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A B S T R A C T

Caffeine, a central nervous system stimulant, has been reported to modulate seizure activity in various studies. In
this study the effects of caffeine exposure on the pentylenetetrazole (PTZ) induced seizure thresholds and seizure
stages in the Wistar and genetic absence epilepsy model offsprings were examined. Adult female and male Wistar
rats and genetic absence epilepsy rats from Strasbourg (GAERS) consumed caffeine dissolved in water (0.3 g/L)
before conception, during the gestational periods and lactation period whereas control groups of each strain
received tap water. All offsprings at postnatal day 30 (PN30) subjected to 70mg/kg of PTZ were evaluated in
terms of overall seizure stages, the latency to the first generalized seizure and the c-Fos protein activity in the
brain regions of somatosensorial cortex (SSCx), reticular thalamic nucleus (Rt), ventrobasal thalamus (VB),
centromedial nucleus (CM) and lateral geniculate nucleus (LGN). The Wistar caffeine group had significantly
shorter latency to the first generalized seizure (1.53 ± 0.49min) comparing to the Wistar control offsprings
(3.40 ± 0.68min). GAERS caffeine group (6.52 ± 2.48min) showed significantly longer latency comparing to
Wistar caffeine group (1.53 ± 0.49min). Although statistically not significant, GAERS caffeine group showed a
longer latency comparing to the GAERS control group (4.71 ± 1.82min). In all regions of SSCx, Rt, VB, CM and
LGN, GAERS caffeine group had lower c-Fos protein expression comparing to the GAERS control group
(p < 0.05). Wistar caffeine rats had lower expression of c-Fos protein comparing to the Wistar control group
only in SSCx. In CM, GAERS rats expressed lower c-Fos protein comparing to the Wistar control (p < 0.05). In
conclusion differential effects of caffeine in the seizure modulation may involve c-Fos protein activity-dependent
protection mechanisms.

1. Introduction

The relationship between caffeine and seizures was shown in many
experimental and clinical settings. There is some controversy regarding
the effects of caffeine on seizure and seizure threshold. Some reports
supported that the long-term application of caffeine may increase the
seizure threshold in mice and rat models [1–3]. However caffeine is a
central nervous system stimulant, and in isolated hippocampal slices it
has been shown to induce epileptiform activities [4,5]. In vivo studies in
the motor seizure models showed that the caffeine may shorten the
latent period of seizure activity [6] and can exacerbate the seizure ac-
tivity in electrical kindling models [7], as it also did in a chemical

model of epilepsy induced by pentylenetetrazole (PTZ) [8]. In humans
caffeine was found to lengthen or sustain the seizures evoked by elec-
troconvulsive therapy [9,10]. In the genetic absence epilepsy models,
caffeine has been shown to acutely suppress the spike-and-wave dis-
charges (SWDs) in Wistar Albino Glaxo Rats from Rijswijk (WAG/Rij)
[11] and Genetic Absence Epilepsy Rats from Strasbourg GAERS [12],
while the chronic exposure to caffeine dissolved in drinking water had
no effect on SWD expression of GAERS, other adenosine receptor ago-
nists seem to increase the SWD activity in the same model [12]. On the
other hand, the age of exposure to caffeine seems to modulate the re-
sponses differently. For instance, while exposure to caffeine at earlier
stages of such as; postnatal 7–11 (PN7-PN11) or PN13-PN17 can raise
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the threshold for the seizure induction, caffeine can be proconvulsive at
the PN25 [13]. In terms of prenatal exposure it has been shown that
caffeine alters the hippocampal excitability and increases the percen-
tage of animals that display seizures, although no change of locomotor
activity that persists into adulthood was reported [14].

