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Abstract Over the last 10 years, accumulated experi-
mental and clinical evidence has supported the idea that
AT receptor subtype is involved in epilepsy. Recently, we
have shown that the selective AT, receptor antagonist
losartan attenuates epileptogenesis and exerts neuropro-
tection in the CAl area of the hippocampus in epileptic
Wistar rats. This study aimed to verify the efficacy of long-
term treatment with losartan (10 mg/kg) after kainate-in-
duced status epilepticus (SE) on seizure activity, behavioral
and biochemical changes, and neuronal damage in a model
of co-morbid hypertension and epilepsy. Spontaneous sei-
zures were video- and EEG-monitored in spontaneously
hypertensive rats (SHRs) for a 16-week period after SE.
The behavior was analyzed by open field, elevated plus
maze, sugar preference test, and forced swim test. The
levels of serotonin in the hippocampus and neuronal loss
were estimated by HPLC and hematoxylin and eosin
staining, respectively. The AT, receptor antagonism
delayed the onset of seizures and alleviated their frequency
and duration during and after discontinuation of treatment.
Losartan showed neuroprotection mostly in the CA3 area
of the hippocampus and the septo-temporal hilus of the
dentate gyrus in SHRs. However, the AT; receptor
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antagonist did not exert a substantial influence on con-
comitant with epilepsy behavioral changes and decreased
5-HT levels in the hippocampus. Our results suggest that
the antihypertensive therapy with an AT, receptor blocker
might be effective against seizure activity and neuronal
damage in a co-morbid hypertension and epilepsy.
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Introduction

Clinical data suggest a bidirectional link between hyper-
tension and epilepsy and that the risk factors for cardio-
vascular  disease and epilepsy are  common.
Cerebrovascular damage resulting from chronic hyperten-
sion might decrease seizure threshold and predispose to
epilepsy (Goel et al. 2012; Scorza et al. 2006), suggesting a
vascular contribution to the pathogenic state. Furthermore,
seizures onset can activate sympathetic system that in turn
causes hypertension and bradyarrhythmia (Beig et al.
2009). A few experimental and clinical reports have
demonstrated beneficial activity of antihypertensive and
anti-seizure drug combination. Thus, simultaneous treat-
ment with carvedilol and gabapentin has shown good result
in hypertensive patients predisposed to epilepsy (Goel et al.
2012), while administration of nifedipine alone or in
combination with valproic acid has exerted cardioprotec-
tion during ictal state in rats (Beig et al. 2009).

The spontaneously hypertensive rats (SHRs) have been
extensively explored as a model of essential hypertension
(Okamoto and Aoki 1963; Linthorst et al. 1994), while
behavioral patterns have suggested a face validity and the
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use of this strain as a model of attention-deficit hyperac-
tivity disorder (ADHD) (Sagvolden et al. 2006). Several
reports, including ours, have shown that SHRs, compared
to normotensive rats, exhibit a low anxiety level, increased
locomotion, exploration, and impulsivity leading to deficit
in attention and impaired hippocampus-dependent spatial
learning in the water maze and radial arm maze tests (De
Bruin et al. 2003; Gattu et al. 1997; Gentsch et al. 1987;
Kulikov et al. 1997; Petkova et al. 2014; Ramos et al. 2002;
Tchekalarova et al. 2010; Wyss et al. 2000). In addition,
strain- and area-dependent difference has been demon-
strated in the 5-HTergic activity in basal and pathological
conditions (Nakamura et al. 2001; Tchekalarova et al.
2015).

The SHRs are characterized by a hyperactive central
renin—angiotensin system (RAS), a higher number of ATl
receptors and expression of ATIA mRNA in the
hypothalamus compared to their progenitor Wistar-Kyoto
(WKY) rats (Raizada et al. 1993). Since the RAS system is
known to participate in the control of many physiological
and behavioral functions, including regulation of blood
pressure, hormonal pituitary gland release, water and salt
homeostasis via hypothalamus and brain stem (reviewed
in: Wright and Harding 2011), it is reasonable to assume
that this system and the activation of angiotensin (Ang) II
type 1 (AT1) receptor, in particular, are responsible for the
elevated blood pressure in the SHRs (Allen et al. 1998, de
Gasparo et al. 1995; Thomas and Mendelsohn 2003).
Although ATI1 receptors are mostly localized in the ante-
rior pituitary, area postrema, hypothalamus, and CVOs,
they are also found in areas involved in the control of brain
excitability, including the hippocampus, piriform cortex,
lateral geniculate, caudate putamen, amygdala, and septum
(Wright et al. 2008). The predominant role of the ATI1
receptor in mediating the pathophysiological actions of
Ang IT underlies the efficacy and broad use of AT1 receptor
antagonists in clinical practice for the treatment of hyper-
tension, congestive heart failure, and diabetic nephropathy
(Ribeiro-Oliveira et al. 2008). Sartans, including losartan,
have been shown to overcome easily brain barrier (Nishi-
mura et al. 2000) and to contribute to a decreased blood
pressure and neuronal injury through a blockade of central
AT, receptors (Kawano et al. 1994; Nishimura et al. 2000).

