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Melatonin is a potent antioxidant which showed anticonvulsant activities both in experimental and clinical
studies. In the present study, we examined the effect of melatonin treatment (10 mg/kg/day, diluted in
drinking water, 8 weeks) during epileptogenesis on the consequences of a kainate (KA)-induced status
epilepticus (SE) in rats. Melatonin increased the latency in the appearance of spontaneous recurrent seizures
(SRSs) and decreased their frequency only during the treatment period. The behavioral alterations associated
with hyperactivity, depression-like behavior during the light phase, and deficits in hippocampus-dependent
working memory were positively affected by melatonin treatment in rats with epilepsy. Melatonin reduced
the neuronal damage in the CA1 area of the hippocampus and piriform cortex and recovered the decrease
of hippocampal serotonin (5-HT) level in rats with epilepsy. Taken together, long-term melatonin treatment
after SE was unable to suppress the development of epileptogenesis. However, it showed a potential in reduc-
ing some of the deleterious alterations that develop during the chronic epileptic state in a diurnal phase-
dependent mode.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Melatonin plays a modulatory role in the circadian rhythms of
body temperature, mood, and behavioral performance [1]. This hor-
mone exerts an inhibitory function in the central nervous system
(CNS) and exhibits anticonvulsant, sedative, hypnotic, and anxiolytic
activities in rodents [2–5]. Melatonin is effective against memory def-
icit, oxidative stress, and neuronal damage in streptozotocin-induced
diabetes [6], cerebral hemorrhage [7], an Alzheimer disease model [8],
and age-associated brain dysfunction [9]. Melatonin is a powerful an-
tioxidant that can easily cross cell membranes and the blood-brain
barrier. Clinical and experimental data raise the point of the potential
therapeutic role of melatonin in epilepsy. Epilepsy is characterized
by a circadian periodicity of interictal epileptiform EEG activity [10],
which is associated with disturbed rhythms of melatonin synthesis
in untreated patients with active epilepsy [11]. Clinical evidence
has revealed that melatonin is characterized by a low toxicity and
may be used for seizure control in conjunction with antiseizure
ekalarova).
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medications [12]. This hormone is also able to reduce the spiking ac-
tivity and seizure frequency in patients with intractable epilepsy
[13,14]. In patients with temporal lobe epilepsy (TLE), high levels of
salivary melatonin have been observed during the postictal period
[15]. Experimental data revealed that melatonin acts as an anticonvul-
sant against chemically-induced seizures [16–18], maximal electro-
shock [19], and electrical kindling of the amygdala [20,21]. Besides
being an effective chronobiotic agent and synchronizer of the biologi-
cal clock, melatonin acts as a neuroprotective agent able to prevent
excitotoxic neuronal damage in animal models of neurotoxicity,
stroke, and traumatic brain injury [22]. A single injection of melatonin
in rats before and during kainic acid (KA)- or pilocarpine-induced
status epilepticus (SE) has neuroprotective effects by reducing neuro-
nal death, supragranular mossy fiber sprouting, lipid peroxidation,
and microglial activation [4,22,23]. In line with this, Guisti et al.
[24] reported that a single 10-mg/kg dose of melatonin prevented
KA-induced neuronal death as well as behavioral and biochemical dis-
turbances in rats. It is tempting to speculate that the antioxidant
action of melatonin may be one of the possible mechanisms of its
neuroprotective effect. Melatonin has been shown to have neuro-
protective effects against toxic quinones and oxidative stress pro-
duced by catecholamines [25]. In addition to protecting several brain
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areas from degeneration, melatonin prevents both KA-induced nor-
adrenaline decrease and 5-hydroxyindoleacetic acid increase [24].

One of the most common types of acquired epilepsy, mesial TLE,
is shown to be associatedwith neurologic behavioral deficits including
anxiety, psychoses, and depression [26], which, at least in part, are
thought to be accompanied by biochemical changes in the limbic sys-
tem and, in particular, the hippocampus. Previous clinical and preclin-
ical findings, including ours, suggest a circadian rhythm of appearance
of spontaneous recurrent seizures (SRSs) during the epileptic state
[27–30] and abolished diurnal behavioral variation [29,30]. Deficiency
in spatial working and reference memory [31,32] as well as long-term
histopathological changes detected in the hippocampal formation and
amygdala of rats with epilepsy were reported [33].

Considering the important function of melatonin in the circadian
timing system including its pivotal role in epileptic phenomena, in
the present study we aimed to explore the effect of continuous mela-
tonin treatment on the development of epileptogenesis and its dele-
terious consequences during the chronic epileptic state. For this
purpose, melatonin administration started 3 h after the beginning of
SE and continued for 8 weeks at a dosage of 10 mg/kg/day diluted
in drinking water. The occurrence of spontaneous motor seizures
was detected during and after the treatment. In addition, the rats
were tested in a battery of behavioral paradigms during the chronic
epileptic phase. Finally, histopathological and biochemical analyses
of rat brains were performed.

2. Methods

The treatment of animals was in accordance with the Declaration
of Helsinki Guiding Principles on Care and Use of Animals (DHEW
Publication, NHI 80-23). The experimental design was approved by
the Institutional Ethics Committees of Sofia Medical University and
the Institute of Neurobiology for the National Science Fund grant
DTK 02/56 2009-1012.

2.1. Subjects

Adult male Wistar rats weighing 200 g were obtained from the
animal facility of the Bulgarian Academy of Sciences. Following their
arrival in the laboratory, the animals were adapted for one week to
individual housing under standardized conditions (12-h/12-h light/
dark cycle, temperature: 22±2 °C, 50% relative humidity), and they
were handled daily. Food and water were available ad libitum
Fig. 1. Schematic illustration of the exper
throughout the study except during the tests. All experiments were
carried out in the autumn–winter season.

2.2. Experimental design

The study design and the treatment groups are described in detail
in Fig. 1. Animals were randomly divided into four main groups: con-
trol group treated with vehicle (C-veh, n=14); control group treated
with melatonin (C-mel, n=14); rats treated with KA and vehicle
(KA-veh, n=16); and rats treated with KA and melatonin (KA-mel,
n=15). Four rats from the KA-veh group and five rats from the
KA-mel group were checked for electrographic seizures affecting
the frontal and parietal cortices and the dorsal hippocampus using
either epidural or depth chronic recordings. Melatonin treatment
(Sigma-Aldrich, Bulgaria) started 3 h after the beginning of SE at a
dose of 10 mg/kg, previously shown to have neuroprotective and
antioxidant activities [24]. During the first three days, when the ani-
mals were unable to drink via bottles, melatonin/saline was injected
subcutaneously (s.c.). The drug was dissolved in a lactated Ringer's
solution and administered at a volume of 20 ml/kg. Matched animals
not treated with KA were also injected with melatonin or vehicle
during the first three days. Later, melatonin was diluted in the drinking
water for a period of 8 weeks at a dosage of 10 mg/kg/day. Previously,
it was demonstrated that melatonin dissolved in water is stable at
room temperature for at least two days [34].

