Type 1 and Type 2 SWD. 
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In line with earlier cross-breeding studies, the current results revealed a strong genetic 
component (heritability) for the presence of Type 1 SWD (Peeters et al., 1990a, 1992), 
while the environment seems to have no influence on whether a rat becomes epileptic or 
not. Although not measured directly, the data suggest, however, different heritabilities for 
the various characteristics of Type 1 SWD. While housing influenced the mean duration 
of the discharges, the effects were rather small and non-reversible. Neonatal 
environmental manipulations like neonatal handling or maternal deprivation had no 
influence on mean duration of Type 1 SWD. Hence, the data suggest a rather strong 
heritability for mean duration of Type 1 SWD, with only a slight influence of the 
environment later in life. The number of Type 1 SWD was not influenced by post-
weaning environmental manipulations, but solely depended on the genotype in the 
housing experiments. Although this would suggest a strong heritability, too, the number of 
Type 1 SWD was quite sensitive for neonatal environmental influences. Hence, these data 
together might indicate that the number of Type 1 SWD is in fact quite susceptible for 
environmental influences (small heritability), but simply not sensitive for housing effects 
later in life. Although significant, only small changes between differently reared rats in 
morphological characteristics of Type 1 SWD such as intra-spike peak frequency and 
amplitude (as derived from spectral power) were found. This suggests a rather strong 
heritability for these variables. 
 The results show that the heritability of the various Type 1 SWD characteristics is 
different and can vary, dependent on the type of environmental manipulation, the timing 
of the manipulation, or both. The findings also suggest that the mean duration and 
morphology of Type 1 SWD might have a stronger heritability compared to the number of 
discharges. A strong heritability for the mean duration of Type 1 SWD is in line with 
recent linkage data that revealed a quantitative trait locus for mean duration of Type 1 
SWD on rat chromosome 9 (Gauguier et al., 2004). 
 The different heritabilities and varying sensitivities for environmental manipulations 
of the various characteristics of Type 1 SWD during development suggest that they are 
influenced by different underlying factors. These factors might affect Type 1 SWD either 
directly, e.g. through changes in ion channels like Ih, or indirectly, by influencing other 
traits (e.g. vigilance) that would favor or impede Type 1 SWD. An involvement of 
different underlying factors is in line with the oligo- or polygenetic background and a 
complex, non-mendelian inheritance suggested for idiopathic epilepsies like absence 
epilepsy (Doose et al., 1973; Peeters et al., 1990a, 1992; Steinlein, 1998). 
 The observation that especially the early environment exerts a relatively strong and 
durable impact on the number of Type 1 SWD later in life, might be an explanation for the 
observation of the common seizure variability in adult WAG/Rij rats. Differences in the 
early rearing environment, as modeled by neonatal handling/maternal deprivation, might 
better resemble the ‘real-lab’ situation than the rather arbitrary enriched/impoverished 
housing. The findings of changes in HCN1 and Ih after neonatal handling or maternal 
deprivation might be a possible way via which the early environment might influence 
Type 1 SWD later in life. 
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In contrast to the generalized absence related Type 1 SWD, the current data suggest a low 
heritability for the presence of the more localized Type 2 SWD. The number of animals 
with Type 2 SWD were generally comparable between strains, and only at an older age 
slightly more ACI rats showed Type 2 SWD. Furthermore, the observation that within 
both strains only a certain percentage of all animals develop Type 2 SWD indicates an 
incomplete penetrance for this trait. Because all rats within a strain share the same 
genome this incomplete penetrance cannot result from inter-individual differences in 
genetic background and hence must be due to the environment. This is further supported 
by a recent cross-breeding study, showing that only half of the filial generation developed 
Type 2 SWD (Gauguier et al., 2004). Next, the data of the current thesis show that the 
manipulation of housing condition could influence the presence of Type 2 SWD, and this 
was independent of strain. A low heritability might also be proposed for the number of 
discharges. Independent of the genotype, housing could markedly and in a reversible way 
influence the number of Type 2 SWD. The observation that WAG/Rij rats were especially 
sensitive for housing implies, however, that the degree of environmental sensitivity 
depends in part also on the genotype. Although manipulation of housing condition also 
influenced the mean duration of Type 2 SWD, the consistent finding of a strain difference 
suggests a stronger heritability for this variable. 
 These results imply that like for Type 1 SWD, also for Type 2 SWD, the impact of 
nature/nurture is not the same for the various SWD characteristics. This indicates that also 
Type 2 SWD are influenced by different underlying factors and represent an oligo- or 
polygenetic trait. However, the findings suggest that Type 2 SWD have a much lower 
heritability than Type 1 SWD. Different from Type 1 SWD, the presence, number and 
mean duration of Type 2 SWD were all quite susceptible to housing, while the genotype 
had only minor effects. These observations tentatively suggest that Type 2 SWD might be 
a general phenomenon in rats, mainly influenced by the environment. However, the 
genotype, though not directly related to Type 2 SWD itself, might have a mediating 
influence on the discharges. This mediating influence might be responsible for the slight 
strain differences in the various characteristics of Type 2 SWD such as the stronger 
susceptibility for housing influences on the number of Type 2 SWD in WAG/Rij rats. 