Over the last 10 years, accumulated clinical and exper-
imental evidences have supported the hypothesis that brain
AT1 receptor subtype is involved in the regulation of sei-
zure susceptibility (Argafiaraz et al. 2008; Lukawski et al.
2010; Pereira et al. 2010; Tchekalarova and Georgiev
2005; Tchekalarova et al. 2014a, b). The elevated levels of
RAS components, including increased expression of AT,
receptors in the hippocampus, are verified both in patients
with temporal lobe epilepsy (TLE) (Argafiaraz et al. 2008)
and in two experimental models of epilepsy (Gouveia et al.
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2012; Pereira et al. 2010). Although the functional meaning
of these plastic changes has not been fully elucidated, the
experimental results suggest that up-regulated AT1 recep-
tors under epileptic conditions might be involved in the
mechanism of enhanced seizure susceptibility.

The importance of increased hippocampal monoamine
neurotransmission for limiting seizure development has
been established earlier (Linthorst et al. 1994; Lukawski
et al. 2010, 2014), and therefore, it is interesting to have
also knowledge about possible changes in seizure-evoked
hippocampal neurotransmitter dialysate levels in SHRs.

Losartan potentiated the anticonvulsant effect of
antiepileptic drugs (AEDs), valproate and lamotrigine, in
the mouse test of maximal electroshock (Lukawski et al.
2010, 2014). Furthermore, long-term administration of
this ATl receptor antagonist was able to prevent the
development of spontaneous recurrent seizures (SRS)
after vascular injury and brain exposure to albumin (Bar-
Klein et al. 2014) and to alleviate seizure intensity in
Wistar audiogenic rat (WAR) (Pereira et al. 2010).
Recently, our group has reported that long-term blockade
of AT1 receptors after kainate (KA)-induced status
epilepticus (SE) can exert disease-modifying activity on
epileptogenesis in normotensive Wistar rats (Tchekalar-
ova et al. 2014a, b). In view of the accumulated evidence
that broadly used antihypertensive AT1 receptor drugs
might also be considered as a relevant therapeutic target
in epilepsy, in the present study, we further demonstrate
that the continuous AT1 receptor blockade after SE is
efficient against SRS and neuronal damage in the hip-
pocampus using a model of co-morbid hypertension and

epilepsy.

Materials and Methods

The study was conducted according to the European
Communities Council Directive 2010/63/EU for the pro-
tection of animals used for scientific purposes. The
experimental design was approved by the Institutional
Ethics Committee at the Institute of Neurobiology and the
Ethics Committees for research at the Sofia Medical
University, contract No. 30/2011 for the application grant
DTK 02/56 2009-2012.

Subjects

Adult (two-month aged) male SHRs were obtained from
the local breeding house of the Medical University of Sofia.
Each animal was single caged upon arrival on a controlled
12 h light/dark cycle (lights on at 08:00 h) at standard
temperature (20 £ 3 °C) and humidity (40-50 %). The
rats were habituated for 10 days and handled daily during
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this period. Throughout the study, food and water were
given ad libitum except during the testing. All tests were
carried out in the autumn—winter season.

Experimental Design and Drug Treatment

The study design is described in Fig. 1. The rats were
allocated at random to the following four experimental
groups: (I) vehicle control group, referred to as C-veh
(n = 10); (I) losartan control group, (C-los) (n = 10); (IIT)
kainate vehicle group, (KA-veh) (n = 15); and (IV) kai-
nate losartan group, (KA-los) (n = 15). The observers who
conducted the experiments were blinded to the treated
groups. Two additional groups with implanted electrodes
used preferably for video- and EEG analysis were added as
follows: EEG-KA-veh (n = 7) and EEG-KA-los (n = 7).
Treatment with losartan (gifted by MERCK&CO., INC,
New Jersey, USA) started 2 h after the beginning of SE at a
dose of 10 mg/kg, previously shown to alleviate seizure
activity and to have antioxidant activities (Pechlivanova
et al. 2010; Tchekalarova et al. 2014a, b). During the first
6 days after SE, losartan was injected subcutaneously (s.c.)
(10 mg/kg at a volume of 20 ml) in lactated Ringer’s as the
animals were unable to drink via bottles. Matched control
groups were injected with losartan or vehicle, respectively.
A week after SE, losartan, diluted in drinking water, was
administered via drinking water as described previously
(Tchekalarova et al. 2014a, b). The amount of the drinking
water containing losartan was adjusted daily based on the
individual volume of liquid consumed the previous day.

Induction of Status Epilepticus with Kainic Acid

Kainic acid was diluted in sterile saline (0.9 % NaCl) at a
dose of 2.5 mg/ml. The protocol of KA-induced SE was
performed as previously described (Tchekalarova et al.
2014a, b), according to Hellier et al. (1998) with a minor

Fig. 1 Schematic illustration of Induction of
the experimental protocol status epilepticus
(SE) with KA

modification in order to decrease the mortality of rats
experiencing SE. The seizure intensity was evaluated using
the modified Racine’s scale (1972) as follows: class III,
forelimb clonus with lordotic posture; class IV, rearing and
continued forelimb clonus; and class V, forelimb clonus
and loss of the posture. Only rats which developed SE (i.e.,
recurrent seizures of class IV or V for at least 3 h) and
survived thereafter were included in the subsequent
analyses.

