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BACKGROUND AND PURPOSE
Two of the most relevant unmet needs in epilepsy are represented by the development of disease-modifying drugs able to
affect epileptogenesis and/or the study of related neuropsychiatric comorbidities. No systematic study has investigated the
effects of chronic treatment with antipsychotics or antidepressants on epileptogenesis. However, such drugs are known to
influence seizure threshold.

EXPERIMENTAL APPROACH
We evaluated the effects of an early long-term treatment (ELTT; 17 weeks), started before seizure onset (P45), with fluoxetine
(selective 5-HT-reuptake inhibitor), duloxetine (dual-acting 5-HT-noradrenaline reuptake inhibitor), haloperidol (typical
antipsychotic drug), risperidone and quetiapine (atypical antipsychotic drugs) on the development of absence seizures and
comorbid depressive-like behaviour in the WAG/Rij rat model. Furthermore, we studied the effects of these drugs on
established absence seizures in adult (6-month-old) rats after a chronic 7 weeks treatment.

KEY RESULTS
ELTT with all antipsychotics did not affect the development of seizures, whereas, both ELTT haloperidol (1 mg·kg−1 day−1) and
risperidone (0.5 mg·kg−1 day−1) increased immobility time in the forced swimming test and increased absence seizures only in
adult rats (7 weeks treatment). In contrast, both fluoxetine (30 mg·kg−1 day−1) and duloxetine (10–30 mg·kg−1 day−1) exhibited
clear antiepileptogenic effects. Duloxetine decreased and fluoxetine increased absence seizures in adult rats. Duloxetine did
not affect immobility time; fluoxetine 30 mg·kg−1 day−1 reduced immobility time while at 10 mg·kg−1 day−1 an increase was
observed.
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CONCLUSIONS AND IMPLICATIONS
In this animal model, antipsychotics had no antiepileptogenic effects and might worsen depressive-like comorbidity, while
antidepressants have potential antiepileptogenic effects even though they have limited effects on comorbid depressive-like
behaviour.

Abbreviations
DLX, duloxetine; dSWDs, mean SWDs total duration for a 30 min epoch; ELTT, early long-term treatment; FLX,
fluoxetine; FST, forced swimming test; GAERS, genetic absence epilepsy rats from Strasbourg; HAL, haloperidol; nSWDs,
number of SWDs; QTP, quetiapine; RISP, risperidone; sSWD, SWDs mean single duration; SWDs, spike-wave discharges;
WAG/Rij rats, Wistar Albino Glaxo/Rijswijk rats

Introduction
The relationship between epilepsy and psychiatric disorders
has been known since ancient times, and the most frequent
psychiatric comorbidities in epilepsy are represented by
depressive disorders and anxiety (Kanner et al., 2012; Sankar
and Mazarati, 2012).

Absence epilepsy is a generalized non-convulsive form of
epilepsy, characterized by a paroxysmal loss/decrease in con-
sciousness level associated with bilateral synchronous spike-
wave discharges (SWDs) on the EEG. It represents a common
form of epilepsy accounting for 10% of all epilepsies in chil-
dren 15 years and younger (Berg et al., 2014), and is generally
responsive to currently available medical treatment although
10% of patients do not attain complete seizure suppression
with ethosuximide or valproic acid (Perucca, 2001). Further-
more, absence epilepsy has been recently associated with
behavioural, affective and cognitive disturbances that may
persist in adulthood (Caplan et al., 2008; Vega et al., 2010).

Rats of the Wistar Albino Glaxo/Rijswijk rats (WAG/Rij)
strain display spontaneous absence-type seizures that are
accompanied by generalized SWDs morphologically similar
to human absence seizures (van Luijtelaar and Zobeiri, 2014).
WAG/Rij rats, further than being validated as an animal
model of absence epilepsy, have been more recently recog-
nized as an animal model of mild depression (dysthymia)
with decreased investigative activity in the open field test,
increased immobility in the forced swimming test (FST), and
decreased sucrose consumption/preference (anhedonia);
therefore, this strain is generally considered a good model of
genetic absence epilepsy with comorbid depressive-like symp-
toms (Sarkisova et al., 2010; Sarkisova and van Luijtelaar,
2011; Russo et al., 2013a). Finally, WAG/Rij rats have been
recently indicated as a relevant animal model of genetically

determined epileptogenesis (Blumenfeld et al., 2008; Russo
et al., 2011a; 2013b). More specifically, WAG/Rij rats, as well
as genetic absence epilepsy rats from Strasbourg (GAERS), are
genetically prone to develop spontaneous absence seizures
during their lifespan with only few early immature SWDs
appearing on the EEG (WAG/Rij rats after P50 and GAERS
probably earlier), which increase in number and duration
with ageing also changing their morphology to become fully
matured and expressed in all rats of the strain only after 2–3
months of age (van Luijtelaar et al., 2011; 2014; Dezsi et al.,
2013). In this light, both strains of rats can be considered
models of epileptogenesis where an early intervention can
modify the underlying process and the future development
of the genetically determined phenotype (Blumenfeld et al.,
2008; Giblin and Blumenfeld, 2010; Pitkanen and Engel,
2014; White and Loscher, 2014).

Clinical and experimental studies suggest that imbalances
in neurotransmitter systems (i.e. GABA, glutamate,
noradrenaline, 5-HT and dopamine) commonly observed in
people with epilepsy may contribute to the development of
comorbid psychiatric disorders in these patients (Kanner
et al., 2012; Sankar and Mazarati, 2012).

