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a b s t r a c t

Attention deficit hyperactivity disorder (ADHD) can coexist with epilepsy. Spontaneously hypertensive
rats (SHRs) are considered to model ADHD with overactivity, impulsiveness, deficient sustained atten-
tion, and alterations in circadian autonomic profiles. The present study explored spontaneous recurrent
seizures (SRSs) and behavioral diurnal activity rhythms in normotensive Wistar rats and SHRs in the kai-
nate model of epilepsy. Rats were video monitored (24 h/3 months) to detect SRSs. SHRs manifested a
lower seizure frequency during the light phase in the 8th and 10th weeks and a lower frequency of SRSs
during the night phase accompanied by attenuated responses in hyperexcitability tests. Both epileptic
strains were hyperactive, with lower anxiety levels, and their diurnal rhythms were abolished. Epileptic
Wistar rats and SHRs exhibited less exploration during the dark phase. This study suggests that SHRs may
be useful in modeling some aspects (particularly hypertension-related diurnal rhythm disturbance) of
behavior associated with epilepsy.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Spontaneously hypertensive rats (SHRs) have been proposed as
a validated animal model of attention deficit hyperactivity disorder
(ADHD). SHRs show similar clinical symptoms and behavioral
characteristics such as pronounced overactivity, impulsiveness,
deficient sustained attention, and reduced emotionality [1]. In
addition, SHRs are widely accepted as an experimental model of
essential hypertension and have been explored extensively with
respect to the chronobiological aspects [2–5]. Compared with Wis-
tar–Kyoto (WKY) rats, the diurnal patterns of heart rate, locomotor
activity, and respiration are inverted in SHRs at 20 weeks of age [2].
With respect to circadian fluctuations of blood pressure in SHRs,
the current findings are controversial, demonstrating normal [3],
abolished [2], enhanced [4], or inverted [5] rhythms. Several other
studies have indicated that dissimilar affective-behavioral profiles
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and should be considered co-
of SHRs and normotensive WKY rats are associated with strain-
dependent differences in diurnal rhythms [6,7].

ADHD can coexist with epilepsy, and the prevalence of ADHD in
epilepsy is three to five times greater than expected [8]. There is
ongoing debate about the nature of ADHD in epilepsy [8]. Several
mechanisms may account for the high prevalence, such as a com-
mon genetic propensity, noradrenergic system deregulation, sub-
clinical epileptiform discharges, seizures, anti-epileptic drug
effects, and psychosocial factors. On the other hand, it has been
demonstrated that there is a correlation between the deleterious
effects of hypertension and abnormalities in hippocampal struc-
ture, neurochemistry, and behavior in SHRs [9–11].

Few studies have been performed to elucidate the extent of sei-
zure susceptibility in SHRs. For instance, SHRs exhibit significant
differences in seizure susceptibility compared with normotensive
Wistar rats in acute seizure models [12]. In chronic models of epi-
lepsy, SHRs are reported to proceed more rapidly than WKY rats in
amygdala and piriform kindling [13], whereas in the pilocarpine
model of temporal lobe epilepsy (TLE), SHRs show neuropathologi-
cal alterations in hippocampal formation [10]. TLE, which is the
most common type of acquired epilepsy in adults, can be associ-
ated with neurobehavioral and cognitive deficits, including anxi-
ety, psychoses, and memory impairment [14]. Status epilepticus
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(SE) is an example of brain injury causing epileptogenesis and
development of acquired epilepsy and is characterized by sponta-
neous recurrent seizures (SRSs) during the chronic epileptic phase
[15]. Previous clinical and experimental findings suggest a circa-
dian rhythm of appearance of SRSs in the epileptic state [16,17].
So far, few studies have explored the effects of temporal lobe sei-
zures on diurnal fluctuations in behavioral activity in rats [18].
The kainic acid (KA) model has been established to reproduce the
pathophysiological events of epileptogenesis and the chronic
behavioral state in TLE [19]. The neuropathological changes seen
after KA-induced seizures are strikingly similar to those in human
TLE. Pronounced damage of pyramidal cells in the CA3 and CA1
subfields and loss of certain interneurons in the hilus of the den-
tate gyrus, amygdala, and perirhinal and enthorhinal cortices are
found [20]. These structures are involved in emotionality/anxi-
ety-related behaviors as well [21].