Controls were given tap water. Daily preparation of drinking water
containing melatonin was adjusted in accordance with the rats' indi-
vidual daily water intakes. Behavioral tests started at the 14th week
after SE when the rats had developed a chronic epileptic state. The
time interval between each test was at least 2 days. The order of the
behavioral tests was as follows: open-field (OF) test, elevated plus
maze (EPM) test, and forced swimming (FS) test. Ten days after
the last testing, rats were tested with the radial arm maze (RAM)
test to evaluate whether chronic melatonin treatment was able to im-
prove the learning disability of rats with epilepsy in a hippocampal-
dependent spatial task.

2.3. Surgery

The ratswere implantedwith electrodes for electroencephalography
(EEG) recording under ketamine (40 mg/kg intraperitoneally (i.p.)) and
xylazine (20 mg/kg i.p.) anesthesia. Animals were placed on a rectal
temperature feedback-controlled pad (Digitherm, Yukon-PC, Sofia,
imental protocol used in this study.
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Bulgaria), whichmaintained body temperature at 37 °C. Following fixa-
tion in a stereotaxic device (Narishige Sci. Inst. Labs, Japan) and
local anesthesia with 0.5% procaine, a midline incision over the skull
was made and the skin and the periosteum were removed with aseptic
precautions. For monopolar EEG recordings, pieces of Teflon-coated
(275 μm) stainless-steel wire (Medwire Corp, N.Y.) were inserted into
pre-made small holes in the calvaria bilaterally of both hemispheres
above the frontal and parietal cortical areas (A=+2.0, P=−4.2,
L=±3.0). For the hippocampal electrodes, we used two sets of twisted
wires, the tips of whichwere separated vertically by 1 mm and inserted
into the left and the right cerebral hemisphereswith the coordinates for
dorsal hippocampus as follows: A=−4.0, L=±2.5, and H=−3.3. The
other ends of the wires were soldered to the pins of a female miniature
socket. Two miniature stainless-steel screws, one fixed on the skull
above the frontal bone and the other posterior to the lambda, were
used for ground and common references, respectively. All wires and
screws were covered and fixed to the skull with dental acrylic cement.
The two screws also served for anchoring the cement mound to the
skull. The rats recovered about one week after the surgery, during
which they were handled once daily and then placed in a recording
cage for habituation. Recording of control EEG (before the KA treat-
ment) started 7 days after the surgery and was performed on entirely
conscious rats. The female connector fixed on the animal's head was
matched with a male connector to which a flexible shielded cable was
soldered. The opposite end of the cable was connected to a swivel
commutator mounted on the box's ceiling allowing EEG to be recorded
continuously in awake, unrestrained animals. The output of the connec-
tor was fed to a Nihon Kohden electroencephalograph (Japan), and EEG
was recorded by means of the MP150 System (BIOPAC Systems, Inc.,
USA) connected to the amplifiers of the EEG machine.

2.4. Induction of status epilepticus with kainic acid and EEG recording

Details of KA-induced SE methodology were recently published
[29,30]. In brief, SE was induced by repetitive kainic acid (KA, Ascent
Scientific, UK) injections (5 mg/kg/h, i.p.) according to the protocol
of Hellier et al. [35]. Matched controls were treatedwith an equivalent
volume and number of injections of saline. Kainic acid was diluted
in sterile saline (0.9% NaCl) at 2.5 mg/ml. Seizure intensity was evalu-
ated by a modified Racine's scale [36]. Class I and class II (immobility,
facial automatism, head nodding, and wet-dog shakes) were grouped
as partial seizures and were not scored. Class III (forelimb clonus with
lordotic posture), class IV (rearing and continued forelimb clonus),
and class V (forelimb clonus and loss of posture) were grouped as
secondary generalized seizures. Treatment with KA continued until
sustained convulsive seizures of class III, IV, or V (i.e., >10 motor
seizures/h) were observed in rats. The number of motor seizures,
i.e., classes III, IV, and V, were registered and used as criteria for an
additional KA injection. The severity and duration of SE during the
KA treatment protocol were evaluated by means of EEG and video
monitoring (DVR-4 video recorder with AVTECH camera, Taiwan, no.
AVC307R). Only the rats that developed SE (i.e., recurrent seizures
with bilateral forelimb clonus for at least 3 h) and survived thereafter
were included in the subsequent analyses. KA-treated rats received
lactated Ringer's solution (2 ml/100 g of body weight/day, s.c.) to
prevent dehydration, apple slices, and moistened rat chow until they
recovered from SE.

2.5. Video and EEG monitoring of spontaneous recurrent seizures

Video monitoring was performed under environmentally con-
trolled conditions (12-h/12-h light/dark cycle, temperature: 22±
2 °C, 50% relative humidity) in an isolated room. Lights were “on”
from 8 a.m. until 8 p.m. KA-treated rats were placed in individual
transparent labeled kennels to allow optimal video observation. Con-
tinuous (24 h/day for 20 weeks) video monitoring was accomplished
using an infrared-sensitive colored camera (S-2016, AVTECH, Taiwan,
no. AVC307R) connected to a computer. The video recordings were
visually analyzed, and SRSs were scored on the same scale which
was used during the KA treatment (i.e., class III/IV/V seizures).
Video monitoring for the detection of SRSs started 48 h after SE. All
spontaneous seizures detected during the experimental manipula-
tions when the animals were outside of their boxes were also noted.
During this long-term video monitoring, several seizure parameters
were evaluated: seizure-latent period, variation in seizure occurrence
related to circadian rhythm, and frequency and progression of motor
seizures. The seizure-latent period was determined as the time to the
first convulsive motor seizure detected by video monitoring. The fre-
quency of seizures was defined as the total number of detected spon-
taneous convulsive motor seizures during the relevant period divided
by the recording period in days, which started after the detection of
the first seizure. The time course of seizure progression was evaluated
as changes in seizure frequency at selected periods from the beginning
of the monitoring until the end of observation. During the period of
video monitoring, the EEG of KA-treated rats implanted previously
with electrodes were recorded for at least 1 h three times a week.
Rats were allowed to habituate in a Faraday's cage for 20 min and
then were connected to a socket in a swivel mounted on the cage's
ceiling. The behavior of the rat was concomitantly video monitored.
Visual detection of ictal events was performed by an investigator
blinded to the treatment of the group by thorough inspections of the
EEG files recorded by means of the Acknowledge software ACK100W
(BIOPAC Inc., USA). The criteria for epileptic seizures were abrupt
onset of epileptiform activity that lasted for at least 5 s and an ampli-
tude that was two times higher compared with the baseline EEG.