Previous behavioural and electrophysiological studies
have demonstrated functional deficits in the brain dopamin-
ergic system in WAG/Rij rats responsible for depressive-like
behaviour (Sarkisova et al., 2008; 2013). A dopaminergic
pathway is also associated to the pathophysiology of epilep-
sies; namely, a decrease in inhibitory dopaminergic activity
predisposes to hyperexcitability and epilepsy (Ciumas et al.,
2008). Furthermore, earlier clinical data showed that antip-
sychotic drugs may aggravate absence seizures (Itil and
Soldatos, 1980). As the brain dopaminergic system is one of
the main targets for neuroleptic drugs, an unknown dysfunc-
tion of the brain dopaminergic system was proposed to exist
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in absence epilepsy patients; it was found that the dopamine
transporter gene is specifically altered in human patients with
idiopathic generalized absence epilepsy. Thus, hypothetically,
altered reuptake of dopamine would contribute to enhanced
network excitability, and consequently, to a lower threshold
for SWDs to occur (Sander et al., 2000). Finally, systemic
administration of dopamine antagonists such as haloperidol
aggravate SWDs while apomorphine (dopamine agonist) and
aripiprazole (dopamine partial agonist) reduce SWDs (de
Bruin et al., 2000; Deransart et al., 2000; Russo et al., 2013a).

5-HT, another monoamine implicated in depression, also
modulates seizure susceptibility and may be involved in at
least some aspects of depression and epilepsy comorbidity
(Richerson and Buchanan, 2011; Cardamone et al., 2013;
Hamid and Kanner, 2013). Epidemiological evidence sup-
ports the idea that depression and other psychopathologies
represent a risk factor for the development of seizures and
epilepsy (Hesdorffer et al., 2012), and that antidepressant
treatment may influence epilepsy onset (Hesdorffer et al.,
2012); new emerging theories propose that depression and
epilepsy may share common pathogenesis mechanisms
(Kanner, 2012; Kanner et al., 2012; Sankar and Mazarati,
2012). There is growing evidence that 5-
hydroxytryptaminergic neurotransmission modulates
experimentally-induced seizures and is involved in the
enhanced seizure susceptibility observed in some genetically
epilepsy-prone rodent models (Gerber et al., 1998;
Filakovszky et al., 1999; Citraro et al., 2011; Sankar and
Mazarati, 2012; Cardamone et al., 2013; Hamid and Kanner,
2013).

Generally, agents that elevate extracellular 5-HT levels,
such as 5-hydroxytryptophan and 5-HT reuptake blockers,
inhibit both limbic and generalized seizures (Prendiville and
Gale, 1993; Yan et al., 1994b). Conversely, depletion of brain
5-HT lowers the threshold to audiogenically, chemically
and electrically evoked seizures (Lazarova et al., 1983;
Statnick et al., 1996a). Notably, high doses of pro-5-
hydroxytryptaminergic agents alone, or more commonly, in
combination, can cause 5-HT syndrome, which is mainly
characterized by altered mental status, autonomic stimula-
tion and neuromuscular excitation including seizures (Boyer
and Shannon, 2005).

5-Hydroxytryptaminergic neurotransmission also seems
to play an important role in the generation and maintenance
of epileptic activity in WAG/Rij rats (Filakovszky et al., 1999;
Jakus et al., 2003; Graf et al., 2004). 5-HT regulates (either
increase or decrease depending on receptor subtype) SWDs in
absence epilepsy through various different 5-HT receptors
(Jakus et al., 2003; Graf et al., 2004) acting on the compo-
nents of the thalamocortical loop generating absence seizures
in this strain of rats.

In WAG/Rij rats, chronic injection (15 days) of the tricy-
clic antidepressant imipramine induced a therapeutic (anti-
depressant) effect on depressive-like behaviour with a
decrease in the duration of immobility and an increase in the
duration of swimming in the FST and increase in sucrose
consumption/preference (Sarkisova et al., 2008). WAG/Rij
rats also respond to chronic (15 days) fluoxetine treatment;
however, in WAG/Rij rats, fluoxetine is less effective than
imipramine in the FST and in the sucrose consumption/
preference test (Sarkisova and Folomkina, 2010).

Previous clinical and experimental studies have examined
the effects of antidepressant and antipsychotic drugs on
seizure frequency, but only few have considered the effects of
these drugs on epileptogenesis, the neurobiological process
underlying the development of chronic spontaneous seizures
(Cardamone et al., 2013; Hamid and Kanner, 2013; Pitkanen
et al., 2013).

The current study was designed to answer to the following
questions: (i) does early long-term treatment (ELTT) with
some antipsychotics (haloperidol, risperidone, quetiapine)
and antidepressants (fluoxetine and duloxetine) affect epilep-
togenesis (absence seizures development) in WAG/Rij rats?
(ii) Do these drugs have an effect on absence seizures (SWDs
parameters) in WAG/Rij rats? (iii) Would these drugs affect
the development of comorbid depressive-like behaviour?

