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Melatonin is involved in the control of circadian and seasonal rhythmicity, possesses potent antioxidant activity,
and exerts a neuroprotective and anticonvulsant effect. Spontaneously hypertensive rats (SHRs) are widely ac-
cepted as an experimental model of essential hypertension with hyperactivity, deficient sustained attention,
and alterations in circadian autonomic profiles. The purpose of the present studywas to determinewhethermel-
atonin treatment during epileptogenesis can prevent the deleterious consequences of status epilepticus (SE) in
SHRs in the kainate (KA) model of temporal lobe of epilepsy (TLE). Spontaneous recurrent seizures (SRSs)
were EEG- and video-recorded during and after the treatment protocol. Melatonin (10 mg/kg diluted in drinking
water, 8 weeks) increased the seizure-latent period, decreased the frequency of SRSs, and attenuated the circa-
dian rhythm of seizure activity in SHRs. However, melatonin was unable to affect the disturbed diurnal rhythms
and behavioral changes associatedwith epilepsy, including the decreased anxiety level, depression, and impaired
spatial memory. Melatonin reduced neuronal damage specifically in the CA1 area of the hippocampus and
piriform cortex and decreased hippocampal serotonin (5-HT) levels both in control and epileptic SHRs. Although
long-termmelatonin treatment after SE shows a potential to attenuate seizure activity and neuronal loss, it is un-
able to restore epilepsy-associated behavioral abnormalities in SHRs.

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

Depression is a common comorbid disorder in epilepsy, but it often
remains unrecognized and untreated. Recently, we studied the develop-
ment of behavioral and neurochemical indices of depressive state in the
kainate (KA) model of TLE in two rat strains [1]. The emotional distur-
bances in epileptic Wistar and SHRs were accompanied by decreased
levels of hippocampal serotonin (5-HT) and dopamine (DA). These re-
sults were in agreementwith the reported compromised serotoninergic
neurotransmission in the raphe-hippocampal serotonergic pathway in
the pilocarpine post-status epilepticus (SE) model [2]. One factor,
which may contribute to the development of depressive state in TLE is
rhythmdisturbances and, in particular, phase changes inmelatonin syn-
thesis. It is widely accepted thatmood disorders are related to biological
rhythm abnormalities, which can include diurnal mood variation, elevat-
ed nocturnal body temperature, lower nocturnal thyroid-stimulating
hormone, an overall increased cortisol secretion, and sleep architecture
abnormalities as well as an increase in cortisol and melatonin secretion
[3]. Products active on circadian rhythms are shown to have chronobiotic
effects, and exogenous melatonin is considered one of the best-known
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chronobioticmolecules [4]. Besides its primary function as a synchronizer
of the biological clock [5], melatonin is a powerful antioxidant that can
easily cross cell membranes and the blood–brain barrier. The accumulat-
ed clinical and experimental data raise the point about the potential ther-
apeutic role of melatonin in epilepsy. It has been suggested that a lack of
sufficient concentrations of melatonin in patients with epilepsy predis-
poses them to seizure activity, while adaptive increase of melatonin
levels may be protective against repetitive seizures [6]. Clinical evidence
revealed that melatonin could be used for seizure control in conjunction
with antiseizure medications [7].

Intact SHRs represent a useful model to explore mechanisms under-
lying disturbed circadian synchronization [8,9]. The disturbances of
physiological circadian rhythms underline also a number of impaired
processes, some of them resulting in cardiovascular diseases. Therefore,
the melatonin system is a good candidate strategy for the treatment of
circadian timing system disturbance. Cerebrovascular changes, brain at-
rophy, loss of nerve cells in cerebrocortical areas, and glial reactionwere
documented in this strain (reviewed in [10]). In chronic models of epi-
lepsy, SHRs are reported to kindle more rapidly than Wistar Kyoto rats
in amygdala and piriform kindling [11]. It is documented that the en-
hanced seizure susceptibility observed in the pilocarpine model of TLE
correlates with neuropathological alterations in the hippocampal for-
mation of SHRs [12]. Clinical data showed disturbances of melatonin
biosynthesis in patients with hypertension [13], while experimental
studies reported an antihypertensive effect of melatonin in SHRs
[14,15]. Taken together, these data are in agreement with the idea that
melatonin may have potential for preventing neuronal damage after
brain insults such as brain trauma and cerebral ischemia-induced SE, in-
cluding hypertension-evoked brain damage. Acute administration of
melatonin in rats before and during SE induced by either KA or pilocar-
pine displays neuroprotective effects by reducing neuronal death,
supragranular mossy fiber sprouting, lipid peroxidation, and microglial
activation [16–18].

Recently, we reported that unlike in the epileptic Wistar rats, which
were characterized with depressive behavior only during the light
phase, depressive-like patterns were without diurnal variations in epi-
leptic SHRs [1]. Furthermore, the long-term administration of
melatonin alleviated the seizure activity during the period of treatment,
decreased the neuronal loss in the hippocampus and the piriform cor-
tex, and exerted changes in the behavioral responses specifically during
the inactive period in the chronic epileptic phase of normotensive
Wistar rats [19]. The important function of melatonin in the circadian
timing system and epileptic phenomena, on the one hand, and the sig-
nificance of synchronization of circadian rhythms both in epilepsy and
depression, on the other hand, prompted us to further explore whether
long-term melatonin treatment after SE could alleviate the deleterious
consequences of SE and the diurnal behavioral disturbances during
the chronic epileptic state in SHRs.

2. Material and methods

All experiments were executed in compliance with the European
Communities Council Directive of 24th November 1986 (86/609/EEC),
and the experimental design was approved by the Institutional Ethics
Committees of SofiaMedical University and the Institute of Neurobiology
for the National Science Fund grant DTK 02/56 2009-1012.

2.1. Subjects

The experiments were performed on eight-week-old male sponta-
neously hypertensive rats (SHRs) obtained from the local breeding
house (Medical University, Sofia). Following their arrival in the labora-
tory, the animals were habituated for one week (12/12-h light/dark
cycle, lights on at 08:00 h), individually housed under standardized
conditions (20 ± 3 °C, 40–60% relative humidity), and handled daily.
Food and water were available ad libitum throughout the study except
during the tests. All experiments were carried out in the autumn–win-
ter season.