Interestingly, it was recently shown that the number, total duration and mean duration of 
Type 2 SWD show genetic linkage with a locus on chromosome 5 (Gauguier et al., 2004). 
These authors suggest that this linkage might be associated with genes that possibly 
influence excitability at the parietal/occipital cortex. A genetic influence on cortical 
excitability might indeed be a suitable mechanism via which the genotype could exert a 
mediating influence on Type 2 SWD. 
 In summary, the present thesis shows that the various characteristics of absence 
seizure related Type 1 SWD such as number, mean duration, intra-spike peak frequency 
and amplitude (as derived from spectral-power) could be influenced by different 
environmental manipulations throughout life. They vary, however, in their sensitivity to 
environmental influences, possibly depending on the type of environmental manipulation, 
the timing, or both. These results might imply that environmental influences affect various 
underlying seizure mediating mechanisms differently. That changes in SWD after 
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neonatal environmental manipulations are closely related to environmentally induced 
changes in Ih and HCN1 does suggest that this ion channel might be a possible candidate. 
Furthermore, the presented findings underscore that Type 1 SWD have a strong genetic 
component, but the various characteristics of SWD show different heritabilities. This is in 
line with an oligo- or polygenetic background of Type 1 SWD. It was found that a second 
type of SWD (Type 2 SWD) is also influenced by the environment, and that its various 
characteristics, such as number and mean duration, also vary in their sensitivity to 
environmental influences and in heritability. This supports an oligo- or polygenetic 
background for this phenotype, too. However, the data support earlier findings, showing 
that both types of paroxysms are different phenomena, and their phenotypic characteristics 
are controlled by distinct mechanisms. In contrast to the strong heritability of Type 1 
SWD, Type 2 SWD seem to be mainly influenced by the environment. Although it cannot 
be stated with certainty which environmental factors caused the observed differences in 
both types of SWD, it seems that environmental effects on SWD are rather complex and 
caused by a combination of factors. In conclusion, the data presented here show that, 
although the environment has no influence on whether a rat becomes epileptic or not, it 
strongly contributes to the final expression of the seizure phenotype. Hence, in brief it can 
be formulated that in absence epilepsy: ‘nurture shapes nature’. 
 
6.9. Perspectives 
 
In a recent review Würbel (2001) notes that: ‘Several recent studies revealed that genetic 
effects on behaviour are sometimes abolished or reversed by minor variations in 
environmental background… [which] emphasize the importance of an integrated approach 
that considers the interaction between environmental and genetic factors.’ (p. 207). The 
present data support this notion. It was found that although genes play a dominant role in 
the pathogenesis of Type 1 SWD, the phenotypic expression of the seizures can be 
influenced by the environment in a complex way. The current experiments showed that 
genotype-environmental influences on Type 1 and Type 2 SWD can be investigated in a 
systematic way and that animal models like the WAG/Rij or the ACI rat are important 
tools in this study. This paves the way for further studies of genotype-environmental 
influences in the development of both types of SWD and might eventually lead to a better 
understanding of the pathogenic processes underlying absence epilepsy. 
 The studies in this thesis focused on postnatal environmental influences only. Due to 
the sensitivity of the developing fetus, research using prenatal environmental 
manipulations would be an interesting next step. In WAG/Rij rats it was shown earlier 
that prenatal pharmacological manipulations influence Type 1 SWD in offspring later in 
life. WAG/Rij rats which mothers received pentylenetetrazol injections during pregnancy, 
showed as adults less SWD compared to those rats which mothers were treated with saline 
during pregnancy (Klioueva et al., 2001). Furthermore, as discussed in this thesis, the 
combination of various environmental manipulations, as well as the use of other 
paradigms, might contribute to our understanding which specific environmental factors 
affect the different characteristics of Type 1 and Type 2 SWD and which specific 
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underlying mechanisms play a role in this. In this regard it might also be interesting to 
include other genotypes than WAG/Rij or ACI, which might facilitate the study of 
specific gene- or genotype-environment interactions. Finally, it seems important to 
translate the results acquired from animal research to the clinic, in order to find out how 
they can improve current therapies, or even lead to new ones. The present observations 
reveal that especially early environmental influences lead to seizure reduction later in life. 
Although it is difficult to directly extrapolate these results from rats to humans, also in 
humans early environmental factors, such as maternal (parental) care and environmental 
stimulation, play an important role in development. Early preventive strategies might 
therefore be targeted at those factors. One might also regard pharmacological 
implications, because the current data underscore that Ih and HCN channels play an 
important role in absence epilepsy. That Ih might be an interesting target for anti-epileptic 
drug treatment was already suggested earlier (Chen et al., 2002; Poolos et al., 2002; 
Surges et al., 2003). To end up, it might be stated that the systematic investigation of 
genotype-environmental influences on paroxysmal activities is an important and potential 
way that helps to unravel the pathology of absence epilepsy and promotes its treatment. 