Accumulated studies address the validity of WKY rats as an
appropriate control for behavioral studies because these rats exhi-
bit marked behavioral differences from other normotensive strains
[22,23]. Comparison of SHRs, WKY rats, Wistar rats, and Lewis rats
demonstrates numerous behavioral differences, including those in
open-field and elevated plus-maze tests [24]. It is worth noting
that behaviorally, SHRs appear much like epileptic rats, showing
impulsivity, hyperactivity, and easy distraction [1].

Diurnal rhythms of SRSs and behavioral alterations in the
chronic epileptic phase have not been described in SHRs. Therefore,
the aim of the present study was to characterize possible strain dif-
ferences between Wistar rats and SHRs (intact and KA-treated) in
diurnal SRSs, motor activity, and emotionality/anxiety fluctuations.
The extent of neuronal death was also assessed in the regions of
interest in the same rats.
2. Methods

2.1. Animals

Sixty-day-old male normotensive Wistar rats and SHRs were
habituated for 10 days (12/12-h light/dark cycle with lights on at
08:00 h) and individually housed under standardized conditions
(20 ± 1�C, 50–60% humidity). Food and water were available ad libi-
tum throughout the study. All experiments were carried out during
the autumn–winter season. All experiments were approved by gov-
ernment authorities fully in accordance with the European Commu-
nities Council Directives of 24 November 1986 (86/609/EEC).

2.2. Measurement of arterial blood pressure and heart frequency

Systolic arterial blood pressure (ABP) was measured noninva-
sively in conscious unrestrained SHRs by the tail cuff method
(Ugo Basile Blood Pressure Recorder 5800). The ABP value for each
rat was the mean of three measurements.

2.3. Procedure for induction of status epilepticus with kainic acid

Sixty-seven male Wistar rats and SHRs were randomly divided
into the following four groups: group 1 (control Wistar group,
n = 10); group 2 (control SHR group, n = 10); group 3 (Wistar rats
treated with KA, n = 24); group 4 (SHRs treated with KA, n = 23).
Seizures were induced by repeated and subconvulsive doses of
KA (5.0 mg/kg, IP; Sigma–Aldrich, Bulgaria; groups 3 and 4) every
hour until rats experienced sustained SE for P3 h [19]. Control rats
(groups 1 and 2) were administered saline in the same manner.
Motor seizures were scored from III to V using a modification of
Racine’s scale [25]. Seizure intensity was defined as follows: class
III, forelimb clonus with lordotic posture; class IV, rearing and
continued forelimb clonus; and class V, forelimb clonus and loss
of posture. KA treatment was interrupted after a total convulsant
dose of 20–50 mg/kg. The surviving rats received lactated Ringer’s
(1–4 ml/100 g/day, SC) and moistened rat chow for up to 6–7 days.

2.4. Long-term video monitoring of recurrent spontaneous seizures

Forty-eight hours after SE all experimental rats were placed in la-
beled kennels and video monitoring was started (24 h/day) for a per-
iod of 3 months. Several parameters were evaluated during long-
term video monitoring: latency to occurrence of the first SRS, seizure
frequency, distribution of seizures relative to circadian rhythm, and
progression of seizure frequency over time. In addition to the video
monitoring, all SRSs detected during routine and experimental
manipulations of the animals were recorded. Video monitoring
was performed with a light-sensitive black and white camera (S-
2016, AVTECH, Taivan, No AVC307R), and video recordings were
visually analyzed. Motor seizures were scored on the same scale
used during KA treatment (i.e., class III/IV/V seizures).

2.5. Behavioral evaluation

Behavioral experiments with KA-treated rats were executed
during the chronic phase of epilepsy starting after the first de-
tected spontaneous seizure and extending up to 10 weeks. Behav-
ioral tests were undertaken in the sequence hyperexcitability, open
field, elevated plus maze, and hole board, with an intertest interval
of 1 week. During the light phase, all behavioral tests were carried
out under artificial light, and during the dark phase, under infrared
light. Open-field, plus-maze, and hole-board tests were performed
at four time points, that is, 1 h after lights on/off (at 900 and
2100 h, respectively) and 5 h after lights on/off (1500 and 300 h,
respectively). One rat was used only at two time points per test
in a random choice of time points. At least 30 min before each test,
the rat was transferred to the adjacent soundproof room where the
behavioral experiments were conducted. Testing was performed
only if no SRSs were observed 1 h before the test. When seizures
occurred during the procedure, testing was interrupted.