Surgery and EEG Recording

Experimental groups for EEG analysis were anesthetized
with ketamine (40 mg/kg, i.p.) and xylazine (20 mg/kg,
i.m.). Following local anesthesia with procaine 0.5 % and
fixation in a stereotaxic device (Narishige Sci. Inst. Labs,
Japan), silver ball wire (200 pum) (Biomed Instr., Germany)
was inserted into pre-made small holes in the calvaria
bilaterally of both hemispheres above the frontal (A = +1,
L = +£2) and parietal cortical areas (A = —4.2, L = £3.0).
The reference and the ground electrodes were placed into
the occipital bone. All electrodes were connected to a six-
plug female connector, and the whole assembly was
attached to the skull by means of fast curing dental acrylic.
After the surgery, the rats were allowed to recover for
1 week before the first control EEG recordings. Simulta-
neous EEG and video recording was performed in two
separate monitoring periods during losartan treatment
(15-30 days after SE) and more than a month after dis-
continuation of treatment (70-90 days after SE), respec-
tively, for a period of 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 ACK100 W (BIOPAC Inc., USA). The criteria
for epileptic seizures were abrupt onset of epileptiform
activity that lasted at least 5 s and amplitude that was two
times higher compared with the baseline EEG.

}
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Video Monitoring of Spontaneous Recurrent
Seizures

Spontaneous motor seizures (24 h/day for 12 weeks) of
class IV or V (secondarily generalized seizures) were
detected by two independent observers through video-
software in a computer connected with an infrared-sensi-
tive colored camera (S-2016, AVTECH, Taiwan, no.
AVC307R). No partial seizures of classes I and II without
simultaneous EEG recording were taken into consideration
because they could easily be missed. All additional spon-
taneous seizures detected during the experimental manip-
ulations were taken into account as well. Latency for onset
of the first motor seizure and seizure frequency per day
were evaluated.

Behavioral Tests

All tests were performed during losartan treatment
(20-30 days after SE) (Ist trial) and a month after dis-
continuation of treatment (70-80 days after SE) (IInd trial),
respectively. Time interval between the behavioral tests
was at least 2 days. They were performed in two time
points: 6 h after lights on (15:00 p.m.) under artificial
diffused light during and after lights off (03:00 a.m.) under
red dim light. The behavioral experiments were conducted
in a soundproof room, where the animals were moved at
least 30 min before each test. In case a rat had seizure
within 1 h before starting the test, it was excluded from the
experimental procedure. The behavior was recorded using
an infrared-sensitive CCD camera and a video tracking
system (SMART PanlLab software, Harvard Apparatus,
USA).

Open Field Test

The apparatus consisted of a gray polystyrene box
(100 x 100 x 60 cm3) divided into two zones: outer
square (periphery) and inner square (center). The rat was
placed in the center of the box and was allowed to explore
it for 5 min. The calculated standard measures were as
follows: (1) total distance traveled (cm); (2) time spent in
the central zone (s) versus total time in %; and (3) an
anxiety index calculated using the following equation:
After each test, the OF apparatus was thoroughly cleaned
with 0.1 % acetic acid solution to prevent any odor traces.

Elevated Plus Maze Test
The apparatus consisted of two open arms (50 x 10 cm?),
two enclosed arms (50 x 10 x 50 cm3), and a central

platform (10 x 10 cm?) elevated 50 cm above the floor
level. At the beginning of the test, the rat was placed on the
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central platform facing an open arm. The test lasted 5 min.
The calculated standard measures were as follows: 1) total
distance traveled (cm); 2) time (s) spent in the open arms
versus total time in %. After each test elevated plus maze
(EPM) was cleaned with 0.1 % acetic acid solution.

Sucrose Preference Test

The test for evaluating hedonic state was performed as
described previously (Tchekalarova et al. 2011). Sucrose
preference was expressed as a percentage of the volume of
sucrose solution of the total amount of liquid (sucrose plus
regular water) consumed during 12 h (light phase—
8:00-20:00 h and dark phase—20:00-8:00 h).

Forced Swim Test

The despair-like behavior was evaluated by a classic forced
swim test (Porsolt et al. 1979) as previously described
(Tchekalarova et al. 2011). Two swim sessions were con-
ducted: 15 min of training followed by a 5-min test session
24 h later. After each test, the rat was dried and kept warm
by a heating device for 10 min. The immobility (s), which
occurred when the rat remained motionless, or made only
movements necessary to keep its head above the water, was
recorded.

Histology

After a deep anesthesia with urethane (1500 mg/kg, i.p.,
Sigma-Aldrich) (n = 5 per group), rats 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 (PB), 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; the tissue blocks were washed in PB,
embedded in paraffin, and cut into 5-pm-thick sections. The
samples were then deparaffinized with xylene and ethanol,
and routinely stained with hematoxylin and eosin to better
identify pyknotic nuclei of damaged neurons. 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
as previously described (Tchekalarova et al. 2014a, b). The
staining intensity and density of nerve cell bodies were
estimated using Nikon’s 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.
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Fig. 2 EEG activity from the left and right frontal (FrL and FrR) and
parietal cortices (PL and PR) in a SHR from the kainate vehicle (KA-
veh) group (a) and a rat from the KA-losartan (KAlos) group (b). The

High-Performance Liquid Chromatography

Eight rats from each group were used for HPLC analysis.
After light anesthesia with CO2, the rats were decapitated,
brains were quickly dissected on ice, and hippocampi and
frontal cortex were removed bilaterally. The tissue samples
were frozen in liquid nitrogen, lyophilized, and stored at
—70 °C before HPLC analysis as previously described
(Tchekalarova et al. 2011).