c-Fos protein, the marker of activated neuronal pathways, has been
shown to be induced following seizure activity [15–17], and discussed
to increase the survival of neurons [18]. Caffeine was reported to in-
crease the c-Fos protein activity in certain brain regions such as
striatum or nucleus accumbens [19]. The accumulation of c-Fos protein
activity was also found in the hippocampus, cingulate cortex, frontal
cortex and the thalamic nuclei in rats with generalized seizures [20].
The brain regions; somatosensorial cortex (SSCx), reticular thalamic
nucleus (Rt), ventrobasal thalamus (VB), centromedial nucleus (CM)
and lateral geniculate nucleus (LGN) of thalamus were associated with
absence epilepsy [21,22]. The SWDs exhibited in the absence epilepsy
are especially known to be initiated at cortical perioral sites in the SSCx
[23] and synchronized and paced in the thalamic level, including Rt
and VB [24–26]. CM has been shown to be degenerated on the course of
absence epilepsy in WAG/Rij model [27]. The findings of increased
calcium current found in LGN in absence epilepsy models compared to
the controls and the spindle like activity produced by LGN was sub-
stituted by SWDs upon the application of penicillin, suggest that CM
and LGN can be the contributors to the absence epilepsy pathology
[28,29].

In this project, we aimed to investigate the effects of prenatal caf-
feine exposure on the convulsive seizure thresholds and seizure stages
in the Wistar and GAERS offsprings at PN30. For this purpose adult
female and male Wistar rats and GAERS consumed caffeine dissolved in
water before conception, during the gestational periods and lactation
period to detect whether caffeine can change the 70mg/kg PTZ-in-
duced seizure threshold in the offsprings in comparison with the control
offsprings exposed to tap water. Further, the c-Fos protein level which
was induced following seizure activity [16,30] was evaluated to de-
termine the effect of caffeine on the early post seizure modifications in
the molecular level in the SSCx, Rt, VB, CM and LGN in the same off-
springs.

2. Material and methods

2.1. Animals

All procedures performed on animals were approved by the Ethical
Committee for Experimental Animals of Marmara University, in com-
pliance with the EU Directive 2010/63/EU for animal experiments and
all efforts were made to minimize the discomfort that may arise as the
result of all experiments (Protocol no: 89.2015.mar). Adult Wistar
(n=4) and GAERS (n=4) female and male rats (3–4 months old,
300–350 g) were obtained from Experimental Research Animals Unit of
Marmara University Faculty of Medicine (DEHAMER) and the GAERS
breeding colony of the Department of Pharmacology and Clinical
Pharmacology of Marmara University School of Medicine, respectively.
The rats were housed in a temperature controlled (21 ± 3 °C) and a 12-
h light/dark cycle (lights on at 8 a.m.) room. For animal mating of each
group, Wistar and GAERS female and male rats were placed as 1 male
and 1 female in one cage. All animals were provided ad libitum food.
The male and female rats in caffeine group started to receive caffeine
dissolved in water and the control groups received tap water before
conception. Pregnant rats were exposed to caffeine dissolved in water
or tap water until the offsprings were weaned. All offspring groups were
injected with PTZ at PN30 to detect the PTZ induced seizure threshold
and seizure stages. The offspring groups were as follows: Group I:
Wistar control (tap water, n= 6). Group II: GAERS control (tap water,
n= 9). Group III: Wistar caffeine (caffeine dissolved in water, n= 6).
Group IV: GAERS caffeine (caffeine dissolved in water, n= 7).

2.2. Drugs

To evaluate the effect of prenatal and postnatal caffeine exposure on
the PTZ induced seizure thresholds of the offsprings, either caffeine
(Doga İlac., Batch Nr: 06788) which was dissolved in tap water (0.3 g/
L) or tap water alone were consumed by the adult animals orally before
conception, during the gestational periods and lactation period. The
offspring groups were weaned at PN28 and injected subcutaneously
(s.c.) with 70mg/kg PTZ dissolved in saline (Sigma Aldrich) on the day
of the experiment (PN30). The daily oral intake of caffeine (ml/day)
consumed by the adult females was recorded for Wistar or GAERS
caffeine groups.