2.2. Experimental design and drug treatment

Animals were randomly divided into four main groups: C-veh (con-
trol group treated with vehicle, n = 15); C-mel (control group treated
with melatonin, n = 15); KA-veh (rats treated with KA and vehicle,
n = 16); and KA-mel (rats treated with KA and melatonin, n = 17).
Treatment with melatonin (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 [20]. During the first three
days, when the animals were unable to drink via bottles, melatonin
was injected subcutaneously (s.c.), dissolved in a lactated Ringer's solu-
tion (2 ml/100 g of body weight/day, s.c.). 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. Control rats were given tap water. Daily preparation
of drinkingwater containingmelatonin was adjusted dependent on the
individual consumed volume of a liquid. Behavioral tests started about
14 weeks after SE, when the rats developed a stable chronic epileptic
state. The time interval between each test was at least 2 days. The
order of the behavioral testswas as follows: open-field (OF) test, elevat-
ed plusmaze (EPM) test, and forced swimming (FS) test. Ten days after
the last testing, rats were tested with the radial armmaze (RAM) test to
evaluatewhether the chronic melatonin treatmentwas able to improve
learning disability of epileptic rats in a hippocampal-dependent spatial
task.

2.3. Surgery

Four rats from the KA-veh group and the KA-mel group were moni-
tored for electrographic seizures affecting the frontal and parietal cortices
and the dorsal hippocampus using either epidural or depth chronic re-
cordings. Electrodes for electroencephalography (EEG) recording were
implanted on the rats under a mix of ketamine (40 mg/kg) and xylazine
(20 mg/kg, intraperitoneally (i.p.)) anesthesia. The animals were placed
on a rectal temperature feedback-controlled pad (Digitherm, Yukon-PC,
Sofia, Bulgaria), which maintained body temperature at 37 °C. Following
local anesthesia with procaine 0.5% and fixation in a stereotaxic device
(Narishige Sci. Inst. Labs, Japan), a midline incision over the skull was
made, and the skin and the periosteum were removed with aseptic pre-
cautions. For monopolar EEG recordings, pieces of teflon-coated
(275 μm) stainless steel wire (Medwire Corp, N.Y.) were inserted into
premade small holes in the calvaria bilaterally of both hemispheres
above the parietal cortical areas (A = −4.2, L = ±3.0). For the hippo-
campal electrodes, we used two sets of twisted wires, from which the
tips were separated vertically by 1 mm and inserted into the left and
the right hemispheres with the coordinates for the 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 mini-
ature stainless steel screws, one fixed on the skull above the frontal bone
and the other posterior to the lambda, were used for ground and com-
mon references, respectively. All wires and screws were covered and
fixed to the skull with dental acrylic cement. The two screws served
also for anchoring the cement mound to the skull. The rats recovered
after the surgery for about one week, during which they were handled
once daily and then placed in a recording cage for habituation. Recording
of control EEG (before the KA treatment) 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 ceil-
ing allowing EEG to be recorded continuously in awake, unrestrained an-
imals. The output of the connector was fed to a Nihon Kohden
electroencephalograph (Japan), and EEG was recorded by means of the
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MP150 System (BIOPAC Systems, Inc., USA) connected to the amplifiers
of the EEG machine.
2.4. Induction of status epilepticus with kainic acid

Details of KA-induced SE methodology were recently published
[1,23]. In brief, SE was induced by repetitive KA (Ascent Scientific, UK)
injections (5 mg/kg/h, i.p.) according to the protocol of Hellier et al.
[21]. Matched controls were treated with an equivalent volume and
number of injections of saline. Kainate was diluted in sterile saline
(0.9% NaCl) at 5 mg/ml. Seizure intensity was evaluated by a modified
Racine's scale [22]. 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. Kainate treatment continued until sustained seizures of class
III, IV, or V (i.e., N9motor seizures/h)were observed in rats. The number
of motor seizures, i.e., classes III, IV, and V, was registered and used as a
criterion 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 (video recorder DVR-4 with AVTECH camera, Taiwan,
no. AVC307R). Only the rats that developed SE (recurrent seizures with
bilateral forelimb clonus for at least 3 h) and survived thereafterwere in-
cluded in the subsequent analyses. Electroencephalography recording
was performed for at least 1 h three times a week. The KA-treated rats
received lactated Ringer's solution (2 ml/100 g of body weight/day, s.c.)
to prevent dehydration, as well as apple slices and moistened rat chow
until they recovered from SE.
2.5. Video and EEG monitoring of spontaneous recurrent seizures

The KA-treated rats were placed in individual transparent labeled
kennels for optimal video observation. Video monitoring (24 h/day for
up to 20 weeks starting 48 h after SE) was accomplished using an
infrared-sensitive colored camera (S-2016, AVTECH, Taiwan, no.
AVC307R) connected to a computer. The recordings were visually ana-
lyzed by independent observers to detect SRSs. The SRSs during the
experimental manipulations when the animals were outside of their
boxes were also noted. The evaluated parameters were as follows:
seizure latent period for onset of the first SRSs, variation in seizure oc-
currence related to circadian rhythm, and frequency and progression
of SRS of classes IV and V. During the period of video observation, the
EEG of KA-treated rats implanted previously with electrodes was re-
corded with concomitant video monitoring for at least 1 h three times
a week. Visual detection of ictal events was performed through
inspections of the EEG files recorded by means of the AcqKnowledge
software ACK100W (BIOPAC Inc., USA). The criteria for epileptic sei-
zures were abrupt onset of epileptiform activity that lasted at least 5 s
and amplitude that was two times higher compared with the baseline
EEG.
2.6. Body weight and arterial blood pressure measurements

Because of a slight variability in weight among individual rats before
the start of experiments, the effect of melatonin in control and epileptic
SHRs on body weight gain in % was analyzed every week up to the 10th
week following SE.