2.5.1. Open-field test
The procedure consisted of placing an animal for 5 min in the

center of an exploratory box (100 � 100 cm, divided into 25 equal
squares). The open-field box was divided into two zones, outer
square and inner square, the latter being considered an aversive
place for the rats. For each rat, numbers of peripheral and central
squares crossed, numbers of rears and boli, and the time spent in
the corner were recorded. After every trial the field was thoroughly
cleaned with 0.1% acetic acid solution.

2.5.2. Elevated plus-maze test
The elevated plus maze comprised two open arms (50 � 10 cm),

two enclosed arms (50 � 10 � 30 cm), and a central platform
(10 � 10 cm). The apparatus was elevated 50 cm above floor level.
At the beginning of the test, the rat was placed on the central plat-
form facing an open arm. The test lasted 5 min. Standard measures
were total number of arm entries, percentage of entries into open
arms, and percentage of time (in s) spent in the open arms of the
apparatus.

2.5.3. Hole-board test
The apparatus was designed similarly to that for the open-field

test, with a few modifications aimed at provoking the animal into
exploratory behavior. The plexiglass box (45 � 45 � 40 cm) had 16
circular holes (diameter 3 cm and distance 8 cm) on the floor. The
animal was placed in the central area for 5 min and the number of
exploratory head dips was recorded.



Table 1
Characteristics of status epilepticus (SE) and spontaneous recurrent seizures (SRS) in
Wistar and spontaneously hypertensive rats (SHRs) in the kainate model of temporal
lobe epilepsy.

Average Median SD Range

Dose of KA required to induce SE (mg/kg)
Wistar rats 17.5 ± 1.1 15 4.6 10–25
SHRs 27.5 ± 1 25 5.06 20–35

*P < 0.01

Latency to onset of SE (h)
Wistar rats 3.76 ± 0.3 4 1.4 2–8

*P < 0.001
SHRs 5.6 ± 0.2 5 0.9 4–7

Latency to onset of first spontaneous seizure (days)
Wistar rats 27.5 ± 4.9 26.5 18.2 9–67
SHRs 21.9 ± 3.9 18.5 14.7 5–53

Average frequency of SRSs per week (day/night)
Wistar rats 8.5 ± 2/2.9 ± 0.6 6.3/2.4 6.2/2 2.8–20/1–6.7
SHRs 5.8 ± 0.5/1.3 ± 0.1 5.8/1.3 1.6/0.5 2.3–8/0.5–2.2

*P < 0.01

*P < 0.05 vs. Wistar rats.
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2.6. Histology

After behavioral testing, rats (n = 5 per group) under deep ether
anesthesia were transcardially perfused initially with 0.05 M phos-
phate-buffered saline, pH 7.3, followed by 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.3. The brains were excised and post-
fixed overnight at 4 �C in the same fixative solution. After postfix-
ation, the brains were dissected and cryoprotected in 20%
phosphate-buffered sucrose solution. After overnight incubation
at 4 �C, the brains were cut on a Reichert Jung freezing microtome,
and 30-lm-thick serial sections were taken in subsets of 4. Every
first section of a subset was mounted on chrome/gelatin-coated
slides, and Nissl staining with cresyl violet was performed. After
staining the sections were dehydrated in a graduated series of eth-
anol, cleared in xylene, and embedded in Entellan. Sections were
investigated on a light microscope Jenaval (Germany), and photo-
graphed with a digital microscope camera (Nikon, Japan). Sections
were analyzed for major cell loss with special attention to the dor-
sal hippocampus, the ventral hippocampus, and some nuclei of the
amygdala [26]. Staining intensity and density of nerve cell bodies
in the hippocampus and amygdala were estimated semiquantita-
tively as low (+), moderate (++), or high (+++), and the relative lev-
els were subjectively assessed by visual comparison.

2.7. Statistical analysis

Depending on whether data were normally distributed or not,
either parametric or nonparametric (Mann–Whitney U test) tests
were used for statistical evaluation. Fisher’s exact test was used to
calculate the incidence of mortality during SE and the incidence of
rats with SRSs. Spearman’s correlation was used to evaluate poten-
tial associations between different measures. Data from the open-
field, plus-maze, and hole-board tests were analyzed by three-way
ANOVA [factors: strain (Wistar and SHR), treatment (saline and
KA), and time point (0900, 1500, 2100, and 0300 h), followed by a
post hoc Bonferroni test. Significance was set at P < 0.05.
3. Results

Control SHRs had significantly higher ABP (180 ± 1.05 mm Hg,
P < 0.005) in comparison with normotensive control Wistar rats
(118.4 ± 1.8 mm Hg).

