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rats. Acute application of Notch 1 agonist Jagged 1 sup-
pressed, whereas DAPT, a Notch antagonist, facilitated 
spike and wave discharges (SWDs) in WAG/Rij rats. These 
findings point to Notch1 as an important signalling path-
way in CAE which likely shapes architectural organization 
of the somatosensory cortex, a region critically involved in 
developmental epileptogenesis in CAE. More immediate 
effects of Notch 1 signalling are seen on in vivo SWDs in 
CAE, pointing to the Notch 1 pathway as a possible treat-
ment target in CAE.

Keywords Absence epilepsy · Electroencephalogram · 
Brain development · Neurobiology

Introduction

Idiopathic generalized epilepsy (IGE) syndromes, such 
as childhood absence epilepsy (CAE), are electroclinical 
syndromes characterized by a sudden loss of conscious-
ness associated with generalized spike and wave discharges 
recorded on scalp EEG (Loiseau and Panayiotopoulos 
2005). It is intriguing that CAE occurs between 4 and 8 
years of life, highlighting the importance of brain develop-
ment in the pathogenesis of the disease. Although CAE is 
not inherited in a mendelian fashion, familial predisposition 
is common in IGE, and environmental factors likely play 
a minor role highlighting the role of genetics in this type 
of epilepsy (Durner et  al. 2001; Greenberg et  al. 1992). 
The electrographic hallmark of CAE is spike and wave 
complexes which occur both interictally and during the 
absence seizures forming an interictal-to-ictal continuum. 
The previous studies have shown that these spike and wave 
discharges are a feature of abnormal oscillations between 
the thalamus and neocortex (Gorji et  al. 2011), with both 
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human (Ferri et  al. 1995; Niedermeyer 1996) and animal 
studies (Meeren et al. 2002; Polack et al. 2007, 2009), dem-
onstrating a leading role of the somatosensory neocortex in 
generating these discharges.

Wistar Albino Glaxo from Rijswijk (WAG/Rij) rats are a 
faithful disease model for absence epilepsy and are widely 
used to study the disease (Coenen and Van Luijtelaar 2003; 
Sarkisova and van Luijtelaar 2011). The similarities of the 
WAG/Rij disease model to human epilepsy are the devel-
opmental occurrence of spike and wave complexes which 
appear at several months of age and increase by 6 months 
of age (Coenen and Van Luijtelaar 2003). Thus, the animal 
model reproduces several features of the human disease; 
most importantly, the developmental aspect of this type of 
epilepsy is represented in this animal model.

Brain development and brain maturation are complex 
processes which involve multiple signalling cascades. 
Notch signalling has been identified as such a signalling 
cascade with particular importance in brain development. 
Notch signalling is a conserved signalling pathway which is 
linked to multicellular organisms and the subsequent need 
for cell-to-cell communication for a coordinate develop-
ment (Ables et  al. 2011; Artavanis-Tsakonas et  al. 1999). 
Notch family proteins are large transmembrane recep-
tors which interact with membrane bound proteins of the 
Delta and Serrate/Jagged family (Schroeter et  al. 1998). 
Notch 1 has been shown as a pivotal signalling pathway 
in the subventricular zone where it promotes radial glia 
formation during embryogenesis (Gaiano et al. 2000; Pat-
ten et  al. 2003). Postnatally, Notch1 signalling promoted 
periventricular astrocyte formation (Gaiano et  al. 2000). 
Not only astrocytes are affected by Notch signalling, but 
dendritic formation in neurons is critically modulated by 
Notch signalling which promotes dendritic branching while 
inhibiting dendritic growth (Redmond et  al. 2000). Direct 
regulators of the Notch signalling pathway have been iden-
tified. Such a regulator is Notchless (NLE1) which has 
been identified through a genetic screen for suppressors 
of the notchoid mutant in drosophila (Royet et  al. 1998). 
Interestingly, more recent data suggest that besides cell fate 
decisions, Notch signalling has more immediate effects 
on excitation and synaptic plasticity (Salama-Cohen et  al. 
2006; Sha et al. 2014; Wang et al. 2004). Notch signalling 
was shown to impact on seizures in a temporal lobe model 
of epilepsy with inhibition of Notch 1 suppressing seizure 
activity. Surprisingly, despite its role in development, very 
little is known about the impact of Notch 1 in CAE, where 
seizure occurrence in humans is coupled to developmental 
stages. We thus aimed to explore Notch1 expression and its 
modulator NLE1 expression in the neocortex and thalamus 
at different developmental stages in WAG/Rij rats. Fur-
thermore, experiments were performed to determine how 
these changes impact on glial and neuronal expressions 

in different regions of the somatosensory cortex and thal-
amus, and areas which are critically involved in the gen-
eration of spike and wave discharges (SWDs) in WAG/Rij 
rats. Finally, we investigated whether modulation of the 
Notch1 pathway is functionally relevant in spike and wave 
discharges.