2.6. Sucrose consumption test

The impairment of the “hedonic” state of an animal (ability to
experience pleasure) is considered as a manifestation of clinical de-
pression. Taste preference behavior was evaluated using a sucrose
consumption (SC) test about 13 weeks post-status. On the first day
(habituation), each cage was supplied with two identical graduated
water bottles with a volume of 100 ml. On the 2nd (pretest) and
3rd (test) days, water in one of the bottles was replaced with 1% su-
crose solution. The test started at 08:00 a.m. and was conducted
during the following 24 h. During the test, both bottles were
weighed after 12 h and replaced by a second pair of pre-weighed
bottles. Taste preference was expressed as the percentage of the vol-
ume of sucrose solution of the total volume of fluid (sucrose plus
regular water) consumed during 12 h (light phase — 8:00–20:00 h
and dark phase — 20:00–8:00 h).

2.7. Behavioral tests

All behavioral tests were carried out under artificial diffused light
during the light phase and in red dim light during the dark phase.
Open-field (OF) test, elevated plus maze (EPM) test, and forced
swimming (FS) test were performed at two time points 6 h after
lights on/off (i.e., at 15:00 p.m. and 03:00 a.m., respectively). The be-
havioral experiments were conducted in a soundproof room, where
the animals were moved into at least 30 min before each test. The
rats that exhibited SRSs 1 h before starting the tests were excluded
from the experimental procedure. The behavior of the rats in the
OF, EPM, and FS tests was recorded using an infrared sensitive CCD
camera and a video tracking system (SMART PanLab software) from
Harvard Apparatus, USA.

2.7.1. Open-field test
The open-field test is a validated behavioral test for the assess-

ment of locomotor and exploratory activity as well as level of anxiety.
The open-field apparatus consisted of a gray polystyrene Plexiglas
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box (100×100 cm×60 cm) divided into two zones: outer square
(periphery) and inner square (center). The central zonewas an aversive
zone for the animal. The moment when the rat placed all four paws
into the respective zone was defined as an entry into it. The calculated
standard measures were as follows: 1) total distance covered (cm)
(peripheral and central zones); 2) distance covered in the central
zone (cm); 3) number of rearings; and 4) number of boli. The number
of rearings and the number of boli were recorded manually by the ex-
perimenter. The ratwas placed in the center of the box andwas allowed
to explore it for 5 min. After every test, the fieldwas thoroughly cleaned
with 0.1% acetic acid solution to prevent any odor traces.

2.7.2. Elevated plus maze test
The elevated plus maze test is a well-validated test for the analysis

of the anxiety behavior in rodents. The apparatus of black wood had
two open arms (50×10 cm), two enclosed arms (50×10×50 cm),
and a central platform (10×10 cm). To exclude the possibility of
the rat falling down, the open arms were equipped with small
edges (1-cm high) made of transparent Plexiglas. The apparatus
was elevated 50 cm above the floor level. The calculated standard
measures were as follows: 1) total distance covered (cm); 2) the
ratio of distance (cm) of the open arms/total distance covered in %;
and 3) the ratio of time(s) spent in open arms/total time spent in %.
At the beginning of the test, the rat was placed on the central plat-
form facing an open arm. The test lasted 5 min. After every test, the
field was thoroughly cleaned with 0.1% acetic acid solution.

2.7.3. Forced swimming test
Despair-like behavior was evaluated by a classic forced swimming

(FS) test [37], which was shown to be relevant for both examining
depression-like behavior and screening of antidepressant agents.
The test was carried out in a clear transparent cylinder (50-cm tall,
25-cm diameter) filled to a level of 30 cm from the bottom with
24 °C tap water. The water in the apparatus was changed from rat
to rat. Two swimming sessions were conducted: 15 min on the 1st
day and 5 min on the 2nd day. After each test, the rat was dried and
kept warm by a heating device for 10 min. Behavior during the 2nd
day (test) was recorded by two skilled experimenters unaware of
the treatment conditions. The parameter measured was immobility
in seconds, which occurred when the rat remained motionless or
made only movements necessary to keep its head above the water.

2.7.4. Radial arm maze (RAM) test
Visuospatial learning and memory was assessed using an 8-arm

radial maze (RAM) (Harvard Biosci. Comp., USA). The stainless-steel
RAM consisted of a central octagonal platform (30 cm in diameter)
from which eight identical arms (42×12×12) radiated from the plat-
form. The maze was elevated 50 cm above the floor level. A variety of
environmental cues (wall pictures, table, cupboards, door, and win-
dow) were available for facilitation of spatial navigation. Seven days
before the start of training and during the test, rats were put on a
diet for 15% reduction in b.w. Before the memory testing, all animals
were habituated (shaping) to the maze and the experimental set-up
for up to 3 days (adapted from [38]). Rats were placed onto the
central platform and allowed to explore the maze for 15 min/day.
Reinforcements were initially scattered at various distances along all
the arms. On the last day of habituation, the amount of reinforce-
ments was reduced to one piece at the end of every arm, and the
session was ended when all arms had been visited or after 15 min.
Following habituation, the animals were trained in the standard
RAM task with one session per day for 18 trials with two days off
over the weekend. Four arms were baited with one piece of sweet
food pellet placed at the end of each arm. The session ended when
all baits were found or after 10 min had elapsed. Memory acquisition
was assessed through the decrease in the number of errors between
each trial. Reentry into a baited arm from which the food pellet had
already been retrieved was scored as working memory errors. Entry
into an unbaited armwas scored as reference memory errors. Reentry
into an unbaited arm was scored as a “double”working and reference
memory error. We counted a reference memory error and a “double”
working and reference memory error starting with the second block
of trials (i.e., on day 2 of acquisition) because the position of the
unbaited arms in relation to the extra maze cues is unknown to ani-
mals on the first day of acquisition. The total time to complete the
session and the number of arms visited per session and per minute
were also recorded. Before use and between each trial, the maze
was wiped down with 1% acetic acid to avoid any odor traces.

2.8. Histology

After about 20 weeks post-status, under deep anesthesia with Nem-
butal (50 mg/kg, i.p., Abbott) in a first step, the rats (n=5 per group)
were transcardially perfused initially with 0.05 M phosphate buffered
saline at pH 7.3 followed by 4% paraformaldehyde in 0.1 M phosphate
buffer at pH 7.3. The brains were dissected out and postfixed overnight
at 4 °C in the same fixative solution. After postfixation, the brains were
sliced in the coronal plane and cryoprotected in 20% phosphate-
buffered sucrose solution. After an overnight incubation at 4 °C, the
brains were cut using a Reichert Jung freezing microtome, and 30-μm
thick serial sections were taken in subsets of 4. Every first section of
the subset was mounted on chrome-gelatin-coated slides, and Nissl
staining with cresyl violet was performed. After staining, the sections
were dehydrated in a graduated series of ethanol, cleared in xylene,
and embedded in Entellan. The sections were investigated on a Nikon
Eclipse 80i light microscope (Japan) and photographed with a digital
camera (Nikon DMX 1200). Sections were analyzed for major cell loss
with special attention to the dorsal and ventral hippocampi, the
piriform cortex, and some nuclei of the amygdala, as previously de-
scribed [29]. The staining intensity and density of nerve cell bodies in
the hippocampus, amygdala, and piriform cortex were estimated by
the Nikon NIS Elements Digital Imaging software. The relative neuronal
densities of the selected brain areas were quantified by determining
the percentage of the measurement grid occupied by stained cells.
The resulting values provide a relative index of the number of stained
neurons in the selected brain areas.