3.1. Characteristics of kainic acid-induced status epilepticus in adult
Wistar and spontaneously hypertensive rats

Onset of SE was characterized by discrete motor convulsions
(class III/IV/V) that progressed toward recurring generalized to-
nic–clonic seizures. There were no differences in seizure severity
during SE between Wistar rats and SHRs. The average dose of KA
needed to induce SE and the latency to onset of SE in SHRs were
significantly higher compared with the values for Wistar rats
(Mann–Whitney t test: P = 0.01 and P < 0.001, respectively) (Ta-
ble 1). In the present study, all rats exhibited generalized SE. No
statistical difference in mortality rates between strains was de-
tected (Wistar rats: 25%, 6/24 animals; SHRs: 22%, 5/23). During
the following days, the behavior of the surviving animals returned
progressively to a normal pattern, although some aggressive re-
sponse on handling was observed in both groups during the latent
period.

3.2. Spontaneous recurrent seizures during the light–dark cycle

A total of 35 rats were continuously monitored for a period of
90 days. Spontaneous seizures occurred in 94% of Wistar rats
(16/17) and 78% of SHRs (14/18). A negative correlation was de-
tected between latency to occurrence of the first SRS and seizure
frequency for Wistar rats (Spearman’s correlation coefficient,
q = �0.635, P < 0.032).

A total of 532 SRSs in Wistar rats and 442 SRSs in SHRs, respec-
tively (n = 8), were visually identified during a 10-week period.
Analysis of the frequency of SRSs over the light–dark cycle demon-
strated an increase in motor seizures when lights were on (0800–
2000 h) (Wistar rats, 73%; SHRs, 80%) compared with the dark
phase (2000–0800 h) (Fig. 1). Cumulative analysis of seizures over
time revealed that SHRs exhibited a lower total average frequency
of seizures during the dark phase compared with WIS rats (Table 1).
In 91% of Wistar rats and 100% of SHRs, respectively, seizures oc-
curred in clusters (i.e., >3 seizures per day) [28] followed by a sei-
zure-free period.

Analysis of seizure frequency during the light phase over the
10-week period revealed opposite tendencies for the development
of SRSs in the two strains. Whereas seizure frequency was charac-
terized by a tendency to increase progressively over time in nor-
motensive Wistar rats (Mann–Whitney U test: P = 0.0038 and
P = 0.003 for the 9th and 10th weeks compared with the 1st week,
respectively), the frequency of SRSs diminished in SHRs during the
same period (Mann–Whitney U test: P = 0.017, 10th week com-
pared with 1st week) (Fig. 2). Furthermore, seizure frequency sta-
tistically differed between Wistar rats and SHRs in the 1st, 2nd,
8th, and 10th weeks (*P < 0.05) (Fig. 2). However, comparing mean
seizure frequency during the dark phase week by week revealed no
significant difference between strains (Fig. 2).

3.3. Behavioral studies in epileptic rats

3.3.1. Hyperexcitability tests
A battery of four different tests for hyperexcitability were used

in rats for 4 weeks after the first detected SRS, as described by Rice
et al. [28]. No significant difference was observed between the con-
trol and epileptic groups in both the approach–response test and
the finger-snap test (Fig. 3A and C). Hypersensitive responses were
evident in the touch–response test (Wistar rats, 4th week; SHRs,
1st week) and in the pickup test (1st week for both strains)
(Mann–Whitney U test: P = 0.01) (Fig. 3B and D). However, the
reactions of SHRs in the touch–response test returned to the nor-
mal control level in the 3rd and 4th weeks, respectively (Mann–
Whitney U test: P = 0.014 vs. the 1st week, P = 0.001 vs. epileptic
Wistar rats) (Fig. 3B). Similarly, pickup responses were alleviated



Fig. 1. Daily distribution of spontaneous recurrent seizure (SRS) frequency during the chronic stage of epilepsy over 10 weeks in Wistar rats (WIS) and spontaneously
hypertensive rats (SHRs). Each time point is the mean ± SEM of n = 8 rats in a group.