Methods

Animals
Male WAG/Rij rats were used (n = 160). Rat progenitors (60
male and 20 female) were originally purchased from Charles
River Laboratories s.r.l. (Calco, Lecco, Italy) at a body weight
of ∼60 g (4 weeks old). Animals were housed three/four per
cage and kept under controlled environmental conditions (60
± 5% humidity; 22 ± 2°C; 12/12 h reversed light/dark cycle;
lights on at 20:00 h). Female rats (n = 20) at 10 weeks of age
were placed with same-age group males for mating, as previ-
ously described (Citraro et al., 2014). Dams of all strains were
housed two per cage, whereas, all offspring after weaning
(P21) were housed three/four per cage. Animals were allowed
free access to food and water until the time of the experi-
ments. Procedures involving animals and their care were con-
ducted in conformity with international and national law
and policies (EU Directive 2010/63/EU for animal experi-
ments and the Basel declaration including the 3R concept).
The experimental protocols and procedures described in this
paper were approved by the local ethical committee of the
University of Catanzaro. All efforts were made to minimize
animal suffering and to reduce the number of animals used.
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Drug administration protocol
Antipsychotic drugs used were: haloperidol (Sigma-Aldrich,
Milan, Italy), risperidone (Janssen Cilag, Cologno Monzese,
Milan, Italy) and quetiapine (Astra Zeneca, Basilio, Milan,
Italy). Antidepressant drugs used were: fluoxetine (fluoxetine
DOC 20MG 28 CPS; DOC Generici S.r.l., Milan, Italy) and
duloxetine (Cymbalta; 60MG 28 CPS, Eli Lilly SpA, Sesto
Fiorentino, Florence, Italy).

Haloperidol (1 mg·kg−1 day−1), risperidone (0.5 mg·kg−1

day−1), quetiapine (10 mg·kg−1 day−1), fluoxetine (10 and
30 mg·kg−1 day−1) and duloxetine (10 and 30 mg·kg−1 day−1)
were administered p.o. Final solutions of all drugs used were
obtained by adding the desired dose of the drug to 120 mL of
drinking water, as previously reported (Russo et al., 2011a).
The dose was calculated on the evidence that rats drink on
average 12 mL 100 g−1 day−1; this was further confirmed by
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checking the volume drunk by rats, as previously described
(Russo et al., 2013b). Water bottles were wrapped in silver foil
to exclude light and solutions were freshly prepared and
replaced three times a week.

Drug doses were chosen according to previous publica-
tions; with chronic (long term) treatment no obvious side
effects were reported and effects on seizures were reported
(de Bruin et al., 2001; Jakus et al., 2003; Dobryakova et al.,
2011; Citraro et al., 2015); furthermore, such doses are repre-
sentative of the doses used in patients (see Discussion and
conclusions).

In the present study, we tested (i) the effects of antipsy-
chotics and antidepressants treatment on both the epilepto-
genic process underlying the development of absence seizures
and depressive-like behaviour (FST) in WAG/Rij rats and (ii)
the effects of a chronic adult treatment (7 weeks) on estab-
lished absence seizures in adult (started at 6 months of age)
WAG/Rij rats.

To evaluate the possible antiepileptogenic effects (ELTT),
WAG/Rij rats were randomly divided into seven groups (n =
10 for each drug and dose) and drug administration was
started at P45 (before seizure onset, which occurs around P60)
up to the age of ∼5 months (17 weeks of treatment), then
drug treatment was suspended and animals were normally
housed (see housing conditions reported earlier) up to the age
of 6 months when they were experimentally evaluated (see
section Surgery and EEG recordings). Age-matched male
control rats (n = 10 WAG/Rij rats) were kept under the same
housing conditions over the same period of time (Citraro
et al., 2013b).

To evaluate the effects of chronic treatment on adult
(previously untreated) WAG/Rij rats, different groups (n = 10

for each drug and dose) of rats were administered drugs p.o.
(see earlier) for 7 consecutive weeks and tested the last day of
administration and after 2 weeks of treatment discontinua-
tion. Figure 1 depicts a simplified version of the experimental
protocol.

Surgery and EEG recordings
All WAG/Rij rats, at the age of 6 months, were chronically
implanted, under anaesthesia obtained by administration
of a mixture of tiletamine/zolazepam (1:1; Zoletil 100®;
50 mg·kg−1 i.p.; VIRBAC Srl, Milan, Italy), using a Kopf stere-
otaxic instrument, with five cortical electrodes for EEG record-
ings. The level of anaesthesia was assessed by loss of righting
reflex. Stainless-steel screw electrodes were implanted on the
dura mater over the cortex: two in the frontal region (AP = −2;
L = ±2.5) and two in the parietal region (AP = −6; L = ±2.5), as
previously described (Citraro et al., 2013a). The ground elec-
trode was placed over the cerebellum. All animals were allowed
at least 1 week to recover and handled twice a day.

Rats were attached to a multichannel amplifier (Stellate
Harmonie Electroencephalograph; Montreal, QC, Canada) by
a flexible recording cable and an electric swivel, fixed above
the cages, permitting free movements for the animals. Rats in
the ELTT groups underwent three recording periods for 3
consecutive days. In rats in the chronic (7 weeks, treatment
started at 6 months of age) treatment groups, EEG s were
recorded only at the end of the seventh week of treatment
and 2 weeks after discontinuation. All recordings started at
09:00 h and lasted 3 h without further administration of any
drug for every group.

All EEG signals were amplified and conditioned by ana-
logue filters (filtering: below 1 Hz and above 30 Hz at 6 dB per

Figure 1
Schematic representation of experimental protocol. P45, 45 days of age.
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octave) and subjected to an analogue-to-digital conversion
with a sampling rate of 300 Hz. The blinded quantification of
absence seizures was based on the number and the duration
of EEG SWDs, as previously described (Russo et al., 2011b;
2012). In order to assess the long-term treatment effects of the
drugs, every recording session was divided into 30 min
epochs; the cumulative SWD duration and number per epoch
were calculated and presented as means ± SEM in Table 1.