2.9. High-performance liquid chromatography

Additional subgroups of rats (n=8–10 per group) were decapitat-
ed, brains were quickly dissected on ice, and the frontal cortex and
hippocampi were bilaterally removed. The tissue samples were frozen
in liquid nitrogen, lyophilized, and stored at −70 °C before analysis.
Dry tissues were accurately weighed and homogenized in pre-cooled
0.5 M formic acid using a MICRA D-8 (ART, Germany) homogenizer.
The samples were centrifuged (13,000 rpm at 4 °C) for 20 min, and
an aliquot of 10 μl of the supernatantwas used for analyses. Eachpooled
sample (from both hemispheres) was analyzed for 5-HT content as
measured by LC/MS/MS. The measurements were performed by
electrospray ionization in positivemode on an LTQOrbitrap Discovery®
spectrometer (ThermoFisher, Germany) connected to a Surveyor®
HPLC system (ThermoFisher, Germany). The analyzed compounds
were separated on a ZIC®-HILIC (Merck, Germany) analytical column
in isocratic elution mode with a mobile phase of 70% acetonitrile
containing 15 mM formic acid at a flow rate of 200 μl/min. The quanti-
tative analyses were performed using the “selected ion monitoring”
mode with external calibration. The data acquisition and processing
were performed by means of the Xcalibur® software.

2.10. Statistical analysis

All resultswere presented asmean±SEM. Parametric (for normally-
distributed data) or nonparametric tests (for data not normally
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distributed)were used for the statistical analysis (SigmaStat® 11.0). Ex-
perimental data were evaluated by one-way ANOVA on ranks within
groups (RAM test), two-way ANOVA (seizure, histological, and HPLC
data), and three-way ANOVA (OF, EPM, and RAM tests). For the RAM
test, with the exception of the first session day, data from blocks of
three sessions were combined for each animal to obtain more stable re-
sults as compared to a single session day. In addition, the data from the
first session day (forworkingmemory error)were presented separately,
as this day reflects the first exposure of the rats to the maze task. Post
hoc comparisons between groups were conducted by Bonferroni t-test
or Mann–Whitney U-test. A p-valueb0.05 was accepted as indicating a
statistically significant difference.

3. Results

3.1. KA-induced SE

All rats underwent a sustained SE after 3–4 repetitive KA injec-
tions with intensive motor seizures (class IV/V, i.e., >10 motor
seizures/h for at least 3 h). The dose of KA required to induce SE
was (median±S.D.) 16.25±5.52 mg/kg (range: 5–30). The behavior
observed during the course of KA administration consisted of initial
wet-dog shakes, facial automatisms and head nodding, and partial sei-
zures. Then, this activity progressed to secondary generalized seizures,
i.e., forelimb clonus with lordotic posture (class III) followed by rearing
(class IV) and forelimb clonus and loss of posture (class V). Simulta-
neous EEG recordings during class IV/V seizures on rats with implanted
electrodes demonstrated long runs of regular oscillations, sporadic
spikes, spike-wave discharges, recurrent bilateral rhythmical epilepti-
form discharges characterized by high amplitude (>2× baseline),
high frequency (>5 Hz), and duration>10 s (Figs. 2Ab,Bb). Five out
Fig. 2. Raw EEG recordings from the left and right parietal cortices (Cx-L and Cx-R) and the
KA-veh group at A and from the KA-mel group at B. Aa, before KA: desynchronized EEG d
phase: subconvulsant EEG activity (spike–waves and groups of slow theta waves with supe
seizures accompanied with behavioral motor manifestations. A typical ictal EEG (high-am
KA-induced SE when the manifestation of the spontaneous EEG/motor recurrent seizures i
desynchronized EEG during quiet waking phase in another particular rat from the KA-mel
slow waves in the range of delta/theta without high-frequency components; Bd, chronic p
detected in this rat. The EEG traces on Bd were time-matched with the EEG seizures during
of 31 rats (16%) died during SE. Thefinal number of rats per group treat-
ed with KA was as follows: 9 (KA-veh), 8 (KA-mel), 4 (EEG-KA-veh),
and 5 (EEG-KA-mel), respectively.

3.2. Development of epilepsy and diurnal distribution of spontaneous
recurrent seizures

During the following days, the behavior of the animals returned
progressively to a normal pattern, although hyperreactive responses
to handling were observed in both groups. The latent phase was char-
acterized with normal patterns of EEG alternating occasionally with
abnormal nonconvulsive EEG activity with freezing of the animal
(Fig. 2Ac). The first detected nonconvulsive seizures in the KA-veh
group usually preceded the first convulsive seizure within a week,
which is in linewith previous reports [39]. After SE and administration
of melatonin, the rats did not experience EEG/behavioral seizures,
but slow EEG activity in the range of delta/theta prevailed without
any signs of nonconvulsive seizures (Fig. 2Bc). The latent period for
the first spontaneous seizure was determined on continuous video
(i.e., 24 h/day, 168 h/week), but not EEG recording (i.e., 0.4 h/day,
3 h/week), which does not allow any definite conclusion concerning
the exact duration of the latent period. The latency for the first ob-
served spontaneous motor seizure was 60±32.87 days (mean±SD;
range 8–109) in the KA-mel group and 12.5±7.31 days (mean±SD;
range 6–32) in the KA-veh group. Although there was a high individ-
ual variability in this parameter, melatonin positively affected the la-
tency (Mann–Whitney U-test: T=74.5; p=0.014).

Spontaneous EEG epileptic seizures were accompanied by behavior-
almotormanifestations during the chronic phase of epilepsy (Fig. 2Ad).
The behavioral severity of seizures did not differ between the vehicle-
and melatonin-treated rats with epilepsy during the chronic phase of
left and right dorsal hippocampi (Hip-L and Hip-R) in two representative rats from the
uring quiet waking phase; Ab, during acute phase of KA-induced SE; Ac, during latent
rimposed high-frequency components); Ad, chronic phase: spontaneous EEG epileptic
plitude, low-frequency sharp waves and spikes) recorded during the 4th month after
n the KA-veh group reached maximum for the period of observation. B: Ba, before KA:
group; Bb, during acute phase of KA-induced SE; Bc, during latent phase: high-voltage
hase, representative EEG during the 4th month when no EEG/behavior seizures were
the same period in a rat from the EEG-KA-veh group, shown above on Ad.



Table 1
Daily seizure frequency for each individual rat during the first (1–8 weeks) and the
second (13–20 weeks) monitoring periods.