Statistical Analysis

Parametric (for normally distributed data) or nonparametric
tests (for data not normally distributed) were used for the
statistical analysis (SigmaStat® 11.0). Experimental data
were evaluated by ANOVA analysis of variance with

control records before KA-induced status epilepticus (Aa, Ba), during
the latent (Ab, Bb), and the chronic phase (Ac, Bc) are presented.
Calibration: 10 s, 100 uV

Condition (Control vs KA), Drug (Vehicle vs losartan), Phase
(Light vs Dark) as between-group factors. Group differences
after significant ANOVAs were measured by post hoc Bon-
ferroni or Holm Sidak test. If data were not normally dis-
tributed, ANOVA for nonparametric data (Kruskal-Wallis
on ranks) followed by the Mann—Whitney U test was used. A
p < 0.05 value was accepted for statistical significance.

Results
Seizure Activity
The EEG recordings in the KA-veh and KA-los groups

before, during SE, latent and chronic phases are demon-
strated in Fig. 2a, b.
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Table 1 Characterization of cortical paroxysmal activity in vehicle- or losartan-treated SHRs: recordings were executed during losartan

treatment (at 15-30 days)

Rat First monitoring period
KA-veh KA-los
No. of No. of No. of Median duration of No. of No. of No. of Median duration of
paroxysmal seizures spike trains paroxysmal events  paroxysmal seizures spike trains paroxysmal events
events per h per h per h (s) events per h per h per h (s)

1 17 9 8 498 9 9 0 554

2 30 17 13 1246 16 2 14 253

3 32 23 9 2509 25 5 11 405

4 26 14 12 2159 0 0 0 0

5 35 23 12 1205 14 8 14 320

6 - - - - 22 0 19 188

Mean £ SD 28 + 7 17+£6 11£2 1523 + 807 14 £ 9% 4 £ 4% 10 £ 8 287 £ 190*

The criterion for paroxysmal activity was defined as a paroxysmal event <5 s. The epileptic events longer than 20 s were considered as seizures
while >20 s “spike-trains.” The median duration (in s) and total number of paroxysmal events were determined from at least of 1 h artifact-free

recording
*p < 0.05 vs C-veh group

Table 2 Characterization of cortical paroxysmal activity in vehicle- or losartan-treated SHRs: recordings were executed after discontinuation of

treatment (70-90 days after KA-induced SE)

Rat Second monitoring period
Wistar SHR
No. of No. of No. of Total duration of  No. of No. of No. of Total duration of
paroxysmal seizures spike trains paroxysmal events paroxysmal seizures spike trains paroxysmal events
events per h per h per h (s) events per h per h per h (s)

1 65 35 30 1779 10 1 9 154

2 32 2 30 346 8 2 6 127

3 40 12 28 656 12 6 6 331

4 42 9 33 733 16 5 11 362

5 23 13 10 654 12 4 8 322

6 - - - - 4 1 3 68

Mean £+ SD 40 + 16 14+£12 26+9 834 £ 849 10 £ 4* 3+ 2% 7 £ 3% 227 £+ 125%

The criterion for paroxysmal activity was defined as a paroxysmal event <5 s. The epileptic events longer than 20 s were considered as seizures
while >20 s “spike-trains.” The median duration (in s) and total number of paroxysmal events were determined from at least of 1 h artifact-free

recording
*p < 0.05 vs C-veh group

Repetitive injection of KA at a low subconvulsive dose
led to SE in rats after approximately 3 h, and the average
dose required to induce SE was median £ S.D:
18.79 £ 5.5 mg/kg; range: 20-30 mg/kg. Five out of 44
rats (11 %) died during SE. The final number of survived
rats per group treated with KA was as follows: 14 (KA-
veh), 14 (KA-los), 5 (EEG- KA-veh), and 6 (EEG- KA-
los), respectively. The losartan treatment during epilepto-
genesis significantly delayed the onset of the first sponta-
neous seizure in SHRs (median & SD: 23 £ 2.2 days;
range 9-99 days KA-los group versus KA-veh group:
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median & SD: 12 &+ 6 days; range 5-26 days) (Mann—
Whitney Rank Sum Test: T = 177; p = 0.022). The EEG
recording did not show obvious difference during the latent
phase compared to the baseline EEG activity but only
sporadic spike activity. The losartan treatment did not
prevent development of epilepsy and onset of spontaneous
seizures. However, the number of paroxysmal events and
their duration was significantly decreased during the two
monitoring periods in the losartan-treated group (Tables 1,
2). The video-monitored behavioral motor seizures were
also with significantly lower frequency during losartan
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Fig. 3 A daily seizure frequency monitored by a 24-h video 1™ trial
recording in KA-veh (n = 14) and KAlos (n = 14) groups from the B 14000
Ist to the IVth month after SE. Data are mean & SEM. Repeated *
ANOVA indicated a main effect of Condition [F1, 110 = 13.158, 12000 -
p < 0.001]. *p < 0.05 between groups (vs KA-veh group); °p < 0.05
within a group (Kruskal-Wallis test) 10000 -
. . . 8000
treatment (Ist month) and after discontinuation of treatment 5

(IInd—-IVth month after SE) (Fig. 3) (*p < 0.05). Com-
pared to the KA-veh group, no progression of seizure
activity was demonstrated in the KA-los group (°p < 0.05).