Materials and methods

Animals

Wistar and WAG/Rij rats were housed under controlled 
conditions (ambient temperature = 22 ± 2  °C, humid-
ity = 40%; 12-h light/dark cycle) with food and water 
ad  libitum. All experiments were carried out according to 
the protocol approved by the ethics committee of the Shefa 
Neuroscience Research Center, Tehran, Iran.

Electrocorticogram (ECoG) recording

2- and 6-month-old Wistar and WAG/Rij rats were anesthe-
tized by chloral hydrate (350  mg/kg) and the heads were 
put in the stereotaxic frame. Soft tissues of the skull at 
the incision and at contact points were anesthetized using 
local application of 0.5% lidocaine hydrochloride (Bastany 
et  al. 2016). Recording electrodes were implanted on the 
dura mater of the left and right parietal cortex. ECoG was 
recorded by connecting the silver recording electrodes to 
the amplifier (EXT-02  F, NPI, Germany). Sedation was 
maintained with repeated injections of fentanyldihydrogen-
citrat every 20–30 min (0.03 lg/kg body weight per hour, 
i.p.; Janssen-Cilag, Issy-Les-Moulineaux, France) and 
dehydrobenzperidol (3.79 mg/kg/h; i.p.). WAG/Rij rats dis-
play spike and wave discharges after puberty with increas-
ing spike and wave discharges recorded at 6 months of age 
(Coenen and Van Luijtelaar 2003). Thus, multiple control 
groups were assigned to maintain best possible control 
for age related effects and rat strain-related effects. 2- and 
6-month-old Wistar as well as 2-month-old WAG/Rij rats 
with no epileptic form activity in their ECoG were chosen 
as non-epileptic controls, whereas 6-month-old WAG/Rij 
rats displaying SWDs in their ECoG recording were con-
sidered as epileptic rats. ECoG was recorded for at least 6 h 
under sedation to evaluate SWDs occurrence.

RNA extraction and reverse transcription

New-born, 2- and 6- month-old Wistar and WAG/Rij rats 
(n = 6) were decapitated and the thalamus and parietal neo-
cortex were dissected manually. Total RNA was isolated 
from tissue samples using Gene ALL Ribospin Kit. A 
DNase treatment was performed to remove genomic DNA 

RETRACTED A
RTIC

LE



2775Brain Struct Funct (2017) 222:2773–2785 

1 3

by (RNase-Free DNase Set “DNase I”, Qiagen). Total RNA 
(500 ng) was used for cDNA synthesis using Maxima first-
strand cDNA synthesis kit (Thermo Scientific; Germany) 
according to recommended instructions.

Real‑time PCR

β-Actin primer sequences were obtained from the previous 
studies (Peinnequin et al. 2004). The Notch1, NLE1, NeuN, 
and GFAP primers were designed using  AlleleID® 7.50 
(Premier Biosoft International; USA). The primer pairs 
used in this study are either spanning exon–exon junctions 
or located on different exons. The optimal primer concen-
tration was determined for each primer pair. The efficiency 
of qRT-PCR was approximately 2 for each pair of primers, 
which was calculated using serial 1:2 dilutions of template 
cDNA, on a CFX 96 Real-Time System. Real-time PCR 
reactions were performed in duplicate on a CFX 96 Real-
Time System (Bio-Rad, Germany). The primer sequences 
for the gene and internal control are mentioned in the 
Table 1. Reactions were prepared in a total volume of 20 μl 
containing: 5  μl template, 0.5  μl of each 10  μM primer 
(Macrogen, The Netherlands), 4 μl of 5× HOT  FIREPol® 
 EvaGreen® qPCR Mix Plus (Solis BioDyne, Estonia), and 
10  μl RNase/DNase-free sterile water (Sigma, Germany). 
The cycle conditions included an initial denaturation at 
95 °C for 15 min, followed by 45 cycles of denaturation at 
95 °C for 30 s. PCR was followed by a melting curve analy-
sis to determine product specificity.