Systolic arterial blood pressure (ABP) was measured noninvasively
in conscious unrestrained rats by a tail-cuff method (Ugo Basile Blood
Pressure Recorder 5800): two times in naive rats, before the start of
treatments (KA and melatonin) and on treated rats, immediately after
interruption of the drug treatment. The ABP value for each rat was
calculated as the mean of three measurements.
2.7. Sucrose consumption test

Sucrose preference behavior was evaluated using a sucrose prefer-
ence test at the end of the third month post-status. On the first day (ha-
bituation), each cage was supplied with two identical graduated bottles
filled with water at a volume of 100 ml. On the 2nd (pretest) and 3rd
(test) days, water in one of the bottles was replaced with 1% sucrose.
The test started at 08:00 a.m. Both bottles were weighed after 12 h
and replaced by a second pair of preweighed bottles. Sucrose preference
was expressed as the percentage of the volume of sucrose solution
of the total volume of fluid (sucrose plus regular water) consumed dur-
ing a 12-h period (light phase — 8:00–20:00 h and dark phase —

20:00–8:00 h, respectively).

2.8. 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 test, elevated plus-maze test, and forced swimming 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 rats of each experimental
group were divided in two subgroups for OF, EPM, and FST conducted
during the light and during the dark period, respectively. The behavioral
experiments were conducted in a soundproof room, where the animals
weremoved 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 RAM tests was
recorded using an infrared sensitive CCD camera and a video tracking
system (SMART PanLab software) from Harvard Apparatus, USA.

2.8.1. Open-field test
The open-field apparatus consisted of a gray polystyrene plexiglas

box (100 × 100 cm × 60 cm) divided into two zones: outer square
(periphery) and inner square (center). The calculated standard mea-
sures were the following: 1) total distance traveled (cm), 2) ratio of dis-
tance (cm) center/total distance traveled in %, and 3) ratio of time spent
(s) center/total time in %. The number of rearings was recorded manu-
ally by the experimenter. The rat was placed in the center of the box
and was allowed to explore it for 5 min.

2.8.2. Elevated plus maze test
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).
The apparatus was elevated 50 cm above the floor level. The calculated
standard measures were as follows: 1) ratio of distance (cm) of the
open arms/total distance traveled in % and 2) ratio of time spent (s) in
open arms/total time in %. At the beginning of the test, the rat was
placed on the central platform facing an open arm. The test lasted
5 min.

2.8.3. Forced swimming test
The test was carried out in a clear and transparent cylinder (50 cm

tall–25 cm in diameter) filled to a level of 30 cm from the bottom
with 24 °C tap water. 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 im-
mobility in seconds, which occurred when the rat remained motionless
or made only movements necessary to keep its head above the water.

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

dial maze (RAM) (Harvard Biosci. Comp., USA). The stainless steel
RAM consisted of a central octagonal platform (30 cm in diameter)
from which eight identical closed, transparent arms (42 × 12 × 12)
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radiated from the platform. The maze was elevated 50 cm above the
floor level. A variety of environmental cues (wall pictures, table,
cupboards, door, and window) 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 body weight. Before the
memory testing, all animals were habituated (shaping) before the
memory testing to the maze and the experimental set-up for up to
3 days (adapted from [51]). Rats were placed onto the central platform
and allowed to explore the maze for 15 min per day. Reinforcements
were initially scattered at various distances along all the arms. On the
last day of habituation, the amount of reinforcements 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 ani-
mals were trained in the standard RAM task with one session per day
for 18 trials with two days off over the weekend. Four arms, marked
with symbols, 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. The total number of arms visited
per session was also recorded.

After every test, OF, EPM, and RAM apparatuses were thoroughly
cleaned with 0.1% acetic acid solution.

2.9. 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 on Reichert Jung freezing microtome, and 30-μm thick
serial sectionswere taken in subsets of 4. Everyfirst 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 graduated series of ethanol, cleared in xylene, and em-
bedded in Entellan. The sections were investigated on a Nikon Eclipse
80i light microscope (Japan) and photographed with a digital camera
(Nikon DMX 1200). Sectionswere analyzed for major cell losswith spe-
cial attention to the dorsal and ventral hippocampi and the piriform cor-
tex and basolateral nucleus (BL) of the amygdala as previously
described [23]. The staining intensity and density of nerve cell bodies
in the hippocampus, piriform cortex, and basolateral nucleus of the
amygdala (BL) were estimated by the Nikon's NIS Elements Digital
Imaging software. The relative neuronal densities of the selected brain
areas were quantified by determining the percentage of the mea-
surement grid occupied by stained cells. The resulting values
provide a relative index of the number of stained neurons in the se-
lected brain areas.

2.10. High performance liquid chromatography

An additional subgroup of rats (n = 8–10 per every group) was
used for HPLC data. After decapitation, 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 precooled 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 superna-
tant was used for analyses. Each pooled sample (from both hemi-
spheres) was analyzed for 5-HT content as measured by LC/MS/MS.
The measurements were performed through electrospray ionization in
positive mode on a LTQ Orbitrap Discovery® (Thermo Fisher,
Germany) connected to the Surveyor®HPLC system (Thermo Fisher,
Germany). The analyzed compounds were separated on a ZIC®-HILIC
(Merck, Germany) analytical column in isocratic elution mode with
mobile phase of 70% acetonitrile, containing 15-mM formic acid at a
flow rate of 200 μl/min. The quantitative analyses were performed
using “selected ion monitoring” mode with external calibration. The
data acquisition and processingwere performed bymeans of Xcalibur®
software.

2.11. Statistical analysis

Parametric (for normally distributed data) or nonparametric tests
(for data not normally distributed) were used for the statistical analysis
(SigmaStat® 11.0). To effectively display the individual differences of
seizure frequency data, box plots were generated. The central line in
each box plot represents the median, whereas the lower and upper
halves of the box are the 25th and 75th percentiles, respectively. The
whiskers on the box are the minimum and maximum scores for the
group. The significance of differences in behavioral, histological, and
biochemical data among groups was calculated by analysis of variance
(ANOVA), followed by post hoc testing conducted by Bonferroni or
Holm Sidak t-test for individual differences. If data were not normally
distributed, ANOVA for nonparametric data (Kruskal–Wallis on ranks)
followed by the Mann–Whitney U test was used. For the RAM test,
with the exception of thefirst session day, data from blocks of three ses-
sions were combined for each animal to obtain more stable results as
compared with a single session day. In addition, the data from the first
session day (for working memory error) were presented separately, as
this day reflects the first exposure of the rat to the maze task. A
p b 0.05 value was accepted as indicating statistically significant
differences.