Behavioral Tests
Open Field Test

Diurnal fluctuations of total activity were detected only in
control rats (Ist and IInd trials) (#p < 0.05) (Fig. 4a, b).
Losartan treatment caused hypolocomotion in control rats,
mainly during the light phase, which effect was preserved a
month after drug washout (¥p < 0.05). However, the
blockade of AT, receptors did not affect the KA-induced
hyperlocomotion during both the light and dark phases (Ist
and IInd trials) (p > 0.05). During the period of treatment,
losartan did not influence the KA-induced decrease in
anxiety level, measured by time spent in the aversive
central zone, but a month after its discontinuation, a phase-
dependent alleviating effect to control level was demon-
strated during the light phase (*°p < 0.05) (Fig. 5a, b). The
same tendency was observed during the dark phase.

Elevated Plus Maze Test

Like in the OF test, total activity of control rats was
characterized by diurnal fluctuations in the EPM test (Ist
and IInd trials) (*p < 0.05). Losartan treatment caused
hypolocomotion during both the light and dark phases in

6000

4000 1

2000 1

0 -

- 03:00h -

Fig. 4 Diurnal variations of locomotor activity in open field test
measured by total distance traveled (cm) during the Ist trial and the
IInd trial. Data are mean & SEM (n = 10-15). Three-way ANOVA
indicated: a For the Ist trial—a main condition effect [F; 9o = 46.890,
p < 0.001] and Phase effect [F| 99 = 17.945, p < 0.001]; b For the
IInd trial—a main condition effect [F| g9 = 59.759, p < 0.001] and
phase effect [F g9 = 11.838, p < 0.001]. *p < 0.05 versus controls,
°p < 0.05 versus KA-treated rats, *p < 0.05 within a group (15:00 h
vs 03:00 h)

control rats (*p < 0.05) (Fig. 6a, b). Furthermore, the AT,
receptor antagonism was unable to alleviate the increased
motor activity of rats after SE (Ist and IInd trials)
("p < 0.05). Losartan produced an anxiogenic effect in the
control group measured by the ratio of time spent in the
open arms versus total time during both the light and the
dark phases, respectively (Ist and IInd trials) (*p < 0.05)
(Fig. 7a, b).

Sucrose Preference Test
Controls and epileptic rats exhibited diurnal fluctuations in

the sugar preference test (SPT) with higher preference to
sweet solutions during the dark phase (Ist and IInd trail)

@ Springer



934

Cell Mol Neurobiol (2016) 36:927-941

Open Field - Time ratio center vs total time
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25 4 KA-los
20 4
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10 Z
%
51 %
_
%
0 . % A
-15:00h - 03:00h
" trial +
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Fig. 5 Diurnal variations of anxiety level measured by time spent in
center versus total time (%) in the open field test during the Ist trial
and the IInd trial. Data are mean £+ SEM (n = 10-15). Three-way
ANOVA indicated: a For the Ist trial—a main phase effect
[F188 = 10.533, p < 0.02] as well as condition x phase interaction
[Fig3 = 5.624, p < 0.019]; b For the IInd trial—a main condition
effect [Fiq99 = 8.138, p < 0.005], drug effect [F;qy = 6.806,
p <0.010], and phase effect [F;99= 12.101, p <0.001].
*p < 0.05 versus controls, °p <0.05 versus KA-treated rats,
#p < 0.05 within a group (15:00 h vs 03:00 h)

(*p < 0.05) (Fig. 8a, b). Losartan treatment tended to
increase the preference to sweet solutions in control con-
ditions during the light phase of the Ist trial with significant
effect after discontinuation of drug exposure (‘p < 0.05).
However, losartan exposure was unable to prevent a co-
morbid anhedonia in the KA-treated rats (°p < 0.05).

Forced Swim Test
Losartan treatment did not prevent the depressive-like

behavior as a consequence of SE during the treatment
period and after its discontinuation (Fig. 9a, b) (p < 0.05).
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Elevated plus maze test - Total distance travelled
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Fig. 6 Diurnal variations of locomotor activity in elevated plus maze
test measured by total distance traveled (cm) during the Ist trial and
the IInd trial. Data are mean &= SEM (n = 10-15). Three-way
ANOVA indicated: a For the Ist trial—a main condition effect
[F190 = 30.528, p <0.001] and phase effect [Fjq9 = 9.104,
p <0.003]; b For the IInd trial—a main condition effect
[F190 = 64.689, p <0.001] and phase effect [F|q9 = 12.880,
p < 0.001]. *p < 0.05 versus controls, °p < 0.05 versus KA-treated
rats, #p < 0.05 within a group (15:00 h vs 03:00 h)