Group First monitoring period Second monitoring period

KA-veh KA-mel KA-veh KA-mel

Rat 1 2.52 (0–18) 0.0 3.99 (0–17) 0.03 (0–1)
Rat 2 0.40 (0–3) 0.25 (0–3) 0.81 (0–4) 2.10 (0–7)
Rat 3 0.31 (0–2) 0.03 (0–1) n.m. 0.39 (0–2)
Rat 4 0.25 (0–1) 0.28 (0–7) 0.30 (0–3) 2.65 (0–8)
Rat 5 1.00 (0–7) 0.00 1.49 (0–8) 0.09 (0–1)
Rat 6 2.36 (0–18) 0.00 3.51 (0–15) 0.28 (0–2)
Rat 7 0.73 (0–3) 0.02 (0–2) 1.25 (0–10) 0.27 (0–3)
Rat 8 0.27 (0–1) 0.00 0.47 (0–3) 4.85 (0–2)
Rat 9 0.59 (0–3) 0.00 1.53 (0–9) 1.10 (0–3)
Rat 10 0.44 (0–3) 0.00 0.89 (0–8) 0.26 (0–6)
Rat 11 0.55 (0–4) 0.12 0.71 (0–3) 0.1900
Rat 12 0.25 (0–1) 0.08 (0–2) n.m. 4.18 (0–3)
Rat 13 n.m. 0.18 (0–4) 0.38 (0–3) 2.10 (0–15)
Median 0.495 0.02 0.89 0.39

Mean (and range of) daily seizure frequencies detected during the first (left) and the
second (right) monitoring periods for each rat in the KA-veh and KA-mel groups. The
average number of seizures per day and the range of daily seizures were determined
by taking the seizures recorded on the first day as the starting point. During the first
monitoring period from the 1st to 8th weeks after SE, the median daily seizure fre-
quencies for the KA-veh group and the KA-mel group were 0.495 (range: 0.25–2.36)
and 0.02 (range: 0–0.28), respectively. During the second monitoring period from
the 9th to 20th weeks after SE, the median daily seizure frequencies for the KA-veh
group and the KA-mel group were 0.89 (range: 0.3–3.99) and 0.39 (range: 0.03–4.85),
respectively.
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epilepsy (data not shown). The circadian distribution of spontaneous
motor seizures was assessed between the 9th and 20th weeks after
SE when rats displayed a relatively high seizure frequency (Fig. 3).
Vehicle-treated groups demonstrated a prevalence of spontaneous
motor seizures when the lights were on (Mann–Whitney U-test,
pb0.005). The total number of motor seizures that emerged during
the lights “on” period was 1241 (76%) compared to 385 seizures
(24%) during the lights “off” period in the KA-veh group (Fig. 3). Com-
pared to the KA-veh group, the melatonin-treated group experienced
a flattened diurnal rhythm of spontaneous seizure activity (Mann–
WhitneyU-test, p=0.113). Overall, 1047 of the seizures (66%) occurred
during the lights “on” period compared to the 551 total number of sei-
zures (34%) during the lights “off” period (Fig. 3).

In the KA-veh group, seizures appeared in clusters (i.e., >3 seizures/
day) [40] followed by a seizure-free period in 9 out of 12 rats (75%). In
the melatonin-treated group, motor seizures were clustered in only 2
out of 17 rats (12%). A high variability in the frequency ofmotor seizures
(expressed as an average number of seizures per day)was found among
rats treated with either vehicle or melatonin. During the first monitor-
ing period (1–8 weeks), the median daily seizure frequency was 0.495
(range: 0.25–2.52) for the KA-veh group and 0.02 (range: 0–0.28) for
the KA-mel group (Table 1). During the second monitoring period
(9–20 weeks), the median daily seizure frequency was 0.89 (range:
0.3–3.99) for the KA-veh group and 0.39 (range: 0.03–4.85) for the
KA-mel group. During the first monitoring period, eight out of the 13
rats treated with melatonin had less than 0.03 seizure event/day,
while all vehicle-treated rats exhibited a higher seizure frequency.
Furthermore, the frequency of seizures was significantly decreased
only during the first 8 weeks post-status, which coincided with
the period of melatonin treatment (Mann–Whitney U-test: T=230;
p≤0.001) (Figs. 4A,B).
3.3. Sucrose consumption test

A significant difference among groups was detected only during
the light phase in the SC test. Thus, rats with epilepsy showed lower
preference to sucrose solutions (pb0.001) and diurnal variation
(pb0.012) compared to controls four months after the KA-induced
SE (Fig. 5). This depression-like behavior was abolished in the
KA-mel group during the light phase (p=0.047) (Fig. 5).
Fig. 3. Circadian rhythm of spontaneous recurrent seizures (SRSs) in rats during
9–20 weeks after kainic acid (KA)-induced status epilepticus (SE). Based on the four
rats in the KA-veh and KA-mel groups, respectively, displaying, on average, more
than one seizure per day, the mean seizure frequency (seizure/hour) was determined
for each two-hour segment of the day. Abbreviations in legends: KA-veh (the group
with epilepsy treated with vehicle); KA-mel (the group with epilepsy treated with
melatonin).
3.4. Open-field test

The control rats exhibited diurnal variations of locomotor activity as
measured by the total distance covered and by the vertical activity
(number of rearing) (#pb0.05) (Figs. 6A,D). The treatment with mela-
tonin abolished these diurnal activity rhythms (#p>0.05) (Figs. 6A,D).
The total distance covered was decreased in the C-mel group during
the dark phase (*pb0.05) (Fig. 6A). The rats with epilepsy (KA-veh)
showed hyperactivity during the light and dark phases, which was
attenuated to control the level in the KA-mel group (○pb0.05)
(Figs. 6A,D). The KA-veh group was less anxious than the C-veh group,
which was indicated by the higher distance covered in the aversive
central zone of the field, by the increased time spent there during the
light and dark phases, and by the decreased number of boli (*pb0.05)
(Figs. 6B,C,E). In rats with epilepsy, melatonin attenuated the effect
of KA treatment on anxiety level mostly during the light phase by de-
creasing the distance and time spent in the central zone and increasing
the number of boli (Figs. 6B,C,E).

3.5. Elevated plus maze test

In the EPM test, both control groups (veh- and mel-treated)
exhibited diurnal variations of locomotor activity as measured by
the total distance covered (Fig. 7A). The KA-veh group showed an
increased locomotion during the light phase (*pb0.05) (Fig. 7A).
This enhanced activity was attenuated by melatonin treatment in
rats with epilepsy without diurnal variations (opb0.05) (Fig. 7A).
The KA-veh group showed a lower anxiety level with increased per-
centage of distance covered and time spent in the open arms during
both the light and dark phases (*pb0.05) (Figs. 7B, C). Melatonin
treatment did not modify these indices of anxiety level (Figs. 7B,C).