3. Results

3.1. KA-induced SE

During the baseline electrographic recordings, no seizures were
detected in SHRs of both groups. In accordance with previous reports,
the development of SE in SHRs was reached after 3–4 repetitive intra-
peritoneal injections of KA, whichwas accompanied with increased sei-
zure activity (motor seizures, class IV/V, i.e., N9 motor seizures/h for at
least of 3 h). The dose of KA (mg/kg) required to induce SE was as fol-
lows: median ± S.D.: 22.5 ± 5.3 (range: 12.5–32.5). In the waking
EEG, low-voltage fast waves alternated with generalized theta wave
bursts (Figs. 1Aa, Ba) of about 7 Hz (see the inset in Fig. 1Ba where a
representative power spectrum is shown). Thesewaveswere expressed
more in the hippocampal leads. During the treatment with KA, an onset
of continuous extensive EEG spiking activity occurred in all SHRs with
implanted electrodes, then wet-dog shakes and repetitive
electrographic seizures developed in the cortical and hippocampal
leads, which later culminated in a typical SE (Figs. 1Ab, Bb) ranked be-
haviorally as classes IV–V of Racine's scale. After the last KA injection,
seizures gradually subsided, and during the next few days, only some
paroxysmal EEG signs remained.

The treatment of rats with melatonin (KA-mel group) or vehicle
(KA-veh group) began 3 h after the onset of SE, and the recorded EEG
was different between the abovementioned two groups during the
time course and the manifestation of the epileptogenesis. Three out of
33 SHRs died during the SE or in the post-status period. The final size
of KA-treated groups was as follows: KA control (KA-veh, n = 13)
group and KA melatonin (KA-mel, n = 17) group, respectively. During
the seizure-latent phase, solitary spike(s) and sharp waves, rhythmic
sharp wave bursts, and spike–wave complexes occurred in the EEG
recordings (Fig. 1Ac). In the KA-mel group, EEG waves during the



Fig. 1.Electrographic activity from the left and right parietal cortices (Cx-L and Cx-R) and the left and right dorsal hippocampi (Hip-L andHip-R) in two representative rats, a rat fromgroup
KA-veh (Aa, Ab, Ac, and Ad); a rat from the kainate (KA)-mel group (Ba, Bb, Bc, and Bd). Panels a, b, c, and d are EEG examples from baseline recordings before KA (Aa and Ba), during the
acute phase of status epilepticus (SE) several hours after KA (Ab and Bb), during the seizure-latent phase of the epileptogenesis (Ac and Bc) before the appearance of the first spontaneous
recurrent seizure (SRS), and during the chronic phase after the first SRS (Ad-1 and Ad-2, Bd-1 and Bd-2). No seizures were seen in the spontaneously hypertensive rats (SHRs) prior to KA
treatment: the corticalwaking EEG typicallywas low amplitude and fast, but often, theta EEGactivitywas seen in both cortical and hippocampal leads (Aa and Bawithwell-expressed peak
at 7 Hz in representative power spectrum shown in an inset). PanelsAb and Bb showhigh-frequency, large-amplitude spike activity and generalized EEG seizures during theKA treatment.
Later, the SE subsided, but irregular spikes, spike–waves, and groups of spike–wave discharges (SWDs) continued during the seizure-latent phase in the KA-veh group (Ac, 10 days after
KA). Expended time scale onAc is used to show the nonconvulsive SWDs followed by isolated spikes in the hippocampal leads. In the KA-mel rat, spikeswere seenonly in thehippocampal
leads during the seizure-latent phasewhen continuous generalized slow theta cortical activitywas also seen (Bc, 21 days after KA). First spontaneous electrographic seizures in theKA-mel
rat appeared later (Bd, 29 days after KA) than in the KA-veh rat (Ad-1, 12 days after KA), the seizures appearedmore rarely in the KA-mel rat (Bd-1) than in the KA-veh rat (Ad-1); and in
theKA-mel rat, they subsided2–3 months (Bd-2, 98 days) after the first SRS,when isolated spikes remainedonly in the hippocampal EEG. In theKA-veh rat, EEG seizures (Ad-2, 102 days)
were recorded until the end of the EEG experiments (115 days after KA treatment). Calibration: 1 s and 10s, 100 μV.
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seizure-latent phase were generally low voltage and of different fre-
quencieswith prevailing theta frequencies in the cortical leads and rare-
ly appearing spikes in the hippocampal leads (Fig. 1Bc). The
spontaneous recurrent EEG seizures in the KA-veh rats were detected
during the whole chronic phase of epilepsy (from 4 to 12 days after
KA injection until the end of the EEG experiments, i.e., 115 days after
the KA treatment protocol) (Figs. 1Ad-1 and Ad-2). In the KA-mel rats,
the spontaneous EEG seizures were characterized by smaller frequency
of spikes and recurredmore rarely than in rats of the KA-veh group, and
after the EEG seizures, spikes remained only in the hippocampal leads
(Figs. 1Bd-1 and Bd-2).
Fig. 2. Distribution of SRSs in rats during 9–20 weeks following KA-induced SE. Based on
four selected rats in the KA-veh and KA-mel groups, respectively, displaying the highest
seizure frequency (seizure/h), it was determined for each two-hour segment of the day.
Abbreviations in legends: KA-veh (group with epilepsy treated with vehicle); KA-mel
(group with epilepsy treated with melatonin). *p b 0.05, op b 0.05, +p b 0.05, #p b 0.05
within group (11–16 h vs. 1–2 h; 09–16 h vs. 3–4 h; 08–18 vs. 5–6 h; 15–16 h vs.
23–24 h, respectively).
3.2. Development of spontaneous recurrent seizures and their circadian
distribution in different treatment groups