Histology analysis

2- and 6-month-old Wistar and WAG/Rij rats (n = 6) were 
deeply anesthetized by chloral hydrate and perfused tran-
scardially with 200  ml of saline followed by 600  ml of 
1% paraformaldehyde (PFA) solution. The brains were 
extracted and kept in 1% PFA for at least 4 days at 4 °C 
(Khodaie et al. 2015). Serial (8 µm) coronal sections were 
prepared. Ten sections from each animal were selected 
randomly and stained with toluidine blue. The number 
of neurons and glial cells was counted in the fourth and 

sixth layers of somatosensory cortex under a light micro-
scope (BX51, Olympus, Japan) linked to a digital cam-
era (100× objective). Neurons and glial cells were distin-
guished by their characteristic morphology. In addition, for 
differentiation of astrocytes from other glial cells, we eval-
uated distribution of GFAP by immunohistochemistry. The 
first section of each pair was considered as the reference 
and the second one was evaluated (Jafarian et al. 2015). On 
each section, at least five microscopic fields were evaluated 
randomly using un-biased frame and physical dissector 
counting rule. Neurons were differentiated to glial cells by 
staining pattern of nucleus and nucleolus. Nucleus of neu-
rons was stained in light blue and nucleolus in dark blue. In 
contrast, nucleus of glial cells was coloured intensively in 
dark blue and the nucleolus was not visible. In each field, 
we measured the number of neurons and the number of 
glial cells.

Immunohistochemistry analysis

Paraffin embedded sections in 1.8–3.3 mm posterior to the 
bregma (Paxinos and Watson 1997) from 2- and 6-month-
old Wistar and WAG/Rij rats were cleared and rehydrated 
through series of xylol and alcohol and washed with phos-
phate buffered saline (PBS) three times and boiled in citrate 
buffer at 95 °C for 10 min. After cooling at room tempera-
ture, the slides were incubated in 10% normal goat serum 
and 0.2% Twin 20 in PBS for 1  h at room temperature 
(Sadeghian et  al. 2012). Slides were incubated over night 
at 4 °C with commercial rabbit polyclonal anti-rat antibod-
ies: GFAP (1:100; Santa Cruz, Germany), NueN (1:300; 
Abcam, UK), NLE1 (1:350; Santa Cruz, Germany), and 
Notch1 (1:350; Santa Cruz, Germany).

The antibodies were diluted in a solution containing 
1–5% normal goat serum (NGS) in 0.3% Triton X-100 and 
0.1  M PBS at pH of 7.4. The sections were then rinsed 
three times in PBS (10  min each), and incubated with 
FITC goat anti-rabbit secondary antibody (Santa Cruz, 
Germany) diluted at 1:500 in PBS with 0.3% Triton X-100 
and 5% NGS at 22 °C for 1 h. Nuclei were counterstained 
by immersing sections in a solution of propidium iodide 

Table 1  Summary of the primer sequences for the gene, Amplicon length, and annealing temperature

Name Forward primer 5′ to 3′ Reverse primer 5′ to 3′ Amplicon length 
(bp)

Annealing 
temperature 
(ºC)

NLE1 TAT CAA GCT GTG GGA TGG C AGC ATA TAC CTC ATC GGC GT 199 63
Notch1 ATG ACC TAG GCA AGT CAG CTC ATT CAT CCA AAA GCC GCA CG 273 65
NeuN AGA TTT ATG GAG GCT ATG CAGC TGG TTC CGA TGC TGT AGG TT 153 62.5
GFAP GAC CAG CTT ACT ACC AAC AGT GAG TTC TCG AAC TTC CTC CTCAT 252 64
β-Actin AAG TCC CTC ACC CTC CCA AAAG AAG CAA TGC TGT CAC CTT CCC 98 60
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(75 µg/ml) for 5 min at 37 °C. The slides were mounted on 
a cover slip with 90% glycerol mounting buffer and visual-
ized with a fluorescent microscope (Olympus, Japan). Con-
trol for the specificity of immunostaining was performed by 
the omission of the primary antibody. Images for analysis 
were acquired with a digital camera attached to the micro-
scope (40× objective). The number of cells labelled with 
the primary antibodies was counted per  mm2 in the fourth 
and sixth layers of somatosensory cortex as well as in dif-
ferent thalamic nuclei.

Drug application

6-month-old WAG/Rij (epileptic) rats were divided to vehi-
cle, agonist, and antagonist groups. Recording electrodes 
were stereotaxically implanted on the dura mater of the 
left and right parietal cortex. A hole was made on the skull 
bone (AP = −4.3 mm, ML = ±5.2 mm) for local drug appli-
cation on the somatosensory cortex according to the coor-
dinates provided by the atlas Paxinos and Watson (1997). 
After appearance of SWDs and before application of any 
drugs, ECoG was recorded for 30 min to establish a base-
line activity. Then, the recombinant protein of Jagged1; 
agonist of Notch1 receptor (R&D systems, USA), DAPT; 
antagonist of Notch1 receptor (Sigma, Germany); or vehi-
cle were injected (0.5 μl/2 min) in the somatosensory cor-
tex. The recombinant protein of Jagged1 was dissolved in 
PBS (10 µg/1 µl). DAPT was dissolved in DMSO and was 
injected in a concentration of 50 µM (Sha et al. 2014). PBS 
containing 0.5% DMSO was injected at the same volume 
and rate in the vehicle group. ECoG was recorded 6 h after 
application of drugs and vehicle. The amplitude and dura-
tion of SWDs were calculated using the AxoScope 10 soft-
ware (Axon Instruments, USA).