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A classical issue in the study of development is the question of whether a given trait is of 
congenital origin (‘nature’), or caused by the environment (‘nurture’). The current thesis 
aims to shed more light on this ‘nature-nurture’ question in the case of absence epilepsy. 
 Absence seizures are characterized by the spontaneous occurrence of bilateral 
generalized spike-wave discharges (SWD) with a frequency around 3 Hz in the EEG of 
the patient, often a child between 4-12 years. Behaviorally, absence seizures are 
accompanied by a temporary decrease or loss of consciousness, and the interruption of all 
ongoing activity. There are no gross motor symptoms, but minor signs such as orofacial 
movements are common. Although absence epilepsy is an inherited form of epilepsy, 
evidence exists for a multifactorial and an environmental-developmental contribution in 
the final expression of the seizure phenotype. Therefore, the aim of the current thesis was 
to find out in how far and in which way the genotype and the environment influence the 
phenotypic expression of absence epilepsy expressed in the characteristically SWD. It was 
tried to answer this question, for ethical and practical reasons, in a well validated animal 
model of absence epilepsy, the WAG/Rij rat. 
 Chapter 1 gives a short overview of epilepsy, with an emphasis on absence 
epilepsy. The genetics of absence epilepsy are outlined and evidence for environmental 
influences on the disease is presented. The different animal models of absence epilepsy 
are briefly introduced and the various genetic mice and rat models, with the WAG/Rij rat 
model in particular, are described. This chapter also covers information about the 
genotypes (ACI rats were used as control strain) and the environmental manipulations that 
were used in the different experiments. The used paradigms for environmental 
manipulations were enriched/impoverished housing and neonatal handling/maternal 
deprivation. Finally, information about the hyperpolarization-activated cation current Ih is 
presented, because this current might play a role in mediating environmental influences on 
seizures. Ih plays a crucial role in the regulation of the resting membrane potential and 
cellular excitability and is closely linked to hyperexcitability during pathological 
conditions such as epilepsy. The chapter ends with the description of the aims and outline 
of the thesis. 
 In Chapters 2 and 3 the influence of the genotype and the post-weaning 
environment on the development and expression of SWD are discussed. In WAG/Rij rats 
the weaning age is around 4 weeks. In the experiment described in Chapter 2, WAG/Rij 
and ACI rats were housed from weaning in either an enriched or impoverished 
environment for 60 days. When the rats were three months old their EEG was recorded 
and the influences of genotype and housing on the incidence and expression (number and 
mean duration) of the discharges were analyzed. It is around the age of three months that 
SWD start to occur in the EEG of WAG/Rij rats. Next to the seizure related SWD (Type 1 
SWD), a second, more localized type of discharge (Type 2 SWD) was also analyzed. In 
the experiment discussed in Chapter 3 possible sensitive periods during the development 
of SWD were also considered. Therefore, strain and housing influences on SWD before 
and after seizure onset were investigated. The rats were housed in either an enriched or 
impoverished environment until three months of age (Chapter 2). Thereafter, housing 
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changed for half of the rats, while for the other half housing stayed the same. The EEG 
was recorded at six months, the time when SWD are fully developed. The data of both 
experiments revealed that the incidence, number and mean duration of Type 1 and 2 SWD 
were differently influenced by strain, housing, and age. While the data underlined the 
strong heritability of Type 1 SWD, the results also showed that the mean duration of Type 
1 SWD stayed sensitive to housing during development, and that housing effects on the 
discharges remained stable during the course of the experiment. In contrast, the Type 2 
SWD were much less sensitive for heritability influences, but were more sensitive to 
housing. For WAG/Rij rats the period after three months of age seemed to be a sensitive 
period for housing influences on Type 2 SWD. Finally, the data corroborated that Type 1 
and 2 SWD are at least independent phenomena and that their various SWD 
characteristics, such as number and mean duration, are controlled by distinct mechanisms. 
 While Chapters 2 and 3 focused on environmental influences on SWD post-
weaning, Chapter 4 addressed environmental influences earlier in life by manipulations 
of the neonatal environment in WAG/Rij rats. Only the main type of SWD, Type 1, were 
analyzed. In the experiment rats were neonatal handled, maternal deprived or left 
undisturbed (control) during postnatal days 1-21. The SWD were analyzed in adulthood, 
when rats were around 4-5 months old. It was found that neonatal handled or maternal 
deprived rats had less discharges and an altered SWD morphology, compared to rats of 
the control group. No differences in mean duration of SWD between the three groups 
were observed. These observations showed that SWD are sensitive for environmental 
manipulations early in life and that the various characteristics of SWD like number, 
duration and morphology are so to a different degree. 
 Various observations link seizure activity in rats to changes in the hyperpolarization-
activated cation current Ih and its four channel constituting subunits (HCN1-4). 