2.3. Surgery

The offsprings of all groups were weaned on the PN28 and an-
esthetized with ketamine (100mg/kg, IP) and xylazine (10mg/kg, IP).
Each animal was placed in a stereotaxic frame (Stoelting Model 51600,
Stoelting Co., Illinois, USA). A longitudinal incision was cut over the
skull and four stainless steel screws with insulated wires of own pro-
duction were implanted bilaterally over the frontoparietal cortex for
cortical electroencephalography (EEG) recordings. The electrodes were
connected by insulated wires to a micro connector for the EEG re-
cordings. The electrodes and wires were covered by dental acrylic and
fixed to the skull.

2.4. Assessment of the PTZ induced seizures and EEG recordings

Two days after the electrode implantations, 70mg/kg of PTZ (s.c.)
was applied to the animals of all groups on PN30. PTZ was injected into
a loose fold of skin of rat in the midline of the neck. The animals were
placed in isolated cages to minimize stress and observed for the next
60min for the presence or absence of a seizure. The EEG was recorded
from all animals in the morning (from 9:00 am to 10:30 am), 30 min
before and 60min after the injection of PTZ.

The PTZ induced seizures were evaluated by behavioral seizure
intensity stages according to the modified Racine’s scale as previously
explained (Table 1) [31]. We have evaluated the stage 4–5 seizures as
generalized seizure activity. An animal not displaying stage 4–5 sei-
zures was considered to be “not generalized” and displaying stage 4–5
seizures considered as “generalized”. The PTZ injection can produce
behavioral arrest, staring, muscle twitches, myclonus-like jerks of limbs
and/or trunk followed by generalized clonic seizures (Stage 4) with
progression to tonic–clonic seizures (Stage 5) and straub tail [31]. This
behavioral seizure scoring was cross-checked and accompanied by the
seizure activities on the EEG. EEG was amplified through a BioAmp ML
136 amplifier, with band-pass filter settings at 1–40 Hz, recorded and
analyzed using Chart v7 program (PowerLab8S ADI Instruments, Ox-
fordshire, UK). Together with the behavioral seizure intensities, the
latency to the first stage 4–5 generalized seizure was evaluated and
considered as the seizure threshold.

Table 1
Seizure Intensity Stages Adapted From Modified Racine’s Scale.

Stage Behavior

0 Whisker trembling
1 Sudden behavioral arrest& motionless staring
2 Facial twitching with muzzle
3 Myoclonic jerks in body
4 Clonic seizure in a sitting position
5 Convulsions including clonic/tonic-clonic seizures while lying on belly/

side and/or pure tonic seizures

The revised seizure intensity scale, adapted to five stage scoring system in our
study [25].
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2.5. Tissue preparation

Rats were deeply anesthetized with intraperitoneal ketamine
(100mg/kg) and chlorpromazine (1mg/kg) and perfused transcardially
with 6–7ml of a heparin solution (1000 U/ml of 0.1 M PBS, pH 7.3) and
a fixative solution containing 4% paraformaldehyde 30min after the
application of PTZ [32]. Following fixation, the animals were decapi-
tated and the brains were removed. The brains were kept in 4% par-
aformaldehyde for overnight. After 48 h of incubation in 20% sucrose
solution at +4 °C (in 0.1 M PB) for cryoprotection, the samples were
kept at +4 °C until c-Fos protein staining. Series of coronal sections,
35 μm thick, were cut using a vibratome (VT 1000S, Leica). Free-
floating sections were placed in 6-well plate.