Statistical analysis

All data are given as mean ± S.E.M. The immunohisto-
chemical and Real-Time PCR data were analysed by one-
way analysis of variance (ANOVA) followed by Tukey’s 
post-hoc tests. The amplitude and duration of SWDs were 

statistically analysed by the Friedman and the Wilcoxon 
test. Significance was established by p ≤ 0.05.

Results

6-month-old WAG/Rij rats with typical spike-wave com-
plexes during ECoG recording were selected as epileptic 
animals. SWDs (5–43, n = 45) appeared at a frequency of 
5–10 Hz and peak amplitudes between 250 and 1500 µV. 
The SWDs intervals were between 0.4 and 12 min with a 
duration from 400 ms to 3 min (average, 6 ± 0.5 s; n = 45). 
2-month-old WAG/Rij rats as well as 2- and 6-month-old 
Wistar rats with no SWDs during 6 h recording of ECoG 
served as non-epileptic control animals (Fig. 1).

Real‑time PCR assessment

Cortical expression of Notch1, NLE 1, GFAP, and NeuN

The expression of Notch 1, NLE 1, NeuN, and GFAP genes 
was evaluated in the parietal neocortex of newborn, 2- and 
6- month-old Wistar and WAG/Rij rats (Fig.  2). Notch 1 
as well as NLE1 showed significantly higher expression in 
2- and 6-month-old Wistar rats when compared to Wistar 
newborn rats (p < 0.001). In contrast, there was no sig-
nificant difference in Notch 1 and NLE1 gene expression 
between different ages of the WAG/Rij rats. In addition, 
the expression of Notch 1 and NLE1 in 2- and 6-month-old 
WAG/Rij was significantly lower than age-matched Wistar 
rats (p < 0.001).

GFAP, a marker of astrocytes, was highly expressed dur-
ing cortical development in both strains. There was a sig-
nificant increase of GFAP expression in 2- and 6-month-
old Wistar and WAG/Rij rats compared to newborn rats 
(p < 0.001). The expression was significantly decreased 
in 2-month-old WAG/Rij rats compared to age-matched 
Wistar rats (p < 0.001).

The expression of NeuN as a neural marker increased 
significantly in 2-month-old Wistar when compared to 
newborn Wistar pups (p < 0.001). This developmental 

Fig. 1  Representative ECoG 
recordings in the parietal cortex 
in non-epileptic (a) and epilep-
tic (b) ratsRETRACTED A
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LE



2777Brain Struct Funct (2017) 222:2773–2785 

1 3

increase in NeuN expression was not seen in WAG/Rij 
rats. Furthermore, comparison of WAG/Rij rats with age-
matched Wistar rats did not show significant difference.

Correlation between the cortical expression of Notch 1 
and NLE 1, and GAFP and NeuN showed that an increase 
in expression of Notch1 was accompanied by an increase 
in expression of NLE 1 (r = 0.80, Fig.  2b) as well as 
GAFP (r = 0.73, Fig.  2c) and NeuN (r = 0.57, Fig.  2d) 
during development of brain in Wistar and WAG/Rij rats 
(p < 0.001).

Thalamic expression of Notch1, NLE 1, GFAP, and NeuN

The expression of Notch 1, NLE 1, NeuN, and GFAP 
genes were evaluated in the thalamus of newborn, 2- and 
6-month-old Wistar and WAG/Rij rats (Fig.  3a). Tha-
lamic expression of Notch 1 increased significantly in 
2- and 6-month-old Wistar and WAG/Rij rats when com-
pared to newborn rats (p < 0.01). There was no significant 
difference in Notch1 gene expression between Wistar and 
WAG/Rij rats. The variation of NLE1 expression was 
not significant during the three developmental stages in 
both Wistar and WAG/Rij rats. The expression of GFAP 
increased significantly in 2- and 6-month-old Wistar 
and WAG/Rij rat compared to newborn rats (p < 0.01 
and p < 0.001, respectively). In addition, the expression 
of GFAP was significantly lower in 2-month-old WAG/
Rij rats compared to age-matched Wistar rats (p < 0.05). 