FST
The FST is one of the most widely used tests for evaluating
depressive-like behaviour in animals and for screening anti-
depressant drug action in rodents, even though many limi-
tations are known (Nestler and Hyman, 2010). All tests were
carried out with the support of EthoVision software and
equipment from Noldus (Wageningen, The Netherlands), as
previously described (Russo et al., 2013a). Briefly, rats were
placed individually for 6 min into glass cylinders (height:
26.5 cm; diameter: 16.5 cm) containing 15 cm of water,
maintained at 22–23°C. The total duration of immobility was
recorded during the last 4 min of a 6 min testing period. The
total duration of immobility, including passive swimming,
was measured by EthoVision software for all groups. The
criterion for passive swimming was floating vertically in the
water while making only those movements necessary to keep
the head above the water. After the FST, animals were
removed and dried with a towel before being placed in their
home cages. In every experimental animal group evaluated,
the test was started at 09:00 h and finished before 11:00 h in
order to avoid possible circadian alteration of test results
(Russo et al., 2013b). Mean swimming velocity was also sta-
tistically analysed for every experimental group in order to
check for any obvious locomotor impairment, which could
influence the test.

Statistical analysis
All statistical procedures were performed using the Statistical
Package for the Social Sciences (SPSS) 15.0.0 software (SPSS,
Inc., Chicago, IL, USA). EEG recordings were subdivided into
30 min epochs, and the duration and number of SWDs were

treated separately for each epoch. Such values were averaged
and data obtained are expressed as mean ± SEM for each
compound. Animal groups were compared by one-way ANOVA,
the treatment being the only variable, followed by a post hoc
Bonferroni test for the ELTT groups and Tukey’s post hoc test
for chronic treatment. Immobility times in the FST were
compared by one-way ANOVA followed by Bonferroni’s post hoc
test. All tests used were two-sided and P ≤ 0.05 was considered
significant.

Results

Effects of ELTT with antipsychotic and
antidepressant drugs on the development of
SWDs in WAG/Rij rats
The EEG recordings’ analysis of control WAG/Rij rats, at 6
months of age, revealed that in this group, the mean number
of SWDs (nSWDs) for a 30 min epoch was 6.04 seizures with
a mean total duration (dSWDs) of 55.75 s and a mean single
duration (sSWD) of 7.19 s (Table 1).

ELTT with haloperidol (1 mg·kg−1 day−1), risperidone
(0.5 mg·kg−1 day−1) or quetiapine (10 mg·kg−1 day−1), for 17
consecutive weeks, had no effect on the development of
spontaneous absence seizures in WAG/Rij rats; therefore,
these drugs were not able to modify the epileptogenic process
(Table 1).

In contrast, ELTT with fluoxetine (30 mg·kg−1 day−1) and
duloxetine (10 and 30 mg·kg−1 day−1) significantly reduced
the development of absence seizures in adult WAG/Rij
rats (one-way ANOVA followed by Bonferroni’s post hoc test;
P < 0.05: Table 1).

Chronic treatment with fluoxetine at a dose of 10 mg·kg−1

day−1 was not able to significantly reduce the development of
absence seizures (Table 1).

Effects of chronic (7 weeks) treatment with
antipsychotic and antidepressant drugs on
absence seizures in adult WAG/Rij rats
Analysis of EEG recordings from adult WAG/Rij rats on the
last day of chronic treatment (7 weeks) revealed that

Table 1
Effects of ELTT with antipsychotic and antidepressant drugs on SWD parameters recorded in WAG/Rij rats at 6 months of age

Animal group (n = 10) nSWDs dSWDs (s) sSWD (s)

Recordings at 6 months of age (1 month after the end of drugs long-term treatment)

Control group 6.04 ± 1.09 55.75 ± 15.71 7.19 ± 2.57

QTP-treated group (10 mg·kg−1 day−1) 5.83 ± 0.77 53.51 ± 11.67 6.72 ± 0.73

HAL-treated group (1 mg·kg−1 day−1) 6.51 ± 1.35 47.99 ± 9.93 6.31 ± 0.70

RISP-treated group (0.5 mg·kg−1 day−1) 6.5 ± 1.16 51.19 ± 10.51 6.3 ± 0.51

FLX-treated group (10 mg·kg−1 day−1) 5.95 ± 1.81 49.46 ± 12.3 7.31 ± 1.36

FLX-treated group (30 mg·kg−1 day−1) 3.25 ± 0.71* 32.98 ± 9.44* 7.73 ± 2.95

DLX-treated group (10 mg·kg−1 day−1) 4.91 ± 0.89* 25.79 ± 4.35* 5.25 ± 0.87*

DLX-treated group (30 mg·kg−1 day−1) 3.78 ± 1.24* 24.72 ± 6.42* 4.58 ± 0.88*

Data marked with * are significantly different (P < 0.05) from control group.
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haloperidol (1 mg·kg−1 day−1) and risperidone (0.5 mg·kg−1

day−1) significantly (P < 0.05) increased the number and dura-
tion of SWDs in WAG/Rij rats; whereas, quetiapine
(10 mg·kg−1 day−1) had no significant effects on SWDs param-
eters in comparison with the control group (Table 2).