2.6. c-Fos protein immunohistochemistry

For the detection of c-Fos protein expression, the im-
munoperoxidase procedure was applied as follows. The sections were
rehydrated in 0.1% PBS (phosphate-buffered saline solution,
3× 5min). This washing procedure was repeated after 10-min in-
cubation in PBS containing 3% H2O2 at room temperature. Unspecific
binding was blocked with 10min incubation in 10% bovine serum al-
bumin in PBST (PBS-Tween 20) at room temperature. After washing,
the primary antibody (1:1000 polyclonal goat anti-c-Fos, Sigma
Aldrich, F7799) was applied for 2 h at 37 0C. The unbound antibody
was removed by washing in PBS and the sections were incubated with
the secondary antibody (Universal Kit, Scy Tek Laboratories, ABN125)

as instructed. c-Fos immunoreactivity was detected by incubation in
diaminobenzidine solution (Vector Laboratories, DAB Peroxidase
Substrate Kit SK-4100). The sections were mounted on microscopic
glass slides (SuperFrost Plus, Faust, Switzerland).

2.7. Quantification of c-Fos protein expressing neurons

The location of the SSCx, Rt, VB, CM and LGN were identified ac-
cording to the rat brain atlas by Paxinos and Watson [33]. Four serial
sections from each region (SSCx, Rt, VB, CM and LGN) with standard
X10 magnification was photographed using AxioCam, Carl Zeiss AG.
The sections of SSCx were obtained between bregma -0.60 and -3.2, Rt
were between bregma -1.3 and -2.5, VB were between bregma -2.4 and
3.9 mm, CM were between bregma -1.8 and -3.2 and LGN were between
bregma -3.3 and -4.3.

The numbers of c-Fos positive neurons were expressed as cell
counts/per unit area from the photographs using Image-J program
(Wayne Rasband, NIH, USA). Then the average cell counts/per unit
from the four sections were calculated. The mean value of the cell
counts/per unite area of each animal was used for statistical analysis.

2.8. Statistical analysis

All statistical analyses were performed with GraphPad Prism version
5.00 (GraphPad Software, San Diego, USA). For statistical comparisons
of the maximum stage of seizures attained with PTZ and the latencies to
the first generalized seizures one-way ANOVA followed by the Tukey’s

Fig. 1. A) Percentage of offsprings that reached generalized or not generalized seizures following PTZ injection. The generalized seizures are the stage 4–5 seizures
according to the modified Racine’s scale. B) The maximum reached seizure stages in all groups. Data are expressed as mean ± SEM (n=number of individual rats).
Ordinary one-way ANOVA of variance.
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post-hoc test or Student’s t-test were used. For the statistical analysis of
c-Fos protein levels, two-way ANOVA of variance followed by Tukey’s
post-hoc test were used.

All data were expressed as the mean ± SEM. Difference of
p < 0,05 was considered to be statistically significant.

3. Results

The mean daily intake of caffeine dissolved in water (ml/day)
during gestational periods and lactation for adult females were as fol-
lows; Wistar caffeine: 96.73 ± 5.34ml and GAERS caffeine:
81.67 ± 5.75ml.

3.1. PTZ induced seizures and EEG recordings

None of the GAERS pups had matured SWDs that are identified with
≥ 1 s in the duration, a train of SWDs (7–11 Hz) and the amplitude of at
least twice the background amplitude of the EEG.

3.1.1. The maximum stage of seizures in animals
PTZ elicited non-generalized clonic seizures of facial, forelimb and

trunk muscles and/or subsequently generalized tonic-clonic seizures. In
Wistar control group 5 out of 6 animals and in Wistar caffeine group, all
of the 6 animals exhibited generalized seizures. In GAERS control group
8 out of 9 rats and in the GAERS caffeine group 6 out of 7 rats exhibited
generalized seizures (Fig. 1A).

There was no difference between groups for the maximum reached
stage of seizures following PTZ induction. The maximum reached stage
of seizures in each group were as follows: Wistar control 4.67 ± 0.33,
Wistar caffeine 5 ± 0, GAERS control 4.33 ± 0.24, and GAERS caf-
feine 4.29 ± 0.29 (Fig. 1B). One animal in each of the Wistar control,
GAERS control and GAERS caffeine groups did not reach a generalized
seizure stage 4 or 5 (Fig. 1A).