Interestingly, an impaired Ih and a reduced HCN1 were recently observed at the 
somatosensory cortex in WAG/Rij rats compared to non-epileptic rats. In the WAG/Rij rat 
the somatosensory cortex is the site of seizure generation, and pharmacological research 
suggests that this might also be the case for other absence seizure models. Because HCN 
channels undergo changes during development and show prominent plasticity after 
epileptic insults and lesions, it is suggested that they might also be sensitive for 
environmental influences. In Chapter 5 it was investigated if the seizure reduction 
observed after neonatal handling and maternal deprivation might be associated with 
changes in Ih and three of its channel subunits (HCN1, 2 and 4) at the somatosensory 
cortex of WAG/Rij rats. The environmental manipulations exactly matched those applied 
in Chapter 4. In adulthood, whole cell in vitro recordings of layer 5 pyramidal cells 
(‘patch clamp’), together with in situ hybridization and Western blots were performed. It 
was found that neonatal handled and maternal deprived rats showed an increased Ih and 
HCN1 protein expression compared to control rats. No group differences were found 
between HCN2 and HCN4 proteins or mRNA of any of the subunits. The latter suggests 
that the increase in HCN1 is due to changes in post-transcriptional or post-translational 
factors in neonatal handled or maternal deprived rats that affect functional HCN1 
implementation and not caused by changes of the HCN1 gene itself. Because the data in 
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Chapters 4 and 5 suggest a negative relationship between number of SWD and Ih, it is 
proposed that changes in Ih and HCN1 might be a possible mechanism that mediates the 
decreased absence seizure activity in neonatal handled or maternal deprived rats. 
However, in how far the changes in Ih and HCN1 are restricted to the somatosensory 
cortex, or represent a more general phenomenon, must show up in future research. 
Interestingly, recent observations reported a difference in voltage gated Na+-ion channels 
between WAG/Rij and Wistar rats that was selective for the somatosensory cortex only. 
 The general discussion of the data is presented in Chapter 6. Here the findings of 
the different experiments are related to each other and are critically discussed in view of 
the main questions and objectives. It is concluded that the presence of Type 1 SWD has a 
strong genetic component, but their various characteristics like number, mean duration, 
and morphology have different heritabilities. On the other hand, Type 2 SWD are more 
controlled by environmental influences, especially in WAG/Rij rats. The data also suggest 
that the expression of Type 2 SWD, just like Type 1 SWD, has an oligo- of polygenetic 
background. Furthermore, a genotype-environmental interaction was found for Type 2 
SWD. Generally it can be stated that the various characteristics of SWD are all sensitive 
to environmental influences throughout life, though they differ in their sensitivity. This 
possibly depends on the manipulation of the environment, its timing, or both, which 
suggests that environmental effects on SWD are rather complex and caused by a 
combination of factors. In this thesis, it is proposed that the environment influenced SWD 
via various underlying seizure mediating mechanisms, and that Ih and its HCN1 subunit 
might be a possible candidate. 
 The data of the various experiments described in this thesis also show that both 
paroxysms are different phenomena, and that their phenotypic characteristics are 
controlled by distinct mechanisms. Whereas Type 1 SWD have a strong heritability, Type 
2 SWD seem to be mainly influenced by the environment, with the genotype playing a 
more indirect and mediating role. 
 The experiments presented in this thesis represent the first systematic study of 
genotype-environmental influences in the development of absence epilepsy. The results 
encourage future experiments to further investigate how the genotype, and especially the 
early environment, influence the development of absence epilepsy. It is remarkable that 
especially the early manipulations not only influence the expression of absence seizures 
months later, but also change the development and morphology of the discharges. The 
uncovering of the underlying processes involved herein might eventually lead to a better 
understanding of the pathogenic processes underlying this disease and improve its 
treatment. 
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De kwestie in hoeverre een bepaalde eigenschap of ‘trek’ aangeboren (‘nature’) is, dan 
wel door de omgeving (‘nurture’) bepaald wordt, behoort tot de klassieke vraagstellingen 
van het ontwikkelingsonderzoek. Het doel van dit proefschrift is het ‘nature-nuture’ debat 
te verhelderen, en wel op het gebied van de absence epilepsie. 
 Aanvallen van absence epilepsie worden gekenmerkt door het abrupte optreden van 
zogenaamde piek-golf ontladingen, in het Engels ‘spike-wave discharges’ (SWD), in het 
EEG van een patient, veelal een kind in de leeftijd van 4-12 jaar. De ontladingen zijn 
bilateraal gegeneraliseerd en hebben een frequentie rond de 3 Hz. Gedragsmatig gaan 
absence aanvallen vergezeld met een tijdelijke vermindering of verlies van het bewustzijn, 
en het onderbreken van bezigheden. Grote motorische symptomen zijn er niet, maar wel 
komen er vaak kleine afwijkingen, zoals orofaciale bewegingen, voor. Ofschoon absence 
epilepsie een erfelijke vorm van epilepsie is, zijn er aanwijzingen dat de uiteindelijke 
expressie van het fenotype van de aanval mede het gevolg is van multifactoriele 
(waaronder omgevings en ontwikkelings) invloeden. Het doel van dit proefschrift is 
daarom na te gaan in hoeverre en op welke manier het genotype en de ontwikkelings-
omgeving, de uiteindelijke fenotypische expressie van de voor absence epilepsie zo 
karakteristieke SWD beinvloed. Op grond van praktische en ethische redenen is er 
gebruik gemaakt van een diermodel voor absence epilepsie, de WAG/Rij rat. Dieren van 
deze inteeltstam zijn een veelgebruikt en een goed diermodel voor absence epilepsie, 
zoals dat zich bij de mens manifesteert. 