On the last day of treatment, chronic oral administration
of fluoxetine, at both doses (10 and 30 mg·kg−1 day−1), showed
a significant (P < 0.05) proabsence effect. Duloxetine
(30 mg·kg−1 day−1) significantly (P < 0.05) reduced absence
seizure, decreasing every SWD parameter in the EEG record-
ings; whereas, duloxetine at the dose of 10 mg·kg−1 day−1 had
no effects (Table 2).

Two weeks after the suspension of all drug treatments
used, all SWDs parameters returned to baseline levels with no
enduring effects (Table 2).

Effects of antipsychotic and antidepressant
drugs on depressive-like behaviour in
WAG/Rij rats
ELTT with either haloperidol (1 mg·kg−1 day−1) or risperidone
(0.5 mg·kg−1 day−1) significantly increased immobility time in
the FST. This increase was accompanied by a significant (P <
0.05) decrease in total distance moved, but not mean velocity
in comparison with their respective control group (data not
shown). In contrast, quetiapine treatment failed to influence
the immobility time in FST (Figure 2).

In contrast, fluoxetine ELTT, at the dose of 30 mg·kg−1

day−1, significantly decreased immobility time in comparison

with control WAG/Rij rats, in agreement with a previous
report (Sarkisova et al., 2010). At odds with this, fluoxetine at
the dose of 10 mg·kg−1 day−1 increased the immobility time
exacerbating depressive-like behaviour. Finally, duloxetine
did not influence immobility time (Figure 2).

Discussion and conclusions

As recently underlined (Brooks-Kayal et al., 2013; Pitkanen
et al., 2013), two of the most relevant unmet needs in epi-
lepsy are represented by the study of disease-modifying drugs
able to positively affect both epileptogenesis and related neu-
ropsychiatric comorbidities. In this light, several advances
have been achieved in understanding some of the underlying
mechanisms; however, much more need to be addressed. In
this light, also absence epilepsies still suffer a lack of knowl-
edge on neuropsychiatric comorbidities, which affect more
than 20% of these patients; furthermore, the recent publica-
tion by Berg et al. (2014) supports the novel hypothesis that
ethosuximide might have disease-modifying properties in
childhood absence epilepsy, as previously demonstrated in
animal models (Blumenfeld et al., 2008; Russo et al., 2010;
2011a; Dezsi et al., 2013). These latter results justify the need
for further research in animal models of absence epilepsy in
order to define future development of drugs with disease-
modifying properties also including drug effects on the devel-
opment of neuropsychiatric comorbidity.

Table 2
Effects of chronic (7 weeks) treatment with antipsychotic and antidepressant drugs on SWD parameters recorded in WAG/Rij rats both on the last
day of administration and after 2 weeks of treatment discontinuation

Animal group (n = 10) nSWDs dSWDs (s) sSWD (s)

Recordings on last day of chronic (7 weeks) treatment

Control group 6.89 ± 0.76 28.53 ± 8.32 4.06 ± 1.75

QTP-treated group (10 mg·kg−1 day−1) 5.89 ± 1.11 25.51 ± 9.93 3.53 ± 0.47

HAL-treated group (1 mg·kg−1 day−1) 11.89 ± 1.11* 73.51 ± 9.13* 6.23 ± 0.75*

RISP-treated group (0.5 mg·kg−1 day−1) 10.73 ± 1.16* 65.88 ± 6.78* 6.53 ± 0.47*

FLX-treated group (10 mg·kg−1 day−1) 9.56 ± 1.72* 67.33 ± 4.35* 7.35 ± 1.43*

FLX-treated group (30 mg·kg−1 day−1) 8.35 ± 0.59* 79.23 ± 7.43* 9.35 ± 0.94*

DLX-treated group (10 mg·kg−1 day−1) 5.98 ± 0.84 26.73 ± 6.45 3.98 ± 0.56

DLX-treated group (30 mg·kg−1 day−1) 2.98 ± 0.21* 9.23 ± 3.6* 2.1 ± 0.5*

Recordings at 2 weeks after termination of chronic treatment

Control group 6.36 ± 0.42 32.53 ± 7.93 5.21 ± 0.97

QTP-treated group (10 mg·kg−1 day−1) 5.4 ± 0.69 26.07 ± 6.5 4.56 ± 0.6

HAL-treated group (1 mg·kg−1 day−1) 5.89 ± 1.11 29.51 ± 9.93 5.08 ± 0.75

RISP-treated group (0.5 mg·kg−1 day−1) 5.73 ± 1.16 25.88 ± 6.78 4.53 ± 0.47

FLX-treated group (10 mg·kg−1 day−1) 4.98 ± 2.12 27.96 ± 5.05 4.9 ± 0.51

FLX-treated group (30 mg·kg−1 day−1) 5.82 ± 0.79 26.54 ± 2.62 4.45 ± 2.34

DLX-treated group (10 mg·kg−1 day−1) 6.33 ± 0.59 30.02 ± 7.01 5.02 ± 0.64

DLX-treated group (30 mg·kg−1 day−1) 4.99 ± 1.46 25.31 ± 7.48 4.31 ± 0.89

Data marked with * are significantly different (P < 0.05) from control group.
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WAG/Rij rats have recently gained new interest as a suit-
able animal model of epileptogenesis with comorbid
psychiatric symptomatology, making this model a feasible
opportunity to study drug effects on both (Brooks-Kayal et al.,
2013); although, the underlying mechanisms have not yet
been clarified (van Luijtelaar and Zobeiri, 2014; White and
Loscher, 2014).