3.6. Forced swimming test

The rats treated with vehicle (C-veh and KA-veh) exhibited diur-
nal fluctuations with less immobility time during the dark phase
(#pb0.05), while in mel-treated groups (C-mel and KA-mel), the
diurnal variations were absent (Fig. 8). The KA-veh group showed a



Fig. 4. Seizure frequency in rats during 1–4, 5–8, 9–12, 13–16, and 17–20 weeks after
kainic acid (KA)-induced status epilepticus (SE). The data present seizure frequency
(number of seizures per day) in function of time of the KA-veh group (n=13) and the
KA-mel group (n=13) (A). Kaplan–Meier curve, evaluating percentage of seizure-free
groups and comparing between the KA-veh and KA-mel groups (B). Vehicle or melatonin
was administered for 8 weeks after SE. Abbreviations in legends: KA-veh (the groupwith
epilepsy treatedwith vehicle); KA-mel (the group with epilepsy treatedwithmelatonin).
Two-way ANOVA revealed a significant main effect of time for the frequency of SRSs
[F3,99=4.195, pb0.008]. *pb0.05 vs KA-veh group; #pb0.05 within a group (vs 1–4 and
5–8 weeks post-status).

Fig. 5. Diurnal variations in sucrose consumption test during 13–16 weeks after status
epilepticus (SE). Data are means±SEM (n=10). Analysis of data by three-way ANOVA
indicated amain epilepsy effect [F1,78=4.41, p=0.039], a phase effect [F1,78=7.04, p=
0.001], as well as an epilepsy×phase interaction [F1,78=7.2, p=0.009].*pb0.05 vs
controls; ○pb0.05 vs the KA-veh group, #pb0.05 within a group (light vs dark phase).
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despair-like behavior in the FS test specifically during the light phase
(*pb0.05) (Fig. 8). Melatonin treatment alleviated the depression-
like behavior of rats with epilepsy during the light phase (○pb0.05)
(Fig. 8).

3.7. Radial arm maze test

Analysis of variance revealed a within-group effect of session
[F6,260=4.769, pb0.001] and a between-group effect of KA treatment
[F1,260=18.447, pb0.001] with more working memory errors in the
KA-veh group compared to the other groups across the 18 trials.
The number of working memory errors decreased (one-way ANOVA
on ranks: C-veh: H=30.286, p≤0.001; C-mel: H=20.668, p=
0.002), and the total number of arms visited per session decreased
(one-way ANOVA on ranks: H=30.843; p≤0.001) over time in the
C-veh and C-mel groups, respectively, indicating that animals learned
the task. In addition, the number of arms visited per minute increased
(one-way Shapiro–Wilk: F6,65=5.995, pb0.001) over the 18 days of
testing in the control groups (Figs. 9A,C,D). Analysis of variance dem-
onstrated a significant within-group effect of session [F5,229=10.361,
pb0.001] and a between-group effect of KA [F1,260=42.779, pb0.001]
as well as session×KA interaction [F5,229=11.955, pb0.001] on the
number of reference memory errors. One-way ANOVA on ranks
showed that with the exception of the 11th–13th session days, the
C-veh group exhibited less reference memory errors compared to
the 2nd–4th session days (H=39.463, pb0.001) (Fig. 9B). However,
with the exception of 8–10 sessions, melatonin treatment did not im-
prove reference memory in the C-mel group (Fig. 9B). Three-way
ANOVA demonstrated a significant between-group effect of KA
[F1,267=41.461, pb0.001] without interaction among factors on the
“double” working and reference memory error. An overall difference
in the performance was again evident for both the C-veh and C-mel
groups over the 18 trials (H=21.831, p=0.001 and H=19.720,
p=0.003, respectively) (Fig. 9E). Contrary to the controls, the
KA-veh group was unable to learn the RAM task since this group
did not show a tendency to decrease the number of the working er-
rors, the reference errors, and the “double” working and reference
memory errors over the 18 trials (Figs. 9A,B,E). The total number of
arms visited per session also did not decrease over time in rats with
epilepsy and were higher than that of controls (Fig. 9C). However,
though the KA-veh group did not demonstrate changes in the number
of arms visited per minute over time, both groups with epilepsy
(KA-veh and KA-mel) showed a significantly increased number of
arms visited per minute during the 11th–13th sessions (○pb0.05 vs
1st session; *pb0.05 vs C-veh and C-mel, resp.) (Fig. 9D). The chronic
melatonin treatment during epileptogenesis seems to improve learn-
ing skills since the number of working memory errors decreased over
the 18 days of testing (H=13.318, p=0.038) (Fig. 9A). In addition,
the total number of arms visited and the number of the “double”
working and reference memory errors were significantly decreased
during the last five sessions in KA-mel group (○pb0.05) (Figs. 9C,E).
However, the chronic melatonin treatment during epileptogenesis
was unable to improve the reference memory performance in
KA-treated rats (Fig. 9B).

3.8. 5-HT levels in the hippocampus and histopathological changes

The KA-veh group exhibited significantly diminished levels of
5-HT in the hippocampus compared to the C-veh group (*pb0.05)
(Fig. 10). The chronic melatonin treatment decreased the hippo-
campal level of 5-HT in the control groups (*pb0.05), while it recov-
ered the hippocampal deficit of 5-HT levels in rats with epilepsy
(Fig. 10). Following the RAM test, histological analysis was performed
to estimate the level of neuronal damage in selected brain struc-
tures. Fig. 11 illustrates typical Nissl-stained sections of the dorsal
hippocampal formation, piriform cortex, and basolateral nucleus of



Fig. 6. Diurnal variations of activity in the open-field test: total distance covered (A), ratio of distance covered in the central area and total distance covered (B), ratio of time in the
central area and total time (C), number of rearings (D), and number of boli (E). Data are means±SEM (n=10); *pb0.05 vs controls; ○pb0.05 vs the KA-veh group, #pb0.05 within
a group (15:00 h vs 03:00 h). Analysis of data by three-way ANOVA indicated a main drug effect [F1,78=4.04, p=0.048] as well as an epilepsy×drug×phase interaction [F1,78=
3.89, pb0.05] for the data illustrated in (A); main epilepsy effect [F1,78=122.546, pb0.001], a main drug effect [F1,78=11.598, pb0.001] as well as an epilepsy×drug interaction
[F1,78=10.817, pb0.002] for the data illustrated in (B); a main epilepsy effect [F1,78=42.84, pb0.001], a main drug effect [F1,78=10.447, pb0.002] as well as an epilepsy×drug
interaction [F1,78=9.842, pb0.002] for the data illustrated in (C); a main drug effect [F1,78=14.03, pb0.001], an epilepsy×drug interaction [F1,78=8.73, p=0.004], and an
epilepsy×phase interaction [F1,78=6.95, pb0.001] for the data illustrated in (D); a main phase effect [F1,78=16.49, pb0.001] and an epilepsy×phase interaction [F1,78=15.73,
pb0.001] for the data illustrated in (E).
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the amygdala (BL) of the native controls and the two groups of rats
with epilepsy (melatonin- and vehicle-treated). In control slides, vi-
sual observation of these sections revealed that pyramidal neurons
in all layers of the hippocampus, the piriform cortex, and BL were
densely arranged and intensely stained (Figs. 11A,D). No morpholog-
ical alterations were observed between the C-veh and C-mel groups
(data not shown for the C-mel group). However, neuronal damage
of these brain structures with the most severe damage and neuronal
loss in the CA1 area of the hippocampus and the piriform cortex
in the KA-veh group were evident (Figs. 11B,E, Fig. 12). Neuronal
damage in the hippocampus was associated with marked enlarge-
ment of the lateral ventricles. Neuronal density (neurons per unit
area) was significantly reduced in both the CA1 area of the hippocam-
pus and the piriform cortex of vehicle-treated rats with epilepsy