In total, thirty rats were continuously video-monitored for a period
of five months starting two days after SE. Spontaneous recurrent sei-
zures were detected in all KA-treated rats: KA-veh group (total number
of SRSs: 2021 and a seizure-latent period:mean ± S.D.: 13 ± 16.7 from
4 to 32 days, median 13 days, n = 13) and in the KA-mel group: (total
number of SRSs: 691 a seizure-latent period: mean ± S.D.: 31.3 ± 18.3
from6 to 60 days,median 39 days, n = 17), respectively. In theKA-veh
rats, SRSs appeared in clusters (i.e. N3 seizures per day) in 9 out of 13
(69%) rats, while in the KA-mel rats, 3 out of 17 (18%) were clustered
(Fisher exact test: p b 0.051). The distribution of seizure activity as a
function of day/night period was assessed between the 9th and 20th
weeks after SE when the rats displayed a relatively high seizure
frequency (Fig. 2). In accordance with our previous studies, the KA-
veh group exhibited a circadian distribution of the seizure appearance
with greater prevelance when the lights were on (Holm-Sidak method:
p b 0.01) [1,23]. The proportion ofmotor seizures during the lights “on”
period was 74% in the KA-veh group compared with 54% in the KA-mel
group (Fig. 2). Comparedwith the KA-veh group, themelatonin-treated
group experienced flattened diurnal rhythm of spontaneous seizure ac-
tivity (Holm-Sidak method: p = 0.145).
A high variability in the frequency of motor seizures (expressed as
an average number of seizures per day) was found among rats treated
with either vehicle or melatonin (Fig. 3; Table 1). The median daily sei-
zure frequency was 0.6 (range: 0.13–1.3) for the KA-veh group and 0.2
(range: 0–2.7) for the KA-mel group, respectively, during the first mon-
itoring period, which coincided with the period of the melatonin treat-
ment (1–8 weeks) (Table 1). Twelve out of 17 rats treated with
melatonin had less than 0.1 seizures/day, while all vehicle-treated rats
had higher than 0.1 seizures/day (Table 1). The median daily seizure



Fig. 3. Seizure frequency in rats during 1–4, 5–8, 9–12, 13–16, and 17–20 weeks after
KA-induced SE. The data present seizure frequency (number of seizures per day) as
function of time of the KA-veh group (n = 13) and the KA-mel group (n = 17).
Vehicle or melatonin was administered for 8 weeks after SE. *p b 0.05 between
groups (vs. the KA-veh group); #p b 0.05, op b 0.05, +p b 0.05 within a group (vs.
1–4, 5–8, and 9–12 weeks post-status, respectively) (Kruskal–Wallis test).

Fig. 4. Percentage of bodyweight over a 10-week period of observation. The graphs repre-
sent the mean ± SEM. Four groups of rats are illustrated: controls (n = 8–10) — C-veh
and C-mel rats that received vehicle or melatonin (10 mg/kg), respectively; KA-treated
rats — KA-veh and KA-mel, in which SE was induced on week 1 followed by once-daily
treatment with vehicle/melatonin for 8 weeks. A repeated measures ANOVA showed a
significant main effect of Epilepsy [F1,346 = 105.996, p b 0.001] and a Week [F9,346 =
26.221, p b 0.001] with Epilepsy × Week interaction [F9,346 = 3.293, p b 0.001] and
Epilepsy × Drug interaction [F1,346 = 8.589, p b 0.004]. The KA-veh and KA-mel groups
weighed significantly less than the C-veh group at all time points (measured from week
2 to 10) (*p b 0.05). The C-mel group weighed significantly less than the C-veh group at
weeks 3 and 4 (op b 0.05).
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frequency was 1.22 (range: 0.8–10.6) for the KA-veh group and 0.2
(range: 0.01–4.3) for the KA-mel group during the second monitoring
period (9–20 weeks after SE). Moreover, the frequency of seizures
was significantly decreased in the KA-mel group compared with
the KA-veh group during the last two months, i.e., 13–16 and
17–20 weeks post-status (*p b 0.05) (Fig. 3). In addition, a significant
progression in seizure frequency as a function of time was evident
only for the KA-veh group (o#+p b 0.05) (Fig. 3).
3.3. Body weight gain and arterial blood pressure

Epilepsy significantly altered the body weight gain during the 1-
week period of measurement after SE (Fig. 4) (p b 0.05). The exposure
to melatonin significantly decreased the body weight during the 3rd
and the 4thweek of treatment in control conditions (op b 0.05). The ep-
ileptic rats (KA-veh and KA-mel groups) showed less weight gain than
naive SHRs during the whole period of measurement (p b 0.05).
Table 1
Daily seizure frequency (mean and range) for each rat during the first (1–8 weeks) (left)
and the second (9–20 weeks) (right) monitoring periods in the KA-veh group (n = 13)
and the KA-mel group (n = 17), respectively. The average number of seizures per day
and the range of daily seizures were determined by taking the seizure recorded on the
first day as the starting point. Abbreviation: “n.d.” — not detected.

Group First monitoring period Second monitoring period

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

Rat 1 0.68 (0–11) 0.00 (0–0) 4.28 (2–11) 0.17 (0–3)
Rat 2 1.10 (0–9) 0.00 (0–0) 1.26 (0–9) 0.06 (0–2)
Rat 3 1.30 (0–9) 0.00 (0–0) 1.13 (0–13) 0.01 (0–1)
Rat 4 0.45 (0–6) 0.00 (0–0) 1.00 (0–4) 0.04 (0–5)
Rat 5 0.61 (0–7) 0.00 (0–0) 1.10 (0–6) 0.01 (0–4)
Rat 6 1.00 (0–11) 0.00 (0–0) 2.25 (1–14) 0.02 (1–14)
Rat 7 0.54 (0–9) 0.00 (0–0) 0.96 (0–9) 0.03 (0–4)
Rat 8 0.72 (0–5) 0.08 (0–2) 10.58 (6–22) 0.20 (0–5)
Rat 9 0.55 (0–3) 0.00 (0–0) 8.73 (2–23) 0.02(0–2)
Rat 10 0.50 (0–9) 0.05 (0–1) 1.17 (0–6) 0.03 (0–1)
Rat 11 0.28 (0–4) 0.02 (0–1) 1.10 (0–6) 0.20 (0–1)
Rat 12 1.10 (0–11) 0.02 (0–8) 0.84 (0–6) 0.02 (0–2)
Rat 13 0.13 (0–2) 0.15 (0–3) n.d. 0.03 (0–1)
Rat 14 n.d. 0.17 (0–2) n.d. 0.22 (0–1)
Rat 15 n.d. 2.66 (1–10) n.d. 4.26 (0–2)
Rat 16 n.d. 0.17 (0–1) n.d. 0.30 (0–2)
Rat 17 n.d. 0.44 (0–3) n.d. 0.75 (0–6)
Median 0.61 0.20 1.22 0.17
The naive SHRs were characterized by a significantly high ABP
(180 ± 1 mm Hg, p b 0.005). Furthermore, epilepsy exerted an addi-
tional increase in the ABP of SHRs (188.8 ± 1.8, р b 0.05). The long-
termmelatonin treatment during epileptogenesis significantly decreased
the ABP in epileptic SHRs (167 ± 3.7, р b 0.001).