The primary endpoint of our study was to evaluate the
potential effects of some antipsychotics and antidepressants
on epileptogenesis contemporarily evaluating their effects on
comorbid depressive-like behaviour. This topic finds a great
relevance in clinical practice, where, in some cases, it is nec-
essary to pharmacologically treat people with epilepsy for
comorbid neuropsychiatric disorders (prevalence rates
30–35%) (Kanner et al., 2012; Rai et al., 2012). Regarding
most of the drugs used in this field, above all in the past and
still for antipsychotics, it is widely accepted that within these
two drug classes, the risk of decreasing seizure threshold and
increase excitability is high (Hoppe and Elger, 2011;
Cardamone et al., 2013; Lertxundi et al., 2013).

Rationale for drug choice and relevance to
clinical practice
Several antipsychotics and antidepressants are currently
available for clinical use in a variety of diseases including
psychiatric comorbidity in people with epilepsy, which is
often unfortunately overlooked (Kanner, 2005). A strong link
exists between epilepsy and psychiatric disorders; many epi-
leptic patients have psychiatric disorders and conversely
depressed patients have a higher risk of becoming epileptic
(Kanner, 2011; 2012; Kanner et al., 2012). Within the two
drug groups, we have tried to select the most representative
also considering their mechanisms of action. haloperidol
may be considered as a prototype for typical antipsychotics
while both risperidone and quetiapine may represent the

group of atypical antipsychotics (i.e. clozapine and olanzap-
ine) with some differences between their mechanisms of
action (see later). Regarding antidepressant drugs, fluoxetine
is the prototype of selective 5-HT reuptake inhibitors (i.e.
paroxetine, sertraline and escitalopram) while duloxetine,
inhibiting both NA and 5-HT reuptake, was chosen in order
to also add relevant information on adrenergic neurotrans-
mission further than being a widely used antidepressant drug.

Drug doses were chosen according to previous publica-
tions with chronic (long term) treatment not inducing side
effects and with an effect on seizures (de Bruin et al., 2001;
Jakus et al., 2003; Dobryakova et al., 2011; Citraro et al.,
2015); furthermore, such doses are strongly linked to the
doses used in patients. Drug metabolism and elimination is in
most cases more efficient (faster) in rodents than in humans
and, therefore, in most cases, the final dose used in rats is
apparently much higher than the one used in clinical practice
for patients. Haloperidol is generally used in clinical practice
at daily doses up to 10 mg with plasma levels of about
5–10 nM; we have used a dose of 1 mg·kg−1, which might lead
to a final plasma level very similar to that which is attained in
patients according to previous studies with different doses
(Schmitt et al., 1999; Kapur et al., 2003). This is also in agree-
ment with haloperidol differences in half-life between
humans (about 24 h) and rats (about 1.5 h) (Cheng and
Paalzow, 1992). Risperidone is generally used in patients at a
dose of 4–6 mg day−1 with an expected plasma level of about
20 nM, which is in agreement with the measured plasma
level (39.36 nM) in rats after 7 days of risperidone treatment
at a dose of 1 mg·kg−1 (we have used half of this dose,
0.5 mg·kg−1) (Kapur et al., 2003). Quetiapine’s half-life (about
7 h) is identical between rats and humans (Nemeroff et al.,
2002), and the dose used (10 mg·kg−1 day−1) is very similar to
the one used in clinical practice (about 600–800 mg day−1)
(Cerullo and Strakowski, 2013). Fluoxetine is generally used

Figure 2
Effects of ELTT groups with antipsychotic and antidepressant drugs on immobility time in the FST in WAG/Rij rats at 6 months of age (1 month
after drug suspension). Immobility time expressed in s. Values are means ± SEM; data marked with * are significantly different (P < 0.05) from
control group. CTRL, control group.
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at 20–60 mg day−1 in patients; in a pharmacokinetic study, a
daily dose of 20 mg achieved a mean plasma concentration of
about 80 ng·mL−1 (Norman et al., 1993); this is in agreement
with the mean plasma concentration found in rats after 3
days of treatment with fluoxetine at a dose of 10 mg·kg−1

(McNamara et al., 2013). Duloxetine is used in patients at
range doses of 30–120 mg day−1 and a pharmacokinetic study
showed that, in patients, plasma levels ranged between 5 and
135 ng·mL−1 (mean 53.56 ng·mL−1) and plasma levels were
significantly correlated with efficacy, but also with signs of
anxiety and irritability at the highest concentrations
(Volonteri et al., 2010). No chronic treatment in rats, to the
best of our knowledge, has been published. In any case, the
choice of the doses used is supported by the efficacy of dulox-
etine and fluoxetine in the FST and other animal models of
depression in the range 5–40 mg·kg−1 (Reneric and Lucki,
1998; Wong, 1998; Lopez-Rubalcava and Lucki, 2000; Li et al.,
2013).

Effects of antipsychotics on absence seizures
and their development
Our results demonstrated that in the WAG/Rij rat model,
antipsychotic drugs (haloperidol, risperidone and quetiapine)
have no effects on the epileptogenic process when adminis-
tered early before seizure onset and, therefore, have no
antiepileptogenic effects. These data, together with our obser-
vation that the risperidone and haloperidol increase absence
seizures in adult (6 months old) epileptic WAG/Rij rats
(chronic quetiapine has no effects on absence seizures), may
suggest that these drugs should be avoided in patients at
risk of developing spontaneous seizures or with absence
seizures. Notably, the proabsence effects of both haloperidol
and risperidone were completely reversed 2 weeks after drug
withdrawal.