Fig. 7. Diurnal variations of activity and anxiety level in the elevated plus maze test:
total distance covered (A), ratio of distance in open arms and total distance covered
(B), and ratio of time in open arms and total time spent (C). Data are means±SEM
(n=10); *pb0.05 vs controls; ○pb0.05 vs the KA-veh group, #pb0.05 within a group
(15:00 h vs 03:00 h). Analysis of data by three-way ANOVA indicated a main drug
effect [F1,40=4.52, p=0.014] for the data illustrated in (A).

Fig. 8. Diurnal variations of immobility time in forced swimming test. Data are means±
SEM (n=10); *pb0.05 vs controls, #pb0.05within a group (15:00 h vs 03:00 h). Analysis
of data by three-wayANOVA indicated amain drug effect [F1,78=6.723, pb0.012], a phase
effect [F1,78=4.17, p=0.045] as well as a drug×phase interaction [F1,78=3.87, pb0.05].
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(Fig. 12). Post hoc test confirmed the higher neuronal loss in the
KA-veh group compared to that of the controls for the CA1 area of
the hippocampus (Holm–Sidak method: p=0.028) (Fig. 12A). Rats
with epilepsy treated with melatonin showed nomorphological alter-
ations in the CA1 area of the hippocampus\ (Fig. 11C). For the piriform
cortex, post hoc test demonstrated that the KA-veh group differed sig-
nificantly from both the C-veh group (pb0.001) and the KA-mel group
(p≤0.001) (Fig. 12B). No statistical differencewas detected, but a ten-
dency for decreased neuronal density in the CA2 and CA3 areas of the
hippocampus as well as the dentate gyrus and BL was detected in the
KA-veh group (Figs. 11C,F; Figs. 12A,B).

4. Discussion

In the present study, the long-term treatment with melatonin at
10 mg/kg for 8 weeks, starting at 3 h after KA-induced SE, was effective
in preventing some of the deleterious consequences of epileptogenesis
associated with behavioral alterations and depression-like responses
accompanied by a decreased 5-HT concentration in the hippocampus,
spatialmemory deficit, and neuronal damage. The potential therapeutic
significance of long-term melatonin treatment in a KA model of TLE
reflects the neuroprotective activity of the hormone in brain regions
associated with spatial memory functions such as the hippocampus
and the piriform cortex.

Clinical evidence suggests disturbances in circadian rhythms in nu-
merous neurological disorders, including the chronic epileptic state [41].
Seizures are predisposed to occur in some patients with epilepsy during
the inactive dark period, while in nocturnal rodents, they are more fre-
quent during the light period [40,42,43]. In agreement with literature
data including our previous results,Wistar rats exhibited circadianfluctu-
ations in the appearance of the SRSs during the chronic phase of epilepsy
[29,30,40,42,44]. In the present study, we found that the exogenous con-
tinuous administration of the hormonemelatonin flattened the circadian
distribution of SRSs. Melatonin exerted a significant neuroprotective ef-
fect in specific brain areas associated with spatial memory function such
as the CA1 hippocampal area and the piriform cortex. Furthermore, the
neuroprotective effect of melatonin was not associated with any signifi-
cant reduction in incidence and progressive increase of seizure frequency
during the chronic epileptic state. The only difference to vehicle-treated
rats with epilepsy after SE was a significant increase of the latency of
the first spontaneous seizure as well as a diminished frequency of daily
seizures during the period of treatment, i.e., the first 8 weeks post-status,
indicating a transient disease-modifying effect. Our data are consistent
with other reports demonstrating that a single injection of melatonin ex-
erts anticonvulsant activity in different seizure tests [4,45]. Itwas reported
that the time of administration, the duration of treatment, and the age of
testing are very important for drug efficacy [45]. Our findings revealed
thatmelatonin exerted a transient antiepileptogenic effect, whichwas ev-
ident only during the treatment period concerning the incidence of sei-
zures and their progressive increase. In the present study, we also found
a strong effect of the melatonin treatment on motor activity and anxiety
level in the OF test. The locomotor activity was also affected bymelatonin
treatment in the EPM both in control rats and rats with epilepsy.



Fig. 9. Working memory errors (A), reference memory errors (B), total number of arms visited per session (C), total number of arms visited per minute, (D) and “double” working
and reference memory errors (E) (mean±SEM). Reference memory errors and “double” working and reference memory errors were given starting with the second day of acqui-
sition. *pb0.05 vs C-groups; ○рb0.05 vs the same treatment in the 1st session or in the 2nd–4th sessions.
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However, the low anxiety level, which was characteristic for rats
during the chronic epileptic phase, was not affected by melatonin
treatment in the EPM test. In our study protocol, the observed differ-
ence in the melatonin effect on anxiety may be related to the speci-
ficity of the test conducted. In line with this, it has been reported
that acute melatonin is able to exert an anxiolytic-like effect and to
reduce locomotor activity, but these effects are specific for the proce-
dure applied [46]. We may speculate that the low distance covered
in the aversive central area of the OF in melatonin-treated rats
with epilepsy might be mostly due to the effect of melatonin on
motor activity. In addition, our results showed that long-term
exogenous hormonal delivery exerted late plastic responses, which



Fig. 11. Representative Nissl-stained coronal sections of the hippocampal formation, the pir
rat with epilepsy that was treated with a vehicle after SE (B,E), and a rat with epilepsy that w
severe neuronal loss in parts of the hippocampal formation (arrows) reminiscent of hippo
CA1 area of the hippocampus and piriform cortex (insets in B and E). In contrast, the me
200 μm (A–F); 50 μm in higher-magnification insets (in B and E).

Fig. 10. Concentrations of 5-HT in the hippocampus in pM/mg of wet tissue as measured
by the HPLC method. Data are means±SEM (n=9–10); *pb0.05 vs controls. Analysis of
data by two-way ANOVA indicated an epilepsy×drug interaction: [F1,39=4.02, pb0.05].
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deserve further investigations to clarify the proper mechanism un-
derlying this effect.