Fig. 2. Dynamics of spontaneous recurrent seizures (SRS) during the chronic stage
of epilepsy over 10 weeks in Wistar rats and SHRs. Data are means ± SEM of weekly
frequency of SRSs during the light (WISd, SHRd) and dark (WISn, SHRn) phases of
the 24-h period of observation. *P < 0.05, light vs. dark phase; oP < 0.05, Wistar rats
vs. SHRs.
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in SHRs in the 4th week (Mann–Whitney U test: P = 0.017 vs. the
1st week, P = 0.015 vs. epileptic Wistar rats) (Fig. 3D).

3.3.2. Diurnal activity patterns in open-field tests
Three-way ANOVA revealed main effects of strain, treatment,

and time, respectively, on peripheral activity (strain:
F[1, 168] = 6.281, P < 0.013; treatment: F[1, 168] = 84.484,
P < 0.001; time: F[3, 168] = 4.214, P < 0.007) and inner activity
(strain: F[1, 169] = 40.5, P < 0.001; treatment: F[1, 169] = 13.726,
P < 0.001; time: F[3, 168] = 6.969, P < 0.001). Moreover, a strain
� treatment � time interaction was evident for peripheral activity
(F[3, 168] = 3.331, P < 0.021). ANOVA showed an overall effect of
strain and treatment on rearing (strain: F[1, 174] = 13.744,
P < 0.001; treatment: F[1, 174] = 7.605, P < 0.001) as well as treat-
ment and time effects on the time spent in the corner (treatment:
F[1, 174] = 15.826, P < 0.001; time: F[3, 174] = 8.935, P < 0.001).

Control Wistar rats exhibited the highest activity during the
dark phase, resulting in a significant increase in peripheral activity
and decreased time spent in the corner at 0300 h but the lowest
activity at 0900 h (Fig. 4A and D). However, diurnal anxiety pat-
terns (inner and vertical activity) were absent in Wistar rats
(Fig. 4B and C).

Control SHRs exhibited increased activity at all time points,
with significant differences compared with control Wistar rats at
0900 and 2100 h (P < 0.05) (Fig. 4A). Unlike control Wistar rats,
in intact SHRs the variables detecting the anxiety level (inner
and vertical activity, time in the corner) showed diurnal fluctua-
tions, with lower emotional responses during the dark phase
(Fig. 4B–D). Moreover, SHRs were less anxious than control Wistar
rats during the light and dark phases (P < 0.05) (Fig. 4B and D).

Both epileptic Wistar rats and SHRs exhibited higher peripheral
activity than their respective controls and abolished diurnal activ-
ity rhythms (P < 0.05) (Fig. 4A). Epileptic Wistar rats were less anx-
ious than controls and demonstrated a tendency toward or
significantly increased inner activity, decreased time spent in the
corner (Fig. 4B and D), and decreased number of boli (not shown)
at 0900 and 0300 h. KA-treated SHRs were less anxious than their
controls at 1500 h (Fig. 4B and D). Epileptic SHRs were more active
(peripheral activity and time in the corner) at 0900 h and less anx-
ious (inner activity) at 0900 and 2100 h than epileptic Wistar rats
(Fig. 4A, B, and D).

Epileptic rats showed a time-dependent decrease in the number
of rears compared with their respective controls; that is, these rats
explored less during the dark phase (P < 0.05) (Fig. 4C).

3.3.3. Diurnal activity in plus-maze test
The three-way ANOVA revealed an effect of all three factors

only on total number of entries (strain: F[1, 190] = 68.451,



Fig. 3. Development of hyperexcitability in epileptic rats for the 4-week period following the first detected spontaneous recurrent seizures. Data are mean ± SEM scores of
approach–response (A), touch–response (B), finger-snap (C) and animal pickup (D). *P < 0.05 vs. first week; oP < 0.05 vs. Wistar rats; #P < 0.05 vs. saline-treated controls
(n = 8–18 per group). WIS, wistar rats; SHRs, spontaneously hypertensive rats.
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P < 0.001; treatment: F[1, 190] = 108.086, P < 0.001; time:
F[3, 190] = 3.556, P < 0.016). Similar to results in the open field,
control Wistar rats exhibited the highest activity at 0300 h,
whereas control SHRs were more active than Wistar rats at all time
points (P < 0.05) (Fig. 5A). Total numbers of entries into closed and
open arms were significantly increased with no diurnal variability
in epileptic Wistar rats and SHRs compared with intact rats
(P < 0.05) (Fig. 5A). Epileptic SHRs exhibited higher activity than
epileptic Wistar rats at all time points (P < 0.05) (Fig. 5A).