3.4. Sucrose consumption test (SCT)

Diurnal variation in sucrose consumption test was detected during
the 3rd month in the C-veh group, KA-veh group, and KA-mel group,
respectively (Fig. 5) (#p b 0.05). Three months after SE, a decrease of
the sucrose consumption was detected in the KA-veh group during the
Fig. 5. Diurnal variations in sucrose consumption test during the 3rd month after status
epilepticus (SE). Data are means ± SEM (n = 10). Analysis of data by three-way
ANOVA indicated an Epilepsy effect [F1,95 = 6.712, p = 0.011], a Phase effect [F1,95=
18.812, p b 0.001], and an Epilepsy × Phase interaction [F1,95 = 5.629, p = 0.020].
*p b 0.05 vs. C-veh group; #p b 0.05 within a group (Light vs. Dark phase).
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light phase (*p b 0.05). One month after discontinuation of the drug ad-
ministration, the epileptic SHRs exhibited depressive-like behavior
during the light phase similar to nontreated-with-melatonin epileptic
rats (*p b 0.05).
Fig. 6.Diurnal variations of activity in the open-field test: total distance traveled (A), ratio of
distance center traveled vs. total distance (B), and ratio of time spent in center vs. total time
(C). Data are means ± SEM (n = 10); analysis of data by three-way ANOVA indicated a
main Epilepsy effect [F1,96 = 13.208, p b 0.001], a Drug effect [F1,96 = 22.229, p b 0.001],
and a Phase effect [F1,96 = 4.936, p = 0.029] for data illustrated in (A); a main Epilepsy
effect [F1,142 = 6.811, p = 0.010], an Epilepsy × Drug interaction [F1,142 = 11.992,
p b 0.001] for the data illustrated in (B); a main Epilepsy effect [F1,100 = 22.118,
p b 0.001], a main Drug effect [F1,100 = 15.587, p b 0.001], a main Phase effect
[F1,100 = 5.585, p = 0.020], and Epilepsy × Drug interaction [F1,100 = 25.777, p b 0.001]
for the data illustrated in (C). *p b 0.05 vs. C-veh group, op b 0.05 vs. KA-veh group,
#p b 0.05 within a group (15:00 h vs. 03:00 h).
3.5. Behavioral tests

3.5.1. Open-field test
The control rats were characterized by diurnal variations of locomo-

tor activity and exploratory activity measured by total distance traveled
(Fig. 6A) (#p b 0.05). The melatonin treatment abolished this diurnal
activity rhythm (#p N 0.05). The total distance traveled was decreased
in the C-mel group during both the light and the dark phase
(*p b 0.05). The KA-veh group was hyperactive with abolished diurnal
fluctuations. The increased locomotor activity was attenuated to control
level in the KA-mel group (op b 0.05). The KA-veh group was less anx-
ious than the C-veh group without diurnal variations, which was indi-
cated by longer distance traveled and increased time spent in the
aversive central zone of the field (*p b 0.05) (Figs. 6B, C). The KA-mel
group showed lower activity in the aversive central zone compared
with the KA-veh group (op b 0.05).

3.5.2. EPM test
The KA-mel group had a lower anxiety level with increased distance

traveled and time spent in the open arms during the light phase
compared with controls (*op b 0.05) (Figs. 7A, B).

3.5.3. FS test
The control rats treatedwithmelatonin (C-mel) exhibited diurnalfluc-

tuations with less immobility time during the dark phase (#p b 0.05)
Fig. 7. Diurnal variations of anxiety level in the elevated plus maze test: ratio of distance
traveled in open arms vs. total distance traveled (A) and ratio of time spent in open
arms vs. total time spent (B). Data are means ± SEM (n = 10); analysis of data by
three-way ANOVA indicated a main Epilepsy effect [F1,93 = 8.751, p = 0.004] for the
data illustrated in (B). *p b 0.05 vs. C-veh group, op b 0.05 vs. KA-veh group, #p b 0.05
within a group (15:00 h vs. 03:00 h).



Fig. 8. Diurnal variations of immobility time in forced swimming test. Data are
means ± SEM (n = 10); analysis of data by three-way ANOVA indicated a main
Epilepsy effect [F1,110 = 14.917, p b 0.001], a Phase effect [F1,110 = 12.629, p b 0,001],
as well as a Drug × Phase interaction [F1,110 = 4.439, p = 0.038]. *p b 0.05 vs. C-veh,
#p b 0.05 within a group (15:00 h vs. 03:00 h).

Fig. 9.Working memory error (A) and number of arms visited per session during 18-day
trials (B) during 18-day trials in radial arm maze test. Data are means ± SEM (n = 10).
Analysis of data by two-way ANOVA indicated a main Drug effect [F1,31 = 36.261,
p b 0.001] and an Epilepsy × Drug effect [F1,31 = 63.152, p b 0.001] in (B). *p b 0.05 vs.
C-veh groups; oр b 0.05 vs. KA-veh group. *p b 0.05 vs. C-veh, within a group oр b 0.05
vs. the 1st session or the 2–4 sessions.
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(Fig. 8). TheKA-vehgroupwas characterized by increased immobility time
without diurnal fluctuations, while the KA-mel group showed a despair-
like behavior specifically during the light phase (*p b 0.05).

3.5.4. RAM test
Both epilepsy and melatonin treatment increased the working mem-

ory error (WME) during the 18-trial session (*op b 0.05) (Fig. 9A). In
addition, epilepsy and the melatonin treatment increased the total num-
ber of arm entries per session comparedwith control rats, indicating that
animals did not learn the spatial memory task (*p b 0.05) (Fig. 9B).