Histology

The KA-induced neurotoxicity caused a severe neuronal
loss in the CAl and CA3 areas of the hippocampus as
well as in the dentate gyrus hilus area, preform cortex,
and Dbasolateral amygdala in the KA-veh group,
(*p < 0.05 vs C-veh) (Figs. 10a, b, c, d, 11a, b, 12a, b).
The long-term losartan treatment during epileptogenesis
prevented the neuronal damage selectively in the CA3
area of the hippocampus and in the septo-temporal den-
tate gyrus hilus area of epileptic rats (°p < 0.05)
(Figs. 10a, b, c, d, 11a, b). Partial neuroprotection in the
KA-los group was detected in the basolateral amygdala
(Fig. 12a, b).
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Fig. 7 Diurnal variations of anxiety level measured by time spent in
open arms versus total time (%) in the elevated plus maze test during
the Ist trial and the IInd trial. Data are mean &= SEM (n = 10-15).
Three-way ANOVA indicated: a For the Ist trial—a main condition
effect [Figo0 = 10.922, p <0.001], drug effect [F;99 = 13.092,
p < 0.001] as well as condition x drug interaction [F; gy = 6.813,
p <0.010]; b For the IInd trial—a main condition effect
[Fioo =22.860, p<0.001], drug effect [Fjq= 15439,
p < 0.001], phase effect [Fjg99 = 13.101, p <0.001], as well as
condition x drug interaction [F¢9 = 12.221, p < 0.001]. *p < 0.05
versus controls, °p < 0.05 versus KA-treated rats, #p < 0.05 within a
group (15:00 h vs 03:00 h)

High-Performance Liquid Chromatography

The level of 5-HT in the frontal cortex and the hip-
pocampus was evaluated using the HPLC system. No dif-
ference for the 5-HT levels in the frontal cortex was
detected among groups (Fig. 13a). Long-term losartan
treatment significantly decreased the 5-HT levels in the
hippocampus of both the C-los and the KA-los groups,
respectively (Fig. 13b) (*°p < 0.05).

Fig. 8 Diurnal variations in sucrose consumption test during the Ist
trial and the IInd trial. Data are mean + SEM (n = 10-15). Three-
way ANOVA indicated: a For the Ist trial—a main effect of condition
[F190 = 8.647, p < 0.004], phase effect [F oo = 15.948, p < 0.001]
as well as condition x drug x phase interaction [F¢9 = 11.899,
p <0.001]; b For the IInd trial—a main condition -effect
[Fio0 = 12.872, p <0.001], phase effect [Fq99 = 26.925,
p <0.001], as well as condition x drug x phase interaction
[F100 = 14.802, p < 0.001]. *p < 0.05 versus controls, °p < 0.05
versus KA-treated rats, *p < 0.05 within a group (15:00 h vs 03:00 h)

Discussion

In the present study, we demonstrated that long-term
treatment with losartan, a selective AT1 receptor antago-
nist, after KA-induced SE exerted a disease-modifying
effect on the spontaneous seizure activity and the neuronal
damage in a co-morbid model of hypertension and epi-
lepsy. Identically with these results, recently we have
reported that losartan is able to attenuate seizure frequency,
neuronal damage, and behavioral changes caused by KA-
induced SE in normotensive Wistar rats (Tchekalarova
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Fig. 9 Diurnal variations of immobility time (s) in the forced swim
test during the Ist trial and the IInd trial. Data are mean + SEM
(n = 10-15). Three-way ANOVA indicated: a For the Ist trial—
condition x phase interaction [F g9 = 15.865, p < 0.001], as well as
condition x drug x phase interaction [Fjgo = 3.935, p < 0.05].
b For the IInd trial—a main phase effect [F| 9o = 9.193, p < 0,003]
and condition x phase interaction [Fg¢9 = 17.726, p < 0.001].
*p < 0.05 versus controls, °p <0.05 versus KA-treated rats,
#p < 0.05 within a group (15:00 h vs 03:00 h)

et al. 2014a, b). The seizure-attenuating efficacy was still
evident 3 months after discontinuation of the treatment
suggesting a potential antiepileptogenic activity of losartan
in the SHRs. However, the AT1 receptor blockade was
unable to prevent the development of epileptogenesis and
onset of spontaneous seizures. Our results agree with a
report of Pereira et al. (2010) showing that orally given
losartan at a higher dose of 50 mg/kg for 21 days to WARs
decreased limbic seizures from day 8 of the acoustic
stimulation and from day 15 of the drug treatment,
respectively, while tonic—clonic seizures were influenced
from the first day of the stimuli and 7 days from losartan
exposure. Moreover, the activity of losartan on limbic
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seizures was comparable to that of the ACE inhibitor
enalapril but higher regarding mesencephalic seizures,
which effect was accompanied by lowering of the systolic
blood pressure. Recently, Bar-Klein et al. (2014) revealed
that systemic administration of losartan via drinking water
(2 g/) for 21 days suppressed epileptogenesis in a model
of vascular injury and cortical exposure to albumin in
Wistar rats. The underlying mechanism of losartan activity
was suggested to involve either suppression of TGF-f3
signaling or AT1 receptor blockade or both.