3.1.2. The latency to the first generalized seizure
The latency to the first stage 4–5 generalized seizures in groups

were as follows: Wistar control 3.40 ± 0.68min; Wistar caffeine
1.53 ± 0.49min; GAERS control 4.71 ± 1.82min, and GAERS caf-
feine 6.52 ± 2.48min. Wistar caffeine group reached to a generalized
seizure stage earlier than the Wistar control group (p < 0.05) (Fig. 2).
There was also a statistical significance between Wistar and GAERS
caffeine groups. GAERS caffeine group had a longer latency comparing
to the Wistar caffeine group (p < 0.05) (Fig. 2). Although GAERS
caffeine group showed a slightly longer latency comparing to the
GAERS control group there was no statistical significance.

3.2. c-Fos protein levels in SSCx, Rt, VB, CM and LGN

The SSCx of Wistar caffeine rats expressed significantly lower c-Fos
than the Wistar control group. A similar statistically significant result
was also observed between GAERS control and the caffeine groups
(Fig. 3). GAERS caffeine group had lower c-Fos protein expression than
the GAERS control group. Another statistically significant difference for
c-Fos protein expression was between Wistar and GAERS caffeine
groups. The SSCx of GAERS caffeine rats expressed lower c-Fos com-
pared to the Wistar caffeine rats (p < 0.05) (Fig. 3). The expression of
c-Fos in the Rt, VB and LGN regions of GAERS caffeine rats was sig-
nificantly lower than GAERS control group. The comparison of Wistar
and GAERS caffeine groups showed that GAERS caffeine rats expressed
significantly lower c-Fos compared to the Wistar caffeine group in these
brain regions (p < 0.05) (Fig. 3).

A statistically significant difference was found in the c-Fos protein
activity in GAERS control group compared to the Wistar control group
in the CM thalamic nucleus. c-Fos protein activity of GAERS control
group was lower than Wistar control group. Further, GAERS caffeine
rats expressed significantly lower c-Fos than the GAERS control group
in CM. Comparison of Wistar and GAERS caffeine groups showed that
GAERS caffeine group expressed significantly lower c-Fos in the CM
compared to Wistar caffeine group (p < 0.05) (Fig. 3).

4. Discussion

The main outcomes of this study are as follows: (1) The Wistar
caffeine group showed a statistically significant shorter latency to reach
a stage 4–5 seizure compared to the Wistar control group; (2) The
GAERS caffeine group had a longer latency to reach a stage 4–5 seizure
compared to the Wistar caffeine group but not with GAERS control
group; (3) c-Fos protein expression was lower in the GAERS caffeine
group compared to the GAERS control group in all regions (SSCx, Rt,
VB, CM and LGN); (4) c-Fos protein expression was significantly lower
in the GAERS caffeine group than the Wistar caffeine group in all re-
gions.; (5) Finally, the only difference for c-Fos protein expression be-
tween Wistar control and GAERS control rats was in CM, where the
GAERS control rats expressed less c-Fos protein than the Wistar control
rats.

The results of the latency to the stage 4–5 generalized seizures,
between Wistar control and caffeine rats at PN30 were in line with the
studies that the caffeine decreased the seizure threshold in chemical
seizure models [34–36]. We have indicated in this study that GAERS
offsprings prenatally exposed to caffeine showed a delayed generalized
PTZ induced motor seizure compared to the Wistar offsprings at PN30.
The adult GAERS rats were shown to have a higher incidence of PTZ
induced motor seizures with systemic application of 25mg/kg or higher
doses of PTZ [37]. In this study we evaluated the latency to the first
generalized seizure in GAERS at PN30 when they were in the pre-epi-
leptic or non-epileptic phase which they showed a delayed onset to PTZ
induced generalized seizures. This may be related with the resistance
mechanisms that may be due to the developmental course of absence
epilepsy and genetic orientations of GAERS [38]. Another factor to
consider is that there is a known increased threshold for seizures in the
rats since they require higher doses of PTZ due to their age [39]. The
experiments in the rats prenatally exposed to caffeine revealed that this
increased seizure thresholds can persist into adulthood, as well [40].