 Hoofdstuk 1 geeft een korte overzicht van de diverse vormen van epilepsie, met de 
nadruk op absence epilepsie. De manier waarop de overerving van absence epilepsie 
plaatsvindt, is geschetst en de evidentie voor de bijdrage van omgevingseffecten in de 
ontwikkeling van de ziekte wordt gepresenteerd. Vervolgens worden een aantal 
verschillende diermodellen kort geintroduceerd en de diverse genetische muis- en rat- 
modellen, met een nadruk op de WAG/Rij rat, beschreven. Het hoofdstuk bevat tevens 
informatie omtrent de in de verschillende experimenten gebruikte genotypische (ratten 
van de ACI-stam worden gebruikt als controle groep) en omgevingsmanipulaties. Voor de 
laatste is een verrijkte dan wel verarmde huisvesting gebruikt en is neonataal ‘handelen’ 
en maternale deprivatie toegepast. Tot slot volgt informatie over een ionstroom die een rol 
speelt bij het tot stand komen van de SWD: een door hyperpolarisatie geactiveerde cation 
stroom Ih. De Ih stroom speelt een belangrijke rol bij de regulering van het rustpotentiaal 
van de zenuwcel membraan en de prikkelbaarheid van de zenuwcel; en is nauw 
gerelateerd aan een verhoogde prikkelbaarheid tijdens pathologische condities zoals 
epilepsie. Deze stroom wordt belangrijk geacht omdat deze onder meer een rol speelt bij 
het tot stand komen van de omgevingsinvloeden op de aanvallen. Het hoofdstuk eindigt 
met een beschrijving van de doel- en vraagstellingen van het onderzoek, alsmede met een 
overzicht van de opbouw van het proefschrift. 
 In de Hoofdstukken 2 en 3 worden de invloed van het genotype en de aard van de 
omgeving na het spenen op de ontwikkeling en de expressie van SWD besproken. De 
speenleeftijd is bij de WAG/Rij rat ca. 4 weken. In Hoofdstuk 2 wordt een experiment 
beschreven waarin WAG/Rij en ACI ratten vanaf speen-leeftijd gedurende 60 dagen 
ofwel in een verrijkte dan wel in een verarmde omgeving gehuisvest zijn. Op drie 
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maanden leeftijd is het EEG van de ratten afgeleid en de invloed van het genotype en de 
omgeving op de incidentie en expressie (aantal en gemiddelde duur) van de ontladingen 
geanalyseerd. Het is rond een leeftijd van drie maanden dat SWD voor het eerst in het 
EEG van WAG/Rij ratten optreden. Naast de voor absence epilepsie typerende SWD 
(Type 1 SWD), is een tweede, meer gelocaliseerde ontladings type (Type 2 SWD) 
gekwantificeerd. In het in Hoofdstuk 3 beschreven experiment is tevens onderzocht of er 
wellicht sprake is van een gevoelige periode voor het ontstaan van SWD. In dit 
experiment zijn de ratten totdat ze drie maanden oud waren ofwel in een verrijkte dan wel 
in een verarmde omgeving gehuisvest (Hoofdstuk 2). Hierna is voor de helft van de ratten 
de huisvesting veranderd, terwijl de andere helft op dezelfde wijze gehuisvest bleef. Op 
een leeftijd van zes maanden, de SWD zijn dan volledig ontwikkeld, zijn EEG’s afgeleid 
en de SWDs gekwantificeerd. De gegevens van beide experimenten laten zien dat de 
incidentie, het aantal en de gemiddelde duur van Type 1 en Type 2 SWD sterk beïnvloed 
zijn door de leeftijd, door de stam en door de aard van de huisvesting, ofschoon deze 
factoren allemaal een verschillend effect laten zien. Allereerst valt op, dat de data de 
sterkte van de erfelijkheid van met name Type 1 SWD sterk benadrukken. De resultaten 
laten ook zien dat de gemiddelde duur van de aanvallen gedurende de ontwikkeling 
enigszins gevoelig blijft voor huisvestings-invloeden, en ook dat de invloeden van de 
huisvesting stabiel blijven over de hele periode van het onderzoek. De Type 2 SWD zijn 
daarentegen veel minder gevoelig voor erfelijke factoren maar gevoeliger voor 
huisvesting. De periode na drie maanden blijkt voor WAG/Rij ratten een sensitieve 
periode voor huisvestingsinvloeden op Type 2 SWD te zijn. Tot slot bevestigen de 
experimenten dat Type 1 en 2 SWD tamelijk onafhankelijke fenomenen zijn, en dat hun 
diverse SWD karakteristieken, zoals aantal en gemiddelde duur van de ontladingen, door 
verschillende mechanismen gecontroleerd worden. 