The expression of NeuN significantly increased in 2- 
and 6-month old Wistar rats compared to newborn rats 
(p < 0.001). NeuN expression was significantly higher in 
6-month-old WAG/Rij rats when compared to newborn 
rats (p < 0.001). There was no correlation between the 
expression of Notch 1, NLE 1, GAFP, and NeuN in the 
thalamus.

Fig. 2  mRNA levels of Notch 
1, NLE1, GFAP, and NeuN in 
the parietal cortex. Bar charts 
summarizing cortical mRNA 
levels of Notch 1, NLE1, GFAP, 
and NeuN in 2- and 6-month-
old WAG/Rij and age-matched 
Wistar rats (a). Note that 
the mRNA levels of Notch 
1, NLE1, GFAP, and NeuN 
increase during development in 
Wistar rats, whereas WAG/Rij 
rats lack this increase in Notch 
1 and NLE1 mRNA expression, 
and exhibit a proportionally 
small increase in GFAP mRNA 
expression when compared to 
Wistar rats. *p < 0.05 **p < 0.01 
and ***p < 0.001. Scatter plots 
visualizing correlations between 
mRNA expression of Notch 1 
and NLE1 (b), GFAP (c), and 
NeuN (d), respectively. Note 
that all three correlations are 
strong (Correlation coefficient 
r = 0.80 (b), r = 0.73 (c), and 
r = 0.57 (d) all p < 0.001)

Fig. 3  mRNA levels of Notch 1, NLE1, GFAP, and NeuN in the 
thalamus. Bar charts summarizing mRNA levels of Notch 1, GFAP, 
and NeuN in the thalamus of 2- and 6-month-old WAG/Rij and age-
matched Wistar rats. Note that thalamic mRNA level of Notch 1, 
GFAP, and NeuN increases significantly during development. There 
are no significant differences between the strains except for a greater 
increase of GFAP in 2-month-old Wistar rats when compared to age-
matched WAG/Rij rats. *p < 0.05** p < 0.01 and ***p < 0.001
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Histological assessment

We evaluated the mean number of neurons with respect 
to glial cells (N/G index) in the fourth and sixth layers of 
somatosensory cortex. In the fourth cortical layer, the mean 
N/G index was higher in 2- and 6- month-old WAG/Rij rats 
when compared to age-matched-Wistar controls (p < 0.01; 
Fig.  4). There was no significant difference between age-
matched Wistar and WAG/Rij strains in the sixth cortical 
layer.

Immunohistochemistry assessment

Distributions of Notch1, NLE 1, GFAP, and NeuN expres-
sion were evaluated in the fourth and sixth layers of soma-
tosensory cortex as well as dorsal, lateral, and medial tha-
lamic nuclei in 2- and 6-month-old Wistar and WAG/Rij 
rats.

Notch1

Notch1 receptor expression decreased significantly in the 
fourth and sixth layers of somatosensory cortex (40%, 
p < 0.05) as well as dorsal thalamic nuclei (50%, p < 0.05) 
of 6-month-old when compared to 2-month-old in WAG/
Rij rats (Fig.  5). Furthermore, in medial thalamic nuclei, 
the expression of Notch 1 decreased significantly in 
2-month-old when compared to 6-month-old in Wistar rats 
(50%, p < 0.05).

NLE1

NLE1 expression decreased significantly in the fourth 
and sixth layers in 6-month-old WAG/Rij rats when com-
pared to 2-month-old WAG/Rij (65% and 73%, respec-
tively, p < 0.001) and 6-month-old Wistar rats (67% and 
75%, respectively, p < 0.001). In dorsal and lateral tha-
lamic nuclei, NLE1 expression decreased (45.5% and 43%, 
respectively, p < 0.01) significantly in 6-month-old WAG/
Rij rats when compared to age-matched Wistar rats (Fig. 6).

GFAP

With regard to GFAP expression in different brain areas, 
significant differences were seen in fourth cortical layer 
and lateral thalamic nuclei. In the other cortical and tha-
lamic brain areas, no significant differences were seen. In 
the fourth cortical layer, GFAP-positive cells increased sig-
nificantly in 6-month-old Wistar rats compared to 2-month-
old Wistar rats (p < 0.01). In contrast, there was no signifi-
cant difference between 2- and 6-month-old WAG/Rij rats 
(Fig.  7). In the lateral thalamic nuclei of WAG/Rij rats, 
GFAP-positive cells decreased significantly in 6-month 
olds compared to 2-month olds (p < 0.001). In addition, a 
significant increase was observed in 2-month-old WAG/Rij 
when compared to age-matched Wistar rats (p < 0.01).