The c-Fos as a marker of neuronal activation, is being widely used in
experimental neurological studies, including seizures [41–43]. Al-
though c-Fos has been shown to be induced following PTZ [17], in Glu8
knockout model the thalamic nuclei expressed lower c-Fos upon the
application of PTZ [44]. Although following PTZ induced seizures,
offsprings of GAERS caffeine group showed significant reductions in the
expressions of c-Fos comparing to the control group in all brain regions
(SSCx, Rt, VB, CM and LGN), there was a significant reduction in c-Fos
protein expression only in the SSCx of the offsprings of Wistar caffeine

Fig. 2. The latency to the first generalized seizure following PTZ injection. Data
are expressed as mean ± SEM (n=number of individual rats). Ordinary one-
way ANOVA of variance. *p < 0.05, unpaired t-test (one-tailed).
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group compared to Wistar control group. The relationship between
caffeine and c-Fos is controversial in the literature. For instance, Sin-
gewald et al., reported that anxiogenic drugs administration showed no
significant difference in the c-Fos protein level in the SSCx of Sprague
Dawley rats [45]. However, there are studies which showed that caf-
feine induced the expression of c-Fos mRNA in SSCx of the rat [46,47].
The controversial results can be due to the lack of reflection on the c-
Fos protein levels although c-Fos gene expression are induced im-
mediately.

In the present study it is interesting that GAERS control rats showed
significant reduction in c-Fos protein levels in the pre-epileptic phase
(PN30) compared to the Wistar control in the CM. Further, neuronal
death has been reported in the CM of WAG/Rij rat [25].

The EEG evidence in humans suggests that CM participates in the
propagation of absence seizure activity [48]. The results of the present
study clearly shows involvement of CM in absence epilepsy.

Our results showed that the PTZ induced seizure threshold, the la-
tency to the first stage 4–5 generalized seizure, was higher in GAERS
caffeine group compared to Wistar caffeine group, the findings of lower
expression of c-Fos protein levels in GAERS caffeine than the Wistar
caffeine group can be considered to be consistent. Prenatal consump-
tion of caffeine was reported to induce alpha2 GABA(A) receptor sub-
unit mRNAs in the medulla of the offsprings however it did not induce
c-Fos protein expression normally evoked by hypoxia in rats [49]. In
our study caffeine exposed offsprings of GAERS had reduced c-Fos ex-
pression. In relation with the disruption of GABA receptor activity in
GAERS [37], caffeine may be considered to stimulate the GABAergic
activity in GAERS. Together with this finding, the Glu8 knockout model
study [44] may imply that the caffeine can act through the glutama-
tergic drive, the PTZ may bring to the scene.

Although in the literature both Wistar and Non-Epileptic Control
rats (NECs) strains are recommended to be used as double control to
GAERS [50], as a limitation to our study we could not compare our
results in NEC animals due to breeding constraints. On the other hand,
NEC strain can show metabolic [51], behavioral [50] and GABAergic
differences possibly as a result of out casting/excluding other non-ab-
sence related genes by selective breeding [52]. Besides there are studies
that use Wistar controls as only control to GAERS in epilepsy research
[53,54].

5. Conclusion

Further studies are needed for the investigation of why GAERS
showed a different progress comparing to the Wistar which may be be
partially related with the seizure generating areas in GAERS and pos-
sibly through c-Fos mediated pathways. The evaluation of the cogni-
tive, behavioral effects of prenatal caffeine exposure in epilepsy will be

valuable as well.
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