 Terwijl in de Hoofdstukken 2 en 3 de invloed van de omgeving op SWD na het 
spenen centraal staat, is in Hoofdstuk 4 onderzocht in hoeverre manipulaties van de 
vroege neonatale omgeving de SWD in WAG/Rij ratten beinvloeden. Alleen de 
belangrijke Type 1 SWD zijn in dit verband geanalyseerd. In dit experiment zijn pups 
gedurende dag 1-21 na de geboorte ofwel neonataal ‘gehandeld’, maternaal gedepriveerd, 
of met rust gelaten (de controle conditie). De SWD zijn bij volwassen dieren 
geanalyseerd. Gevonden is dat neonataal ‘gehandelde’ of maternaal gedepriveerde ratten, 
vergeleken met controle dieren, minder aanvallen en een veranderde morfologie van SWD 
hebben. Er is geen groepsverschil gevonden in de gemiddelde duur van de SWD. Deze 
observaties laten zien dat SWD al vroeg gevoelig zijn voor omgevings manipulaties, en 
dat de diverse karakteristieken van SWD, zoals aantal, gemiddelde duur en morfologie 
van de ontladingen, in hun mate van sensitiviteit voor omgevingsinvloeden verschillen. 
 Diverse observaties leggen een verband tussen aanvals-activiteit in ratten en 
veranderingen in een door hyperpolarisatie van zenuwcellen geactiveerde cation stroom 
(Ih) en bestanddelen van het bij dit type stroom horende ionkanaal (de subunits HCN1-4) 
Recentelijk is door anderen gevonden dat de somatosensorische cortex van WAG/Rij 
ratten een verstoorde Ih en een verminderde HCN1 ten opzichte van non-epileptische 
controle ratten laat zien. In de WAG/Rij rat is de somatosensorische cortex het gebied 
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waar de aanvallen opgewekt worden, en er zijn aanwijzingen, voornamelijk vanuit 
farmacologisch onderzoek, dat dit ook bij andere absence dier modellen het geval is. Op 
grond van het feit dat HCN kanalen gedurende de ontwikkeling veranderingen ondergaan 
en een duidelijke plasticiteit na epileptische insulten of letsels vertonen, is gesuggereerd 
dat de kanalen wellicht ook gevoelig zijn voor omgevingsmanipulaties. In Hoofdstuk 5 is 
onderzocht of de geobserveerde aanvalsreductie na neonataal ‘handelen’ en maternale 
deprivatie wellicht geassocieerd is met veranderingen in de Ih en de kanaal subunits 
HCN1, HCN2 en HCN4 op de somatosensorische cortex van WAG/Rij ratten. De 
omgevingsmanipulaties zijn precies dezelfde zoals beschreven in Hoofdstuk 4. In 
volwassen dieren zijn vervolgens neurofysiologische metingen (‘patch clamp’) in vitro 
gedaan aan pyramide cellen die gelegen zijn in de corticale laag 5. Tevens is in situ 
hybridisatie (mRNA bepaling) uitgevoerd en zijn Western blots (Protein bepaling) 
gemaakt. Gevonden is dat neonataal ‘gehandelde’ en maternaal gedepriveerde ratten 
zowel een verhoogde Ih en HCN1 protein expressie ten opzichte van de controle dieren 
hebben. Er zijn geen groepsverschilen met betrekking tot HCN2 en HCN4 proteinen en in 
de mRNA van ieder van de subunits gevonden. Het laatste suggereert dat de verhoogde 
HCN1 expressie in de neonataal ‘gehandelde’ en maternaal gedepriveerde ratten het 
gevolg is van veranderingen in post-transcriptionele of post-translationele factoren die 
betrokken zijn bij de functionele implementatie van HCN1 en niet van een verandering 
van het HCN1 gen zelf. De gegevens in de Hoofdstukken 4 en 5 suggereren ook een 
negatief verband tussen het aantal SWD en het aantal Ih kanalen. Daarom is het 
vermoeden geopperd dat de verandering in Ih en HCN1 wellicht een mogelijke 
mechanisme is welke bij de vermindering van absence aanvallen in neonataal 
‘gehandelde’ en maternaal gedepriveerde ratten betrokken is. In hoeverre de 
veranderingen in Ih en HCN1 evenwel beperkt zijn tot de somatosensorische cortex, of 
eerder een algemeen verschijnsel zijn, dient toekomstig onderzoek uit te wijzen. In dit 
opzicht is het interessant dat recent onderzoek een verandering in ‘voltage gated’ Na+-ion 
kanalen tussen WAG/Rij en Wistar ratten laat zien dat selectief is voor de 
somatosensorische cortex. 