Antipsychotics mainly act through inhibition of dopa-
mine receptors while atypical antipsychotics also act on 5-HT
receptors (Correll and Kane, 2014). The dopamine system has
a seizure-modulating effect and antipsychotics lower seizure
threshold in people with epilepsy and promote seizures in
patients with no previous history of the disease (Pisani et al.,
2002; Lertxundi et al., 2013). Our data on the pro-absence
effects of haloperidol are in agreement with those obtained
by Midzianovskaia et al. (2001) in WAG/Rij rats. Different
data provide evidence towards changes in the dopamine
system in absence epilepsy models (Warter et al., 1988;
Midzianovskaia et al., 2001). While dopamine receptor
antagonists, such as haloperidol, enhance SWDs, conversely,
injection of the mixed dopamine D1/D2 receptor agonist apo-
morphine or the partial D2 receptor agonist aripiprazole
resulted in a reduction in absence seizures in WAG/Rij rats
(Midzianovskaia et al., 2001; Russo et al., 2013a). This phar-
macological reactivity to dopamine ligands may result from
their effects on the basal ganglia circuits known to modulate
SWDs (Deransart et al., 2000; van Luijtelaar and Zobeiri,
2014). Dopamine is thought to exert its influence on SWDs
through the interplay between the nigrostriatal and the mes-
olimbic systems and their output on the substantia nigra and
thalamus (Deransart et al., 2000). All together, these data
support the hypothesis that a dopamine insufficiency might
be involved in the pathogenesis of absence epilepsy; however,

antagonists of dopamine receptors might not influence epi-
leptogenesis (de Bruin et al., 2000; Deransart et al., 2000;
2001).

Effects of antidepressants on absence seizures
and their development
Early treatment before seizure onset with both fluoxetine and
duloxetine is able to reduce the development of spontaneous
absence seizures in adulthood showing, therefore, antiepilep-
togenic properties. Noteworthy, chronic fluoxetine treatment
in adult epileptic WAG/Rij rats is proabsence, while dulox-
etine reduces the number and duration of absence seizures.
Both drugs increase 5-HT brain levels by blocking its synaptic
transporter; furthermore, duloxetine also increases NA brain
levels acting as a double inhibitor of 5-HT and NA reuptake;
this difference might account for their divergent effects.

A growing body of evidence supports the role of 5-HT in
the regulation of seizure development, propagation and
maintenance (Trindade-Filho et al., 2008; Stefulj et al., 2010).
In general, studies on animal models, as well as on humans,
demonstrate an inverse correlation between extracellular
brain 5-HT levels and susceptibility to seizures, although
some exceptions have also been described (Bagdy et al.,
2007). Preclinical and clinical studies have shown that reduc-
tion of 5-HT concentration in the brain can enhance suscep-
tibility to seizures (Cavalheiro et al., 1994; Savic et al., 2004).
Some evidence would indicate that 5-HT deficiency might
also be involved in epileptogenesis (Favale et al., 2003; Stefulj
et al., 2010). Treatments that enhance 5-HT neurotransmis-
sion have been shown to exert anticonvulsant effects in a
wide variety of experimental models of generalized epilepsy
(Prendiville and Gale, 1993; Yan et al., 1994a; Bagdy et al.,
2007). Conversely, treatments that reduce brain 5-HT content
have a proconvulsant effect in the same models (Statnick
et al., 1996b). However, several controversies are present in
this field showing both anti- or pro-convulsant effects for
fluoxetine and other antidepressant drugs (Yan et al., 1994a;
Favale et al., 2003; Igelstrom, 2012).

Most of the studies done in this field examined the effect
of acute treatments, a methodological approach that proved
to be useful for analysing the participation of 5-HT in the
seizure threshold. However, acute treatments seem not to be
the best strategy to predict their effects in clinical practice as
they are prescribed on chronic basis. This distinction is really
important, considering that many of the mechanisms by
which antidepressants exert their therapeutic effects are only
seen after a prolonged administration and depend on the
induction of plastic changes in the central nervous system
(Manji et al., 2003).

The present study provides evidence that treatments
designed to increase extracellular 5-HT content might exert
antiepileptogenic effects in WAG/Rij rats, as previously sug-
gested (Russo et al., 2012). The proabsence effects after
chronic fluoxetine in adult epileptic WAG/Rij rats are in
agreement with previous reports (Gerber et al., 1998; Jakus
et al., 2003) and 5-HT seems to regulate SWDs in absence
epilepsy through various 5-HT receptors (Filakovszky et al.,
1999; Graf et al., 2004). Previous extracellular and intracellu-
lar recordings revealed that 5-HT and NA induce slow depo-
larization within the nucleus reticularis thalami neurons and
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potently inhibit burst firing; decrease in release of 5-HT may
promote the occurrence of rhythmic burst oscillations (Pape
and McCormick, 1989).