ANOVA revealed overall strain and treatment effects on both per-
centage of entries into open arms (strain: F[1, 186] = 10.329,
P < 0.002; treatment: F[1, 186] = 51.877, P < 0.001) and percentage



Fig. 4. Diurnal variations of activity in the open-field test for control and epileptic Wistar rats and SHRs: (A) horizontal activity in the periphery, (B) horizontal activity in the
inner square, (C) vertical activity, (D) time spent in the corners. Data are means ± SEM, n = 8–18. *P < 0.05, controls vs. epileptic rats; oP < 0.05, Wistar rats vs. SHRs. WIS-
Control, wistar control rats; SHR-Control, spontaneously hypertensive control rats; WIS-Chron, wistar rats with chronic epilepsy; SHR-Chron, spontaneously hypertensive
rats with chronic epilepsy.
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of time spent in open arms (strain: F[1, 189] = 15.585, P < 0.001;
treatment: F[1, 189] = 79.247, P < 0.001). Similar to findings in the
open field, control Wistar rats were characterized by absent diurnal
rhythms of anxiety patterns, whereas SHRs had lower anxiety levels
(number of entries into and time spent in open arms) during the dark
phase (P < 0.05) (Fig. 5B and C). Epileptic Wistar rats were less anx-
ious than controls, with significantly more entries into and less time
spent in open arms at all time points (P < 0.005) (Fig. 5B and C). Epi-
leptic SHRs also exhibited lower anxiety levels than controls, with
increased time spent in open arms at all time points (Fig. 5C).
3.3.4. Diurnal activity in hole-board test
ANOVA did not reveal a significant effect among three factors.

Control Wistar rats exhibited the highest frequency of head dip-
ping during the dark phase (Fig. 6). However, control SHRs made
fewer head dips than control Wistar rats during the dark phase
(P < 0.005) (Fig. 6). The frequency of head dipping was significantly
decreased in both epileptic groups compared with their respective
controls during the dark phase (P < 0.05) (Fig. 6).
3.4. Histopathological changes

Visual examination of Nissl-stained sections from control rats
revealed that pyramidal neurons in all layers of the hippocampus
were densely arranged and intensely stained (+++). No morpholog-
ical alterations were observed in the control Wistar rats and SHRs.
In both the dorsal (Fig. 7A and B) and ventral (Fig. 7C and D)
hippocampus of epileptic Wistar rats (++) and SHRs (+), pyramidal
neurons in CA3 subfields were not as densely packed and some
dead neurons were observed there. In control rats, sections of the
central nucleus of the amygdala revealed a high density of neurons
(+++). Slides of the central nucleus of the amygdala from epileptic
Wistar rats revealed moderate density (++) and those for epileptic
SHRs revealed low density (+) (Fig. 7E and F). As a rule, cell loss was
more evident in epileptic SHRs than in epileptic Wistar rats. In
addition, the lateral ventricles were dilated in epileptic rats.
4. Discussion

The unexpected finding of our study was that in SHRs, seizure
frequency was lower during the light phase in the 8th and 10th
weeks and frequency of SRSs was lower during the night phase
and accompanied by attenuated responses in hyperexcitability
tests. Both epileptic strains were hyperactive, with lower anxiety
levels, and had abolished diurnal rhythms. However, epileptic Wis-
tar rats and SHRs explored less during the dark phase.

4.1. Strain differences in spontaneous recurrent seizures during the
light–dark cycle

The latency to onset of the first SRS, 27.5 ± 4.9 days for Wistar
rats and 21.9 ± 3.9 days for SHRs, respectively, is not consistent
with that reported by Hellier et al. [19] using the same KA protocol,
probably because of variables in experimental manipulation and



Fig. 5. Diurnal variations of activity in the plus-maze test for control and epileptic
Wistar rats and SHRs: (A) total number of entries into open and closed arms, (B)
number of entries into open arms, (C) time spent in open arms. Data are
means ± SEM, n = 8–18. *P < 0.05, controls vs. epileptic rats; oP < 0.05, Wistar rats
vs. SHRs.