 De algemene discussie is in Hoofdstuk 6 gepresenteerd. In dit hoofdstuk zijn de 
resultaten vanuit de verschillende experimenten aan elkaar gerelateerd en kritisch 
besproken in het licht van de vraag- en doelstellingen van het proefschrift. Er is 
geconcludeerd dat het hebben van met name Type 1 SWD een sterke genetische 
component heeft, maar dat diverse andere karakteristieken van SWD zoals gemiddelde 
duur, enigszins in de mate waarin ze door erfelijke factoren beïnvloed worden, 
verschillen. Type 2 SWD staan, met name bij de WAG/Rij ratten, wat meer onder 
controle van de omgeving. De uitkomsten van Type 2 SWD suggereren ook dat de 
expressie van Type 2 SWD, net als Type 1 SWD, een oligo- of polygenetische 
achtergrond heeft. Bovendien is er voor Type 2 SWD een genotype-omgevingsinteractie 
vastgesteld. Generaliserend kan gesteld worden dat alle SWD karakteristieken tijdens het 
leven enigszins gevoelig blijken te zijn voor omgevingsinvloeden, waarbij er echter 
aanzienlijk verschillen zijn in de mate van sensitiviteit. Dit is wellicht te wijten aan het 
type omgevingsmanipulatie, het tijdstip van de manipulatie, of aan beide. Dit doet 
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vermoeden dat omgevingeffecten op SWD complex zijn en door een combinatie van 
factoren worden veroorzaakt. 
 In het proefschrift is voorgesteld dat de omgeving via talrijke onderliggende aanvals 
medierende factoren eigenschappen van SWD beïnvloed, en voorts dat de Ih stroom en de 
HCN1 units wellicht mogelijke kandidaten zijn voor het onderliggende substraat dat 
verantwoordelijk geacht kan worden voor de veranderingen in de eigenschappen van 
SWD. 
 De uitkomsten van het gehele onderzoek laten ook zien dat beide paroxysmen 
verschillende fenomenen zijn en dat hun fenotypische karakteristieken door verschillende 
mechanismen gecontroleerd worden. Type 1 SWD heeft een sterke genetische komponent, 
terwijl Type 2 SWD voornamelijk door de omgeving beinvloed wordt, waarbij het 
genotype een eerder indirecte en medierende rol speelt. 
 De experimenten, zoals beschreven in dit proefschrift, zijn de eerste systematische 
studies van genotype-omgevingsinvloeden in de ontwikkeling van absence epilepsie. De 
experimentele uitkomsten bemoedigen toekomstig onderzoek naar de invloed van het 
genotype, en met name die van de vroege omgeving, op de ontwikkeling van absence 
epilepsie. Het is vooral noemenswaardig, dat vooral vroege manipulaties maanden later 
niet alleen de expressie, maar ook de ontwikkeling en de morfologie van de absences 
veranderen. De ontrafeling van de onderliggende processen die daaraan ten grondslag 
liggen, zullen uiteindelijk tot een beter begrip van de pathogene processen van deze ziekte 
leiden en de behandeling ervan kunnen verbeteren. 
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Dankwoord (Acknowledgements) 
 
Het is zover, mijn proefschrift is eindelijk af! Ook al is het slechts een dun boekje, zo 
liggen de wortels ervan toch al begrond in het vorige millenium en heb ik er zowel in de 
‘oude’ als in de ‘nieuwe’ wereld aan gewerkt. Bij deze omvang zou het dan ook niemand 
verbazen dat ik deze klus niet helemaal alleen heb kunnen doen. Het is daarom dat ik hier 
graag even al die mensen zou willen bedanken zonder wiens hulp ik nooit zo ver zou zijn 
gekomen. 
 
Op het lab: Beste Gilles, het is zeker niet overdreven als ik toegeef dat ik waarschijnlijk 
nooit de weg van de wetenschap (en ik bedoel hiermee niet het straatje in Utrecht) zou 
hebben gekozen als ik jou niet had leren kennen. Vandaar dat ik jou als eerste wil 
bedanken. Jij bent diegene geweest die al tijdens mijn studie voorspelt heeft dat mijn 
toekomst toch eerder in het lab dan in de kliniek was te zoeken, en jij hebt mij altijd alle 
kansen en hulp gegeven om dit doel uiteindelijk te bereiken. De meeste dingen die ik over 
onderzoek weet heb ik zeker aan jou te danken en ik hoop dat wij ook in de toekomst de 
kans zullen hebben om nog het een en ander raadsel van het brein gemeenzaam op te 
lossen. 
 Verder zou ik graag Ton willen bedanken dat hij zich bereid heeft verklaart mijn 
wetenschappelijk werk als promotor te begeleiden. Ton, jouw inbreng en commentaar zijn 
vooral tijdens de laatste fase van mijn proefschrift een onmisbare en erg gewaardeerde 
steun geweest. Zelfs tijdens jouw sabbatical heb je alle moeite genomen dat ik mijn 
proefschrift tot een goede einde kon brengen. 
 Ook Jo zou ik zeker niet mogen vergeten. Jo, dankzij jouw bijdrage kon ik zonder 
burokratische opstakels in de vrije afstudeerrichting ‘Klinisch-Fysiologische Psychologie’ 
afstuderen, wat mij de mogelijkheid gaf om mijn baan als AiO op de vakgroep te 
beginnen. Ook onze discussies over gedrags genetica waren een belangrijke steunpaal bij 
het schrijven van mijn proefschrift. 