In our study, duloxetine differed from fluoxetine in its
effects both on established seizures in adult (7 weeks treat-
ment started in rats at the age of 6 months) WAG/Rij rats and
on comorbid depressive-like behaviour (see later). While
fluoxetine was proabsence, duloxetine showed some antiab-
sence effects at the highest dose used. Noteworthy, the effects
of both drugs were reversed by treatment withdrawal. The
difference likely lies in the different mechanism of action and
the ability of duloxetine to also block NA reuptake, and
therefore, increase NA neurotransmission. In agreement,
acute administration of venlafaxine, another selective 5-HT
and NA reuptake inhibitor, partially suppressed seizure sus-
ceptibility in mice (Ahern et al., 2006) and acute administra-
tion of NA reuptake inhibitors is typically anticonvulsant
(Yan et al., 1998; Ahern et al., 2006). Data obtained from
animal models of epilepsy showed that damage to NA path-
ways produces increased seizure susceptibility (Mishra et al.,
1994; Giorgi et al., 2004). Therefore, endogenous NA is a
critical inhibitor of seizure activity; stimulation of NA signal-
ling powerfully inhibits seizures, whereas depletion of NA
increases seizure susceptibility and accelerates epileptogenesis
in nearly every animal model tested (Weinshenker and Szot,
2002). No relevant data on the NA system in WAG/Rij rats are
currently available to draw conclusions on the different
effects of fluoxetine and duloxetine. Based on this knowl-
edge, duloxetine might represent a better choice in case of
fluoxetine-dependent increased hyperexcitability or in
patients with absence epilepsy.

Effects of antidepressants and antipsychotics
on the development of comorbid
depressive-like behaviour
We found that ELTT with fluoxetine or duloxetine had com-
pletely different effects. Duloxetine did not influence animal
behaviour while the highest dose (30 mg·kg−1 day−1) of fluox-
etine reduced immobility time in the FST possessing, there-
fore, antidepressant-like effects. Our results on fluoxetine are
partially in agreement with a previous study where it was
found that chronic, but not acute, fluoxetine treatment
reduced immobility time in the FST similarly to the results
observed in our study with the 30 mg·kg−1 dose (Sarkisova
and Folomkina, 2010).

Early studies on WAG/Rij rats’ depressive-like behaviour
demonstrated a relevant role for dopamine and less so for
5-HT. WAG/Rij rats exhibited elevated levels of cFos immedi-
ate early gene activation in multiple terminal regions for the
dopamine system, including the frontal cortex, nucleus
accumbens and striatum. Furthermore, administration of a
D2/D3 receptor agonist showed antidepressant-like activity in
the WAG/Rij rats, whereas a D2/D3 receptor antagonist exac-
erbated depressive phenotypes in the FST (Sarkisova et al.,
2003; 2008).

Lower levels of NA and dopamine were found in the
nucleus accumbens, prefrontal cortex and striatum and
increased density of D2-like dopamine receptors in the
nucleus accumbens and ventral tegmental area. Therefore, a
hypofunction of the mesolimbic dopamine system (nucleus
accumbens) was suggested to be the neurochemical mecha-

nism of depressive-like behaviour in WAG/Rij rats (Sarkisova
et al., 2013). More recently, some other papers supported the
relationship between absence seizures and depressive-like
behaviour in this strain, indicating that SWDs are necessary
for the development of depressive-like behaviour (Sarkisova
et al., 2010). However, depending on the drug used (i.e. lev-
etiracetam and zonisamide), even when the development of
absence seizures was reduced, immobility time was not influ-
enced (higher immobility time in comparison with non-
epileptic control rats) and this might be justified by other
effects possessed by the drug; in other words, a drug known to
induce depressive-like behaviour might have antiepilepto-
genic effects, but in this specific model where depressive-like
behaviour is linked to the development of absence seizures,
would also compensate the expected positive effects (reduc-
tion in immobility time) on behaviour without inducing
significant effects in the FST (Russo et al., 2011a,b; 2013b). In
this case, the data reported in the present paper supports the
idea that neither fluoxetine nor duloxetine are able to
prevent comorbid depressive-like behaviour directly and that
the observed effects for fluoxetine are only due to its effects
on the development of absence seizures. This is also sup-
ported by the fact that the lower fluoxetine dose used did not
have any effect on the development of absence seizure and
induced a pro-depressant-like effect.

Conclusions
The treatment of neuropsychiatric comorbidity in epilepsy is
a very actual topic, which has gained much attention in the
last decade (Brooks-Kayal et al., 2013). Concomitantly, the
use of drugs to treat comorbidity in people with epilepsy is a
daily need (Kerr et al., 2011). The role of these drugs in epi-
leptogenesis and their efficacy in people with epilepsy
deserves to be further investigated. Our study was both
limited by the number of drugs tested (within the groups of
antipsychotics and antidepressants there might be differences
between single molecules) and the fact that animal studies
might not be directly translated into clinical practice.
However, our data indicate that antipsychotics, while not
seeming to aggravate the epileptogenic process, are pro-
absence, which increases the number of seizures and might
worsen depressive-like comorbidity. Within the drugs tested
(haloperidol, risperidone and quetiapine), quetiapine seemed
to be the safest as it did not increase seizure occurrence or
aggravate depressive-like behaviour. On the other hand, the
two antidepressants, fluoxetine and duloxetine, showed
antiepileptogenic effects reducing the development of spon-
taneous seizures when treatment was started before seizure
onset. Between the two drugs, which differ in their mecha-
nism of action, duloxetine seemed to be safer as it was also
able to reduce established absence seizures in adult animals
while fluoxetine increased their incidence. However, only
fluoxetine was able to prevent the development of comorbid
depressive-like behaviour.
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