Fig. 6. Diurnal variations in activity in the hole-board test. Data are means ± SEM of
head dips of control and epileptic Wistar rats and SHRs. n = 8–18. *P < 0.05, controls
vs. epileptics; oP < 0.05, Wistar rats vs. SHRs.
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strain or overestimation of the latent period detected in a limited
time of 6–8 h per week. A latent period of 1–6 weeks has also been
reported after use of a single dose of KA [29,30].

Both Wistar rats and SHRs exhibited circadian fluctuations in
the frequency of SRSs with a prevalence of seizures during the light
phase. The circadian rhythms of SRSs are well documented for a
variety of other strains and models of epilepsy [18,27,29]. Similarly
to nocturnal rodents that exhibit a lower seizure threshold during
the inactive period, patients with generalized or partial epilepsies
are reported to have higher seizure rates during sleep [31].

We have shown that the frequency of spontaneous seizures in-
creased during the first 10 weeks of the chronic phase in KA-treated
normotensive Wistar rats. A progressive increase in the number of
SRSs was observed over 2–6 months after SE also in the intrahippo-
campal KA model and low-dose KA protocol [19,29]. The matura-
tional process in the early stages of the chronic period, that is,
progression of seizure frequency until a plateau has been reached,
is also reported in other models of epilepsy [27,32]. Experimental re-
sults agree with clinical data showing an accelerating process in the
early stages of the epileptic phenomenon [33]. It is a matter of debate
whether early seizure progression represents a kindling-like phe-
nomenon where ‘‘seizures beget seizures” or a slowly developmen-
tal process of anatomical and/or physiological alterations in
temporal lobe structures (i.e., neuronal loss, gliosis, axonal sprout-
ing, and/or synaptic reorganization) as seen in both the KA model
and human TLE [34,35]. We found that a short latency to appearance
of the first SRS was a prerequisite for higher seizure frequency in
Wistar rats. Such a negative correlation was also reported in the
intrahippocampal KA model and amygdala kindling model [29,32].

In our study, SHRs showed higher resistance than Wistar rats to
KA-induced SE and a negative correlation between time and sei-
zure frequency in the 10-month period of observation starting
after the first detected SRS. Moreover, epileptic SHRs manifested
attenuated responses in hyperexcitability tests and smaller total
numbers of SRSs during the dark phase than Wistar rats. The rea-
son for the observed alleviated responses of SHRs in our study is
unclear, and further studies are needed to evaluate the possible
role of the genetic factor. We could assume that the observed de-
crease in the total number of seizures during the dark period in
SHRs is rather a consequence of a progressive decrease in their
overall seizure frequency over time. In contrast to a progressive
phenomenon observed in the early epileptic stages, the brain
may also generate processes of remission [36]. Similarly, in our
study and previous experimental data, SRSs were characterized
by clusters with short seizure-free periods [37]. Therefore, we
can assume that the observed alleviation in seizure frequency in
SHRs during the first 10 weeks of the chronic epileptic phase rep-
resents a remission process shifted in time compared with that in
Wistar rats. In addition, the early period of the chronic epileptic
phase might be crucial in epileptogenesis of SHRs, the observed ef-
fects being transient in the limited time of monitoring in our
experimental schedule. From our results it is difficult to predict
the outcome of seizure frequency during the late period of the
chronic epileptic phase. Further longitudinal studies (which are
in progress in our laboratory) with simultaneous video and EEG
recordings of seizure activity in SHRs will clarify this issue.

Few studies have considered and compared seizure susceptibility
in SHRs and their parent strain WKY rats. The genetic differences