 Tineke, jou wil ik vooral bedanken voor al onze levendige discussies omtrent 
epilepsie en het brein in het algemeen. Jouw enthousiasme en vrolijkheid waren steeds een 
verfrissende afwisseling in het vaak tije alledaagse werk. Ook ben jij diegene geweest met 
wie ik mijn liefde voor de neuroanatomie altijd kon delen. 
 Hester (‘je ne regret rien’) en Gitte (greetings from the squirrels), wat was mijn 
leven zonder jullie twee? Mhmm...Waarschijnlijk rustig en zonder nachtmerries! 
Misschien,... maar ook zeker veel saaier. Geen AiO-avonden, geen ‘Wall of shame’, geen 
‘Überschaap’, geen ‘Joy unlimited’ cq ‘Pandoras Box productions’ (over nachtmerries 
gesproken...) en geen ‘The lion sleeps tonight’ op het nachtelijke lab. Zou ik jullie 
daarvoor bedanken? Noem mij maar massochistisch (typisch Ulli woord), maar ik denk 
van wel, en het komt van harte ook nog. 
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Verder wil ik graag Pauline en Natasja bedanken. Niet alleen omdat ik veel van jullie 
geleerd heb, maar met name voor de gezelligheid en, net als dit voor Hester en Gitte ook 
geld, voor de vriendschap. Van onze pizza avonden op het lab heb ik altijd genoten; en 
Pauline, de reeds genoemde AiO avonden blijven zeker onvergeten. 
 Ook mijn andere lotgenoten (mede AiOs), Anke, Annika, Jeroen, Lena en Jenia zij 
bedankt. Anke en Annika, het spijt mij dat ik er helaas niet op jullie promotie kon zijn, 
vandaar hier nog even achteraf gefeliciteerd met jullie doctoraat. En Jeroen, Lena, en 
Jenia, jullie nog verder veel succes toegewenst met het afronden van het 
onderzoek/proefschrift. 
 Graag wil ik ook de kans grijpen om een drietal studenten, Kirsten, Willeke, en 
Joeri, voor hun ondersteuning en hulp tijdens mijn onderzoek te bedanken. Ook Paula (de 
mascotte van de afdeling) wil ik bedanken, al dan niet voor het gemeenschappelijke 
onderzoek, maar voor de gezelligheid op mijn kamer. 
 Verder zou ik graag die mensen willen bedanken zonder wie mijn experimenten 
vanuit de ‘administratieve’, de ‘biotechnische’ en de ‘technische’ kant nooit mogelijk 
zouden zijn geweest. In de wetenschappelijke publicaties wordt dit helaas vaak niet 
vermeldt, maar goed wetenschappelijk werk vereist altijd ook een goede ‘niet’-
wetenschappelijke ondersteuning op de drie boven vermelde gebieden. 
 Wat betreft het ‘administratieve’ gedeelte van het werk zo kan een goed lab alleen 
goed functioneren met een goed secretariaat. Het is daarom dat ik blij ben dat er altijd 
Dory, Saskia en Beppie waren. Altijd kon ik bij jullie terecht met mijn vragen en 
problemen of slechts voor de gezelligheid. Hiervoor hartelijk dank. 
 Wat betreft de ‘biotechnische’ kant gaat mijn dank naar Hans (ik zou willen dat ik 
een fiets van je had Hans, want nu moet ik altijd lopen), Jean-Paul, en Saskia. Ook al weet 
ik dat Hans altijd zei dat ‘biotechnicus alleen staat voor stront (bio) scheppen (technisch)’, 
zo ben ik het hier helemaal niet mee eens. Het waren immers jullie die mij de essentiele 
technieken in de omgang met ratten hebben geleerd en zonder jullie altijd helpende 
handen had ik mijn experimenten zeker nooit kunnen doen. In deze samenhang wil ik ook 
graag drie niet ‘biotechnici’ bedanken. Paul Timmermans, wiens oneindige kennis over 
ratten, en dieren in het algemeen, een belangrijke steunpaal en bron van inspiratie voor 
mijn eigen onderzoek waren. Paul, de discussies met jou heb ik altijd genoten, wat zeker 
ook aan jouw voortreffelijke stijl van verhalen vertellen lag. Elly, jou wil ik graag mijn 
dank betuigen voor alle hulp omtrent chemische en farmacologische kwesties. En Bart 
Ellenbroek wil ik bedanken voor al de steun tijdens mijn experimenten omtrent neonatal 
handelen en maternale deprivatie. 
 Wat betreft de ‘technische’ kant zou ik graag vooral Gerard en de helaas veel te 
vroeg overleden Willie willen bedanken. Gerard en Willie, ik wil jullie niet alleen dank 
zeggen voor de voortreffelijke ondersteuning m.b.t. de technische kanten van het werk, 
maar vooral voor jullie enthousiasme, inspiratie en toewijding aan mijn onderzoek die 
meestal verder ging dan jullie alledaagse taken. Verder wil ik graag Philip bedanken dat 
hij mij liet deelhebben aan zijn rijke kennis omtrent signaal analyses. En Philip, waar was 
ik zonder jouw programmeer werk. Ook de overige leden van de ERG groep, Jos, Andre 
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