NeuN

Assessment of NeuN expression showed a significant 
increase (p < 0.001) in the fourth layer of somatosensory 

Fig. 4  Neuron-to-glia ratio 
(N/G index) in the somatosen-
sory cortex. Immunhistochem-
istry (40× magnification) of rat 
somatosensory cortex of 2- and 
6-month-old Wistar and WAG/
Rij rats stained with toluidine 
blue (a). Bar charts summariz-
ing mean ± SEM of the N/G 
index in the fourth and sixth 
layers of somatosensory cortex. 
p < 0.01 comparing rats of the 
same age
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cortex in 6 months old when compared to 2-month-old 
Wistar rats (Fig. 8).

In dorsal thalamic nuclei, NeuN expression decreased 
significantly in 6-month-old WAG/Rij rats compared to 
age-matched Wistar rats (p < 0.01).

Drug administration

Given these striking differences in Notch and its counter 
player NLE1 expression between epileptic rats and non-epi-
leptic controls, we next asked whether Notch modulation 

translates into a functional effect, such as altered excit-
ability as measures by the frequency of spike and wave 
discharges. Micro injection of Notch1 agonist (Jagged 
1) on the somatosensory cortex reduced the amplitude of 
SWDs (Fig.  9a, b, p < 0.01). The mean of SWDs ampli-
tude before and after agonist application was 0.79 ± 0.02 
and 0.62 ± 0.01 mV, respectively. In addition, the duration 
of SWDs decreased (1.6 ± 0.3 s) after application of Notch 
1 agonist (Fig.  9a, c, p < 0.05), whereas SWDs duration 
increased (2.6 ± 0.2 s) after application of Notch 1 antago-
nist (Fig. 9a, c, p < 0.01).

Fig. 5  Notch 1 expression in 
the somatosensory cortex and 
different thalamic nuclei. Repre-
sentative immunohistochemistry 
photomicrographs of Notch 1 
expression (green). Nuclei are 
stained in red. Different corti-
cal and thalamic brain areas 
in 2- and 6-month-old Wistar 
and WAG/Rij rats are shown 
(a). Bar charts summarizing 
Notch 1 expression densities in 
different brain areas of 2- and 
6-month-old Wistar rats and 
WAG/Rij rats (b). *p < 0.05
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Discussion

Here, we demonstrate that WAG/Rij rats lack the devel-
opmental increase in cortical Notch1 and NLE 1 mRNA 
expression as it is seen in wild-type rats. In addition, cor-
tical Notch 1 and NLE1 mRNA and protein expression 
were altogether diminished in WAG/Rij when compared 
to control rats. This resulted in an overall decreased GFAP 
expression in the early development in WAG/Rij rats 
when compared to control. Interestingly, thalamic Notch1, 
NLE1, GFAP, and NeuN mRNA expression was not differ-
ent between epileptic rats and controls, indicating a brain 

region-specific effect. Neuron-to-glia ratio as a marker of 
the impact of Notch signalling on differentiation of these 
cell types was higher in layer 4 somatosensory cortex of 
WAG/Rij rats when compared to Wistar controls indicat-
ing a relative lack of astrocytes. Notch1 signalling had an 
impact on excitability in WAG/Rij rats as spike and wave 
discharges were suppressed by agonists at the Notch1 
receptor and facilitated by Notch1 antagonism.

Notch signalling has been identified as an important 
signalling route in brain development. Neuronal induc-
tion of radial glia formation is mediated by Notch1 sig-
nalling (Patten et al. 2003). Notch signalling is pivotal in 

Fig. 6  NLE1 expression in 
the somatosensory cortex and 
different thalamic nuclei. Repre-
sentative immunohistochemistry 
photomicrographs of NLE1 
expression (green). Nuclei are 
stained in red. Different corti-
cal and thalamic brain areas 
in 2- and 6-month-old Wistar 
and WAG/Rij rats are shown 
(a). Bar charts summarizing 
NLE1 expression densities in 
different brain areas of 2- and 
6-month-old Wistar rats and 
WAG/Rij rats (b) ***p < 0.001. 
**p < 0.01
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the subventricular zone where it regulates radial glia dif-
ferentiation and neural stem call renewal (Nyfeler et  al. 
2005; Patten et al. 2006). Radial glia cells have the poten-
tial to differentiate into astrocytes, neurons, and oligo-
dendrocytes. Multiple studies have confirmed the impact 
of Notch1 on neurogenesis which is stimulated by Notch 
expression (Hatakeyama and Kageyama 2006). This was 
also shown in the adult hippocampus where Notch regu-
lates cell fate and dendrite morphology of neurons (Bre-
unig et al. 2007). Data from knockout experiments show 
that null heterozygous mutations in Notch1 result in spa-
tial learning and memory deficits without affecting other 