Studies focused on psychiatric and depressive comorbidity in epi-
lepsy and their relationships suggest common neurobiologic, patho-
genic mechanisms [47–49]. In accordance with our previous data,
the Wistar rats with epilepsy were characterized by hyperactivity,
low anxiety level, and abolished diurnal rhythms [29]. In addition,
we showed that the KA model of TLE could be an appropriate tool
for studying the depression-like state which is the most frequent co-
morbidity in epilepsy during the chronic epileptic state [30]. The KA-
treated rats exhibited a depression-like behavior manifested by anhe-
donia in the SC test and despair-like behavior in the FS test. However,
unlike other authors who studied depression-like indices in a limited
timewindow, i.e., mostly during the light phase [47,48,50], previously
and in this work, we showed that this behavior was evident only dur-
ing the inactive period of Wistar rats, i.e., during the light phase, a pe-
riod which is characterized with higher seizure activity. On the other
hand, the melatonin treatment after SE elicited antipsychotic- and
iform cortex (Pir), and the basolateral amygdaloid nucleus (BL) of a control rat (A,D), a
as treated with melatonin after SE (C,F). The vehicle-treated rats with epilepsy showed
campal sclerosis in mesial temporal lobe epilepsy. Please note neuronal death in the
latonin-treated rats with epilepsy did not obviously differ from controls. Scale bars=



Fig. 12. Effect of chronic melatonin treatment (10 mg/kg/day in drinking water,
8 weeks) on KA-induced temporal lobe epilepsy on the histology scores (Nissl
staining). (A) Neuronal damage in the hippocampus— CA1, CA2, CA3, and gyrus dentatus;
(B) neuronal damage in the piriform cortex and the basolateral amygdala (BL). *pb0.05
vs C-groups; ○рb0.05 vs the KA-veh group. One-way ANOVA: F2,18=7.235, pb0.025
and F=42.528, pb0.001.

185J. Tchekalarova et al. / Epilepsy & Behavior 27 (2013) 174–187
antidepressant-like behavior, which correlated well with the allevia-
tion in seizure frequency during the period of treatment. Our results
are in line with previous studies demonstrating that melatonin is ef-
fective in models of depression after chronic administration but not
after acute delivery [51–53].

The deficiency of the serotoninergic system was suggested to play
a crucial role in themechanism of depression [54] and to underline de-
pressive predisposition in epilepsy [55]. The melatoninergic agonist
and selective 5-HT2C antagonist agomelatine has been demonstrated
to possess promising antidepressant properties with minimal side ef-
fects [56,57]. Melatonin is sometimes used to treat depression since
this hormone is known to be an end product of the 5-HT metabolism.
However, systemic administration of melatonin, at pharmacological
doses, inhibits brain serotonin release [58]. In addition, melatonin de-
creases spontaneous efflux in a dose-dependent manner and evokes
the release of 5-HT during the dark phase, while it increases only the
evoked release during the light phase in the hippocampus, amajor tar-
get for serotoninergic antidepressants [59]. This phase-dependent ac-
tivity of the hormone on 5-HT release should explain our finding that
the antidepressant-like efficacy of melatonin was evident only during
the light phase. Experimental and clinical data, including our previous
results on the KA model of TLE, have revealed compromised 5-HT
transmission in the hippocampus as a sequence of comorbidity be-
tween epilepsy and depression [30,47,55,60]. In this study, we found
that melatonin was able to restore the deficit in the hippocampal
5-HT levels of rats with epilepsy, the effect of which correlated well
with its antidepressant-like efficacy. These data are also in line with
previous results demonstrating that chronic administration of low
doses of melatonin in drinking water significantly reversed the
age-induced deficit in the monoaminergic neurotransmitters [9].

Our study confirms literature data demonstrating memory impair-
ment in the RAM of rats tested five months after SE was induced
either by KA or Li-pilocarpine [61,62]. We have found that rats with
epilepsy were unable to improve their working memory, reference
memory, and “double” working and reference memory performance
over the 18 days of testing. In the working memory task, the rats
had to remember not to enter the arm where they had already
removed a food pellet. In this hippocampus-dependent task, the
animals should acquire short-term session-specific information [63].
The increased number of arms visited per session also reflects the
worsening of learning capacity and strategy-oriented behavior in
the KA-veh group. Moreover, KA-treated rats showed higher locomo-
tion, which was evident in the increased total number of arms visited
per minute compared to controls during most of the sessions. Hyper-
activity of rats with epilepsy was reported in other studies and our
previous studies [29,64]. Chronic melatonin administration did not
enhance the learning skills in control conditions. Moreover, the
C-mel group did not learn the reference memory task compared to
the C-veh group. There are data demonstrating that melatonin treat-
ment suppresses long-term potentiation (LTP) in the hippocampus
and induces learning and memory deficit in the control rats [65].
Previous studies suggest that dissociation between short-term and
long-term memory exists and support the view that suppression in
LTP reflects the deficits in spatial reference memory [66]. Therefore,
these data are in line with the finding that control rats treated with
melatonin are unable to learn the reference memory task compared
with controls treated with vehicle. The group of rats with epilepsy
treated with melatonin successfully acquired spatial information as
reflected by a decrease of working memory errors over the 18 days
of sessions. These data are in contrast with the finding that melatonin
administration impairs visuo-spatial performance [67,68]. This dis-
crepancy may result from the different mechanisms involved in the
effect of melatonin under physiological and pathophysiological condi-
tions. Numerous studies support the idea that melatonin is potential-
ly useful in the treatment of acute brain pathologies associated with
excitotoxic neuronal damage such as epilepsy, stroke, and traumatic
brain injury. The pineal hormone possesses broad-spectrum free
radical scavenging and antioxidant activities, and both the pharmaco-
logical use of melatonin and the circadian secretion of endogenous
melatonin during the dark phase prevent KA-induced neuronal le-
sions, glutathione depletion, and ROS-mediated apoptotic nerve cell
death [22]. It is well known that oxidative stress may contribute
to learning and memory deficits. In addition to its antioxidant, anti-
inflammatory, and neuroprotective actions in various in vitro and
animal models, melatonin has been reported to significantly amelio-
rate learning and memory performance under pathophysiological
conditions [21,22,45,]. Melatonin successfully reduced the “double”
working and reference memory errors in KA-treated rats. Task
giving possesses both working and reference memory components.
In our case, we can propose that the improvement in the memory
performance of the KA-mel group during the last sessions was due
to the working memory component.

5. Conclusion

Our results indicate that long-term melatonin treatment may pro-
vide protection against deleterious behavioral alterations, memory
deficit, and neuronal damage during the chronic epileptic state in
the KA model of TLE. Melatonin alleviated the seizure frequency
only during the period of treatment. However, melatonin delivery
exerted a disease-modifying effect on epilepsy-associated changes
in the behavioral responses specifically during the inactive phase.
The potential usage of melatonin for add-on therapy in epilepsy is
still a matter of debate. Further studies should explore the issue to
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provide stronger support for long-term melatonin therapy as a pri-
mary or complementary strategy for attenuating the consequences
of epileptogenesis in humans.
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