3.6. Histopathological changes and 5-HT levels in the brain

Following the RAM test, histological analysis and HPLC were per-
formed to evaluate the neuronal damage in selected brain structures
and the level of 5-HT in the frontal cortex and the hippocampus. The
histological examination of Nissl-stained sections from the dorsal hip-
pocampal formation, piriform cortex, and basolateral nucleus of the
amygdala (BL) showed that in the intact SHRs, pyramidal neurons in
all layers of the hippocampus (Fig. 10A), BL, and piriform cortex
(Fig. 10D) were densely arranged and intensely stained. The treatment
with KA resulted in severe neuronal loss in each part of thehippocampal
formation (Fig. 11B) and in certain parts of the BL and piriform cortex
(Fig. 10E). In addition, a higher magnification of the selected areas re-
vealed damaged and dead neurons there. Conversely, the application
of melatonin caused retrieval in the cell number and density in all the
examined brain regions (Figs. 10C, F) that did not differ significantly
from controls. The loss of neurons in the KA-veh group was significant
in the CA1, CA2, and CA3 pyramidal neurons, the dentate hilus, granule
cell layer of the hippocampus, as well as in the BA and piriform cortex
(Figs. 11A, B) (p* b 0.05). In contrast, epileptic rats treatedwithmelato-
nin did not showmorphological differences in the CA1 layer, CA3 layer,
and dentate hilus of the hippocampus and piriform cortex from controls
without epilepsy.

No significant differences among groups were detected for the 5-HT
levels in the frontal cortex (Fig. 12A). In the hippocampus, long-term
melatonin treatment significantly decreased the 5-HT levels both in
the C-mel and the KA-mel group (Fig. 12B) (*p b 0.05).

4. Discussion

The main finding of the present study was that long-term melatonin
treatment after SE alleviates seizure activity and brain damage during
the chronic epileptic phase in SHRs. However, in contrast to normotensive
Wistar rats [19], melatonin was unable to restore the disturbed diurnal
rhythms, behavioral abnormalities, and spatialmemorydeficit in epileptic
SHRs. Our results support literature data indicating that this hormone has
a potent anticonvulsant and neuroprotective effect in different experi-
mental models [17,20,24–26]. To our knowledge, no data have been pre-
viously reported on the efficacy of continuous administration of
melatonin after a sustained KA-induced SE in a model of comorbidity of
hypertension and epilepsy.

In agreement with literature and our previous studies on epileptic
normotensive Wistar rats, epileptic SHRs exhibited circadian fluctua-
tions in the appearance of spontaneous seizures in the KA model
[1,23,27,28]. We have found that melatonin treatment after SE not
only decreases seizure frequency during the stable chronic phase of
epilepsy in SHRs but also attenuates the circadian rhythm of seizure
activity, which is probably related to its decreasing effect mostly on
seizure frequency during the light phase. However, our results are not
sufficient to uncover the effect of circadian rhythms on seizure activity
in SHRs because we did not measure the plasma levels of melatonin
and its effect on seizure distribution. Further research is needed in con-
stant conditions to confirm the hypothesis about the close relationship
between circadian rhythmicity, melatonin synthesis, and seizure onset
in experimental animals.

Like epileptic Wistar rats [19], SHRs were characterized with neuro-
nal loss in the hippocampus, the amygdala, and the piriform cortex.
These brain areas are known to be vulnerable to the neurotoxic effect



Fig. 10. Representative Nissl-stained coronal sections of the hippocampal formation, the piriform cortex (Pir), and the basolateral amygdaloid nucleus (BL) of a control rat (A, D), and a rat
with epilepsy thatwas treatedwith a vehicle after SE (B,E) and a ratwith epilepsy thatwas treatedwithmelatonin after SE (C,F). The vehicle-treated epileptic rats showed severe neuronal
loss in parts of the hippocampal formation (arrows) reminiscent of hippocampal sclerosis inmesial temporal lobe epilepsy. Please note neuronal death inCA1 area of thehippocampus and
piriform cortex (insets in B and E). In contrast, themelatonin-treated epileptic rats did not obviously differ from controls. Scale bars = 200 μm(A–F); 50 μm inhighermagnification insets
(in B and E).
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of the KA [29]. Chen and Buckmaster [30] provided evidence that the
KA-treated epileptic Sprague–Dawley rats tend to display extensive
neuronal damage mostly in the amygdala and the olfactory cortex.
These findings suggest that there are strain-specific differences in
brain damage induced by SE. Chung and Han [17] reported that a
cumulative dose of 10 mg/kg melatonin attenuates KA-induced neuro-
nal death and reduces the number of DNA breaks. On the other hand,
the lack of neuroprotective efficacy of melatonin in the study of Kelso
et al. [31] raised several critical issues, which might be the reason for
its inconsistency with other reports. The time of administration of
melatonin, the duration of treatment, and the age of testing were also
considered critical for drug efficacy [32]. Althoughwe deliveredmelato-
nin through tap water during the light phase, we measured and com-
pared the total water consumption during a twenty-four-hour period.
The prevalence of consumption during the active period suggests that
the drug effect was evident mostly during the dark phase. Consistent
with our data on normotensiveWistar rats [19], melatonin showed sig-
nificant neuroprotection in the CA1 hippocampal area and the piriform
cortex. The observed effectwas associatedwith a significant delay in the
onset of the first spontaneous seizure and a decrease in seizure frequen-
cy during the treatment and after its discontinuation. Daily administra-
tion of melatonin at a dosage of 10 mg/kg for 60 days exerted a more
efficient attenuation of seizure activity in SHRs than in Wistar rats [19]
because it suppressed the seizure activity after discontinuation of
melatonin exposure. Nevertheless, all melatonin-treated rats developed
epilepsy and exhibited SRSs. We can assume that this strain-dependent
difference in the efficacy of melatonin in the KA model of TLE might be
related to the simultaneous decrease of blood pressure detected in
epileptic SHRs. Both experimental and clinical studies, contributing to
our understanding of ictal cardiovascular events, suggested correlation
of the temporal lobe partial epileptic activity and the cardiovascular
phenomena [33,34].