Unlike the above-mentioned models of epilepsy, losar-
tan did not show any activity in acute seizure tests in naive
animals (Lukawski et al. 2010; Tchekalarova and Georgiev
1999). It is worth mentioning that in the three doses used,
losartan was inactive in maximal electroshock seizure
(MES) test just like telmisartan (Lukawski et al. 2010).
However, co-injection of a single higher dose of losartan
(50 mg/kg) potentiated the anticonvulsant effect of val-
proate and lamotrigine without affecting plasma or brain
drug levels suggesting pharmacodynamic interactions
(Lukawski et al. 2010, 2014). Our previous data have
demonstrated that the biologically active neuropeptides
Ang II, Ang III, and Ang IV exerted anticonvulsant activity
in acute pentylenetetrazol (PTZ) seizure test and in PTZ
kindling model of epilepsy in mice (Tchekalarova and
Georgiev 2005). The anticonvulsant activity of Ang IV was
also detected in pilocarpine seizure test in rats (Stragier
et al. 2006). However, the combination of intracere-
broventricular injection of ineffective doses of Ang II and
losartan produced an anticonvulsant effect in PTZ-kindled
mice (Georgiev et al. 1996).

A number of studies revealing that one of the mecha-
nisms underlying barrier leakage is the increased blood
pressure (Johansson 1981; Ndode-Ekane et al. 2010;
Cornford and Oldendorf, 1986) suggest vulnerability of
hypertension to blood-brain barrier (BBB) damage. On the
other hand, both experimental and clinical results revealed
that a breakdown of BBB before, during, and after seizures
can cause extravasation of plasma constituents and vaso-
genic brain edema (Gorter et al. 2015; Ndode-Ekane et al.
2010; Van Vliet et al. 2007). Previous reports demonstrated
that a repeated losartan treatment is effective in prevention
of BBB permeability in hypertensive rats (Kaya et al. 2003;
Kucuk et al. 2002) suggesting that this drug might be also
protective against barrier leakage in epileptic conditions, as
well as epilepsy accompanied with hypertension. However,
further studies are required to explore this hypothesis.
Losartan has been earlier demonstrated to decrease the
central sympathetic nerve activity in hypertensive rats (Ye
et al. 2002). Although in this study blood pressure was not
measured in epileptic condition, we can assume that long-
term exposure to 10 mg/kg losartan decreased the blood
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Fig. 10 Representative hematoxylin and eosin-stained coronal sec-
tions of the hippocampal formation of a control rat (a), an epileptic rat
treated with a vehicle after SE (b) and an epileptic rat treated with
losartan after SE (¢). The representative images on the right panels are
higher magnifications of the boxed areas in the left images from the
CALl and CA3c areas of the hippocampus, respectively. The KA-veh

pressure based on the results reported earlier in naive SHRs
(Pechlivanova et al. 2010).

Behavioral data related to losartan treatment have often
been encountered controversial findings because of the
divergence in the experimental protocols among laborato-
ries and can be also attributed to differences in treatment
routes (central vs systemic or single vs repeated) and
strains used. Srinivasan et al. (2003) showed that acute
injection of 10 mg/kg losartan increased locomotion of
normotensive Wistar rats while alleviated hyperactivity in
naive SHRs. In the present study, the long-term losartan
treatment decreased the motor activity of SHRs specifically
during the light phase, which results agree with decreased
locomotion after AT; receptor blockade in normotensive
rats (Tchekalarova et al. 2014a, b). However, unlike in

rats (b) showed severe neuronal loss in CA1 and CA3 pyramidal cell
layers, and the hilus of the dentate gyrus (DG) when compared to the
control rats (a). The KA-los rats did not obviously differ from
controls. Scale bars = 200 um (a—f); 50 um in higher-magnification
insets (b)

epileptic Wistar rats (Tchekalarova et al. 2014a, b), the
AT1 receptor antagonist losartan did not prevent KA-in-
duced hyperactivity of SHRs, suggesting a strain-specific
response as a result of the AT1 receptor blockade under
pathological state. Our present findings correspond to
previous reports of other researchers that in addition to
hypertensive conditions, epileptogenesis is also crucial for
the activity of the AT1 receptors causing their up-regula-
tion in the hippocampus both in animal models of epilepsy
and in patients with epilepsy (Gouveia et al. 2012; Pereira
et al. 2010).

Patients with co-morbid hypertension and depression
have shown significant emotional and mood improvement
when were exposed on ACE inhibitor therapy—captopril
and enalapril instead of other antihypertensive drugs
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Fig. 11 Histology scores (Nissl staining) during epileptic chronic
phase in a the hippocampus—CA1, CA3a CA3c; in b the hilus of the
dentate gyrus. *p < 0.05 versus C-veh group; °p < 0.05 versus KA-
veh group. Two-way ANOVA for the hippocampus indicated a CA1
for the septal: condition effect [F;¢ = 4,365, p < 0.050]; septo-
temporal: condition effect [F;o = 15.234, p < 0.005]; temporal:
condition effect [Fo = 26.422, p < 0.001]; CA3a for the septal:
condition effect [F; g = 8.189, p < 0.024]; septo-temporal: condition
effect [F|o = 20.393, p < 0.002] and drug effect [F,o = 10.203,
p < 0.013]; temporal: condition effect [F; ¢ = 27.089, p < 0.001];
CA3c for the septal: condition effect [F| o = 17.260, p < 0.004] and
drug effect [Fo = 10.618, p < 0.014]; septo-temporal: condition
effect [Fio = 16.125, p <0.004] and drug effect [F;o = 7.350,
p < 0.027]; temporal: condition effect [Fo¢ = 28.693, p < 0.001]
and drug effect [F; ¢ = 16.441, p < 0.004]. Two-way ANOVA for
the hilus of DG indicated b for the septal: condition effect
[F19 =16.578, p <0.005]; septo-temporal: condition effect
[F1o =131.349, p <0.001] and drug effect [F,o = 46.643,
p < 0.001]; temporal: condition effect [Fjqo = 6.157, p < 0.042].
*p < 0.05 versus controls, °p < 0.05 versus KA-treated rats