forms of learning, motor control, or exploratory activity 
(Costa et  al. 2003). Notch1 homozygos mice are lethal 
(Conlon et  al. 1995), highlighting again the importance 
of Notch signalling for normal brain development. Strong 
postnatal Notch1 expression has been shown in the sub-
ventricular zone and in the dentate gyrus, regions which 
are involved in adult neurogenesis (Stump et  al. 2002). 
Notch1 expression was also found to be particularly high 
in hippocampus and in the cerebellum (Berezovska et al. 
1998). In the forebrain, Notch is expressed in different 
cell populations, such as neurons, astrocytes, precur-
sors, ependymal cells, and endothelium (Breunig et  al. 

Fig. 7  GFAP expression in 
the somatosensory cortex and 
different thalamic nuclei. Repre-
sentative immunohistochemistry 
photomicrographs of GFAP 
expression (green). Nuclei are 
stained in red. Different corti-
cal and thalamic brain areas 
in 2- and 6-month old Wistar 
and WAG/Rij rats are shown 
(a). Bar charts summarizing 
GFAP expression densities in 
different brain areas of 2- and 
6-month-old Wistar rats and 
WAG/Rij rats (b). **p < 0.01, 
***p < 0.001
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2007; Carlén et al. 2009; Sestan et al. 1999; Stump et al. 
2002). Notch signalling has been shown to be involved in 
gliosis (Shimada et al. 2011; Zhang et al. 2015). Several 
neurological diseases are associated with brain gliosis. 
Perhaps, the most prominent example is epilepsy where 
gliotic tissue may be seen in hippocampal sclerosis. Data 
about notch signalling in epilepsy are scarce and focus 
on temporal lobe epilepsy. Liu and colleagues were able 
to show that Notch1 expression was increased in tem-
poral neocortex and hippocampus in an experimental 

status epilepticus animal model and in an animal model 
of recurrent spontaneous seizures. Moreover, they found 
increased Notch expression in human tissue from patients 
undergoing temporal lobe resections for pharmacoresist-
ant seizures (Liu et  al. 2014). Interestingly, Sibbe and 
colleagues found diminished Notch signalling in neural 
stem cells (NSCs) in the dentate gyrus after status epi-
lepticus in mouse model of TLE using unilateral intra-
hippocampal kainic acid, showing that excessive seizure 
activity, such as is seen in status epilepticus, affects the 

Fig. 8  NeuN expression in 
the somatosensory cortex and 
different thalamic nuclei. Repre-
sentative immunohistochemistry 
photomicrographs of NeuN 
expression (green). Nuclei are 
stained in red. Different corti-
cal and thalamic brain areas 
in 2- and 6-month-old Wistar 
and WAG/Rij rats are shown 
(a). Bar charts summarizing 
NeuN expression densities in 
different brain areas of 2- and 
6-month-old Wistar rats and 
WAG/Rij rats (b). ***p < 0.001 
**p < 0.01
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stem cell niche (Sibbe et al. 2012). We also found dimin-
ished Notch1 expression in somatosensory cortex in 
WAG/Rij when compared to controls. The occurrence of 
spike and wave discharges and thus increased excitabil-
ity is one explanation why Notch1 expression was dimin-
ished and would parallel the findings of Sibbe and col-
leagues. In fact, our data show that Notch1 expression in 
layer four and six of somatosensory cortex and in some 
regions of the thalamus decreases in 6-month-old WAG/
Rij rats when compared to 2-month-old rats. 6-month-
old WAG/Rij rats display robust spike and wave activ-
ity, and have developed the phenotype of CAE coincid-
ing with decreased Notch signalling. We found higher 
neuron-to-glia ratios in somatosensory cortex of WAG/
Rij rats when compared to controls. Notch expression 
levels were also lower in somatosensory cortex of WAG/
Rij rats when compared to controls. The somatosensory 
cortex has been shown to be the initiation site of spike 
and wave discharges in the WAG/Rij model of epilepsy 
and human studies in absence seizures have underscored 
this finding (Ferri et  al. 1995; Meeren et  al. 2002; Nie-
dermeyer 1996; Polack et al. 2007, 2009). It is interesting 
that detailed current source density analysis of spike and 
wave discharges in the WAG/Rij epilepsy model revealed 
that a strong sink was found in layer 4 of the somatosen-
sory cortex. These findings might be explained by a dif-
ference in tissue composition such as is reflected in the 
differences in neuron-to-glia ratio observed in our study.