Spontaneously hypertensive rats demonstrated divergence in learn-
ing performance, depending on themethodology used. While some au-
thors reported impaired spatial learning of SHRs compared with either
Sprague–Dawley rats [35–37] or normotensive Wistar rats [38,39],
others revealed a better performance of SHRs compared with normo-
tensive strains [40]. Moreover, anxiety level andmotor activity inmem-
ory performance were considered critical indices in SHRs [41]. These
data suggest that altered anxiety level could be responsible for the out-
come in memory responses, which might explain the controversial re-
sults found in memory studies for SHRs. In this regard, although the
reported abnormalities in the hippocampus of SHRs suggest cognitive
impairments, a previous study has demonstrated that young male
SHRs outperform young male Sprague–Dawley rats in an eight-arm ra-
dial maze task [42]. Calzavara et al. [41] showed that the low anxiety
level of adult SHRs has an important role in the performance of the
plus-maze discriminative avoidance task and that the anxiety level
should be taken into account in studies where SHRs are used. In the
present work, we performed behavioral and memory tests to find out



Fig. 11. Effect of chronic melatonin treatment (10 mg/kg/day in drinking water, 8 weeks)
onKA-induced temporal lobe epilepsy on the histology scores (Nissl staining). A/Neuronal
damage in the hippocampus — CA1, CA2, and CA3 pyramidal cell layers, dentate hilus
(DH), and granule cell layer (GCL); B/Neuronal damage in the piriform cortex and the
basolateral amygdala (BL). Analysis of data by two-way ANOVA indicated amain Epilepsy
effect [F1,17 = 51.086, p b 0.001] and Drug effect [F1,17 = 27.684, p b 0.001] in CA1;
a main Epilepsy effect [F1,17 = 19.520, p b 0.001] in CA2; a main Epilepsy effect
[F1,17 = 5.178, p b 0.040] in CA3; a main Epilepsy effect [F1,17 = 12.859, p b 0.003] in
BL; a main Epilepsy effect [F1,17 = 19.079, p b 0.001] and a Drug effect [F1,17 = 13.452,
p b 0.002] in the piriform cortex; *p b 0.05 vs. C-veh groups; o р b 0.05 vs. KA-veh group.

Fig. 12. Concentrations of 5-HT in the frontal cortex (A) and the hippocampus (B) in
pM/mg of wet tissue as measured by the HPLC method. Data are means ± SEM
(n = 9–10); Analysis of data by two-way ANOVA indicated a main Drug effect
[F1,42 = 12.30, p b 0.001] in (B). *p b 0.05 vs. C-veh group.

207Z. Petkova et al. / Epilepsy & Behavior 31 (2014) 198–208
whether long-term administration of melatonin exerts a disease-
modifying effect on these comorbidities of the epileptic state in SHRs,
which should be associated with a detected neuroprotective and
seizure-decreasing efficacy of the hormone. However, unlike Wistar
rats [19] where melatonin showed a disease-attenuating efficacy
on some epilepsy-associated behavioral abnormalities, including
depressive-like comorbidity, both intact and melatonin-treated epilep-
tic SHRs exhibited a low anxiety level in the EPM test, depressive-like
behavior, and impairment of hippocampus-dependent spatial working
memory. Although melatonin failed to affect the low anxiety level in
the EPM test, which is characteristic for rats with epilepsy, it alleviated
hyperlocomotion. Furthermore, we found that melatonin-treated epi-
leptic SHRs were characterized with shorter distance traveled and less
time spent in the central aversive zone of the OF. These results are
also similar to the effect of melatonin in epilepticWistar rats. The diver-
gence in themelatonin effects demonstrated in the two tests of anxiety,
i.e., OF and EPM, might be specific for the procedure applied.

Unlike the study of González-Burgos et al. [43] wheremelatoninwas
reported to reduce pyramidal neuronal death in the hippocampus in
parallel with prevention of the spatial memory impairments as a
sequence of global ischemia in rats, in the present study, melatonin
treatment protocol failed to restore the disturbed spatial memory func-
tion in SHRs. Furthermore, vehicle-treated controls showed responses
similar to epileptic vehicle-treated SHRs in RAM. Previously, we have
found that intact and epileptic SHRs exhibit similar anxiety levels,
which was associated with low levels of 5-HT and dopamine in the
hippocampus [1]. Moreover, the intact SHRs showed depressive-like re-
sponses in the sucrose preference test during the light phase compared
with intactWistar rats [1].We can suggest that naive SHRs demonstrate
abnormal behavioral responses and biochemical parameters, which are
also characteristic for epileptic rats. In literature, substantial data exist
on hippocampal neuropathology, including neuronal loss, mostly in
the CA1 subfield, and astrocyte reactivity of intact adult SHRs [44,45].
Similarity in the EEG spectral profiles of SHRs suffering from congenital
hypertension and in the KA-treated normotensive rats was reported
earlier [46]. In the present study, both melatonin-treated control and
epileptic SHRs were characterized with decreased hippocampal levels
of 5-HT comparedwith intact SHRs. In vivo evidence showed clear cou-
pling between norepinephrine release and melatonin secretion [47]
suggesting that the daily rhythm of melatonin synthesis depends on
the activity of sympathetic fibers by the SCN. Spontaneously hyperten-
sive rats are characterized with a disturbed noradrenergic neurotrans-
mission, suggesting changes in circadian rhythms of endogenous
melatonin release. On the other hand, 5-HT neurotransmission is
known to play a crucial role in depression, while an antidepressant
effect of melatonin was suggested to be mediated by 5-HT2A receptors
as the hormone has been shown to act as a 5-HT2A antagonist [48,49]. It
has been shown that melatonin per se regulates both spontaneous ef-
flux and evokes release of 5-HT in the hippocampus, which is a major
target of serotoninergic antidepressants [50]. Unlike in epileptic Wistar
rats, where the exogenously applied melatonin was able to restore the
disturbed 5-HT balance [19], melatonin was ineffective presumably
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because serotoninergic neurotransmission was already disturbed in in-
tact SHRs.

In conclusion, although melatonin treatment after SE was unable to
prevent the development of the chronic epileptic state, the drug exerted
neuroprotection and alleviated the seizure activity in epileptic SHRs.
However, melatonin did not restore the disturbed diurnal behavioral
rhythms and was ineffective in reducing the deleterious consequences
of SE on the behavioral and memory deficits in epileptic SHRs. This re-
sultmight be explainedwith similar behavioral and biochemical param-
eters of intact and epileptic SHRs. Therefore, long-term treatment with
melatonin after SE did not prevent epileptogenesis but was effective
in decreasing seizure activity and brain damage in amodel of comorbid-
ity of hypertension and epilepsy.
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