(Braszko et al. 2003; Germain and Chouinard 1988, 1989).
Antidepressant activity of AT1 receptor blockers, including
losartan, has been demonstrated only in screening tests for
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Fig. 12 Histology scores during epileptic chronic phase in a the
piriform cortex and in b the basolateral amygdala. Two-way ANOVA
for the piriform cortex indicated a condition effect [F 4, = 15.411,
p < 0.002]. Two-way ANOVA for the basolateral amygdala indicated
b for the septal: condition effect [F; ¢ = 30.093, p < 0.001]; septo-
temporal: condition effect [F; o = 8.187, p < 0.024] and drug effect
[F19 = 46.643, p < 0.001]; temporal: condition effect
[Fio = 14.050, p < 0.010]. *p < 0.05 versus controls, °p < 0.05
versus KA-treated rats

antidepressant activity in naive rats but not in models of
depression (Gard et al. 1999; Nayak and Patil 2008;
Vijayapandi and Nagappa 2005). Recently, Pedreaiiez et al.
(2011) reported that long-term losartan pretreatment alle-
viated depressive-like responses of renal oxidative stress in
rats induced by repeated FSTs. In the present study, we
addressed the role of the hippocampal 5-HT to the effects
of losartan on anxiety and depression in KA-treated SHRs.
While our previous work in Wistar rats has demonstrated
potent antidepressant activity of AT1 receptor antagonism,
which is in agreement with literature data, the present
results showed that in hypertensive rats, the long-term
losartan treatment after SE was unable to alleviate asso-
ciated with epileptogenesis depressive-like behavior during
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Fig. 13 Hippocampal concentration of serotonin in pM/mg of wet
tissue, measured by HPLC method. Data are mean + SEM (n = 8).
Two-way ANOVA + Bonferroni test: a frontal cortex—NS; b Hip-
pocampus—a main drug effect [F;3, = 12,209, *p < 0.001].
*p < 0.05 versus controls, °p < 0.05 versus KA-treated rats

the light phase. In addition, losartan treatment caused 5-HT
deficit in the hippocampus in both intact and KA-treated
SHRs. Recently, we have found that long-term AT,
receptor blockade alleviated depressive-like behavior in
epileptic normotensive Wistar rats, which beneficial effect
was associated with decreased hippocampal levels of 5-HT.
Therefore, the present findings, together with our previous
report on Wistar rats, indicated strain-specific outcome on
depression developed during epileptogenesis and a lack of
direct link between emotional disturbance and serotonin-
ergic neurotransmission.

In agreement with our previous results and a report of
Sun et al. (2015), the KA-induced neuronal damage was
detected mainly in the hippocampus, the piriform cortex,
and the basolateral amygdala in SHRs (Petkova et al. 2014,
Tchekalarova et al. 2014a, b). In the present study, the
long-term losartan treatment alleviated SE-induced neu-
ronal damage specifically in the CA3c area of the

hippocampus and the septo-temporal hilus of the dentate
gyrus. Recently, we have reported that a repeated losartan
or Ang II treatment during epileptogenesis exerted a neu-
roprotection mainly in the CA1 area of the hippocampus in
Wistar rats (Tchekalarova et al. 2014a, b, Ivanova et al.
2015), suggesting a strain-dependent difference in the brain
structures involved in the neuroprotective activity of
losartan and a possible role of the AT2 receptors, which
were reported to be up-regulated under pathological con-
ditions both in humans with epilepsy (Argafaraz et al.
2008) and in a rat model of epilepsy (Pereira et al. 2010).
The stronger potency of the selective AT receptor
antagonist against the KA-induced neurotoxicity in SHRs
than in Wistar rats is in accordance with our recent finding
that the efficacy of a sub-chronic losartan infusion on the
KA-induced SE, and oxidative stress is more pronounced
in a model of essential hypertension.

In conclusion, the present results confirmed our previous
ones and those of other authors that the ATI receptor
blockade might be used as an effective adjuvant therapy in
a co-morbid hypertension and epilepsy. Like in nor-
motensive rats, losartan diminished seizure activity in both
the period of exposure and after discontinuation of the
treatment and exerted neuroprotection in specific brain
regions, suggesting common long-term plastic changes
against development of epileptogenesis in SHRs. Despite
the ATI receptor blockade had beneficial effect on SE-
induced behavioral changes in Wistar rats, it was unable to
affect hyperactivity and depression in hypertensive rats. In
addition, while losartan exerted neuroprotection in the CA1
area of the hippocampus in Wistar rats, the AT1 receptor
antagonism had beneficial effect in the CA3 area and the
hilus of dentate gyrus in SHRs. Further experiments are
needed to explain the mechanism underlying strain-specific
responses of losartan treatment in KA model of TLE.
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