Very little attention has been payed to notchless NLE1, a 
regulator of the Notch1 pathway (Royet et al. 1998). NLE1 

interacts directly with the intracellular domain of the Notch 
receptor and regulates the activity of the Notch signalling 
pathway (Chantha et al. 2007).

Regulation of Notch1 by NLE1 is complex and reduc-
ing NLE1 activity has been found to increase Notch activ-
ity, whereas overexpression surprisingly also increased 
Notch1 activity suggesting a dominant-negative effect of 
NLE1 on Notch1 (Royet et al. 1998). In our study, NLE1 
changes paralleled Notch1 changes, a finding which could 
well be explained by a dominant-negative effect. Overall, 
similar to Notch1 levels, NLE1 cortical mRNA expres-
sion and protein expression as measured by NLE1 positive 
cells were diminished in epileptic rats when compared to 
non-epileptic Wistar rats and strain-specific controls. This 
finding suggest that Notch changes and NLE1 changes are 
interconnected.

A more recent study has focussed on Notch signal-
ling and its effect on angiogenesis after status epilepticus 
(Zhai et al. 2015). They found a stimulation of angiogen-
esis via Notch1 signalling in reactive astrocytes. Notch 
signalling is traditionally viewed as a developmental 
pathway, but, recently, more immediate effects of Notch 
signalling have been described. Notch signalling has 
been shown to impact on neuronal excitation and inhibi-
tion (Salama-Cohen et  al. 2006; Sha et  al. 2014; Wang 
et al. 2004). Decreased dendrite outgrowth and increased 
inhibitory (GABAergic) synaptogenesis have been 
described after activation of the Notch signalling path-
way in hippocampal neurons (Salama-Cohen et al. 2006). 
Reduced long-term potentiation (LTP) at hippocampal 

Fig. 9  Effect of Notch 1 agonist 
Jagged 1 and Notch 1 antagonist 
DATP on SWDs in 6-month-old 
WAG/Rij rats. ECoG traces of 
SWDs recorded before, during 
and after drug administration 
(a). Bar charts summarizing 
mean ± S.E.M SWDs ampli-
tudes (b) and SWDs durations 
(c). *p < 0.05, **p < 0.01
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CA1 has been shown in mice with reduced Notch levels 
and Jagged1 enhanced LTP in control mice, showing that 
Notch1 is important in memory function (Wang et  al. 
2004). Effects of Notch activation on acute and chronic 
seizures activity have been reported in an animal model 
of temporal lobe epilepsy (Sha et al. 2014). Sha and col-
leagues found endogenous upregulation of Notch signal-
ling after kainic acid induced epilepsy. This upregulation 
was seen as soon as 3 h after seizure induction by kainic 
acid. Using the same animal model, it has been revealed 
that a downregulation of Notch signalling (Sibbe et  al. 
2012). These controversial findings might be explained 
by different cell population studies. In their study, Sibbe 
and colleagues focussed on NSCs which are distinct from 
mature neurons studied by Sha and colleagues. In our 
study, seizure activities did not affect Notch signalling 
as there was no difference in Notch 1 expression between 
non-epileptic (new-born and 2-month-old) and epileptic 
(6-month-old) WAG/Rij rats. This suggests that downreg-
ulation of Notch1expression in WAG/Rij rats (compared 
to controls) may play a role in the occurrence of SWDs in 
older WAG/Rij rats and is not a result of seizure activity.

Notch signalling does not only impact on develop-
ment but has been shown to have more acute effects on 
excitability. A recent study showed that DAPT, an inhibi-
tor of Notch, inhibited ictal activity in the kainate model 
of epilepsy. Jagged1, an agoinst at the Notch1 receptor, 
had proconvulsant effects (Sha et al. 2014). In contrast to 
this, we found that Jagged1 had an anticonvulsant effect, 
as it decreased the duration and amplitude of spike and 
wave discharges, and DAPT had a proconvulsant effect 
and increased the duration of spike and wave discharges. 
These findings point to a specific effect of Notch1 acti-
vation depending on the type of epilepsy with procon-
vulsant properties in temporal lobe and anticonvulsant 
properties in absence epilepsy. Such opposing responses 
to substances are well known, and in fact, anticonvulsant 
drugs which are efficient in one type of epilepsy might 
not be suitable for other epilepsy syndromes. Such an 
example is carbamazepine, which is well suited in focal 
epilepsies, but is known to exacerbate seizures in IGE 
(Genton 2000).

Our findings support a critical role of Notch1 signal-
ling as a developmental pathway in an absence model 
of epilepsy. In addition, modulation of the Notch1 path-
way in this established absence epilepsy model affected 
SWDs and thus may represent a novel potential treatment 
target for CAE.
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