Fig. 7. Histological sections from epileptic Wistar rats (A, C, and E) and SHRs (B, D, and F). (A) Overview of the dorsal hippocampus showing the intensely stained pyramidal
neurons in all hippocampal subfields. Inset: High-resolution view of the CA3 subfield where damaged neurons are seen. (B) Nissl-stained sections of the dorsal hippocampus
of SHRs at low and higher magnification (inset) demonstrating a similar morphological picture. (C) Ventral hippocampus of Wistar rats. Please note neuronal death in CA3
subfield (inset). (D) Pyramidal neurons in this hippocampal subfield are also damaged in SHRs. (E) Low-power microphotograph of the amygdaloid nuclear complex of Wistar
rats. Higher magnification of the boxed area in (E) shows neuronal cell loss in the central nucleus of the amygdala (CeC). (F) Overview of the amygdala of SHRs. Rectangle in
(F) at higher magnification demonstrates the neuronal cell loss in CeC. Nissl staining with cresyl violet. BLA, basolateral nucleus of the amygdala; Pir, piriform cortex. Scale
bar = 100 lm in (A)–(F); 50 lm in higher-magnification insets.
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between SHRs and WKY rats, in particular GABAergic, vasopressin,
adenosine, and opioid mechanisms, were suggested to underlie the
contrasting seizure responses of these strains [13,38]. SHRs are
known to have an overactivated renin–angiotensin system (RAS),
which has a crucial role in their hypertension. We are attempting
to associate the observed resistance of SHRs in the KA model with
disturbances in this system. Although by now too speculative, such
a suggestion is in accordance with our previous studies demon-
strating that angiotensin II, III, and IV exert anti-convulsant activity
in several acute seizure models, including the pentylenetetrazol
kindling model [39]. The latter data were recently confirmed by
Stragier et al. in rats with pilocarpine-induced limbic seizures
[40]. Moreover, upregulation of AT1 receptors and their mRNA
expression in the cortex and hippocampus of patients diagnosed
with TLE was reported recently [41].

4.2. Strain- and KA treatment-dependent differences in behavior of
Wistar and spontaneous hypertensive rats during the light–dark cycle

Our results are consistent with other reports showing that
spontaneous locomotor activity exhibits diurnal fluctuations in
Wistar rats [42]. However, the diurnal variations in activity pat-
terns (peripheral activity in open field and total activity in plus
maze) were abolished in SHRs.

Studies exploring the behavior of SHRs in tests performed in no-
vel environments have provided equivocal and contradictory data.
SHRs were found to be hyperactive (compared with WKY and Wis-
tar rats) [22,43], not different (compared with Lewis and Wistar
rats) [22,24,1], or hypoactive (compared with Sprague–Dawley
rats) [24]. These findings are not consistent, probably because of
methodological variables and discrepancies. We have shown that
control SHRs exhibited higher locomotor activity compared with
normotensive Wistar rats, particularly at the beginning of the light
phase and the dark phase. Recently, El-Mas and Abdel-Rahman re-
ported an abolished diurnal blood pressure pattern in SHRs,
whereas the diurnal patterns of heart rate, locomotor activity,
and respiration were inverted [2]. These authors did not present
a clear explanation of the observed dissimilarity, although they
suggested that it reflects the complexity of circadian cardiovascu-
lar control in this rat model of hypertension. Otherwise, other
available studies considering diurnal blood pressure patterns in
SHRs are controversial, demonstrating normal or altered (enhanced,
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abolished, or inverted) rhythms [2,4,5]. However, El-Mas and Ab-
del-Rahman tried to solve this discrepancy by investigating longi-
tudinal circadian hemodynamic and locomotion rhythms for an
extended period, from 14 to 27 weeks of age [2]. They found
age-dependent differences in the aforementioned patterns that
could explain the discrepancy with other reports. Thus, in the per-
iod between 18 and 20 weeks of age, SHRs showed abolished diur-
nal activity patterns, which is in accordance with our findings on
control SHRs tested at the same age.

In agreement with previous data [44], in our study both KA-
treated epileptic Wistar rats and SHRs exhibited locomotor hyper-
activity in the early period of the chronic epileptic phase. More-
over, we found that this hyperactivity was sustainable and
without diurnal fluctuations. Similarly to control groups, epileptic
SHRs demonstrated higher activity than epileptic Wistar rats
mostly during the light phase. It is worth mentioning that although
both intact and epileptic SHRs showed abolished diurnal activity
patterns of locomotor activity, disturbed diurnal activity rhythms
were noted only in epileptic Wistar rats. Moreover, intact SHRs
and epileptic Wistar rats exhibited similar diurnal activity pat-
terns. A dysfunction of the suprachiasmatic nuclei (SCN), the bio-
logical circadian oscillator, may contribute to the altered diurnal
activity rhythm in SHRs. Transplantation of SHR embryonal hypo-
thalamic tissue containing the SCN elevates the arterial pressure in
normotensive rats [3,45] and SCN lesioning abolishes the circadian
rhythm of locomotor activity [46].

Recently, Sanabria et al. have shown that Fos-like immunoreac-
tivity is significantly reduced in the SCN of chronic epileptic rats
after photic stimulation during the subjective night [47]. Although
these authors did not demonstrate structural SCN damage in epi-
leptic rats, their data suggest a close relationship between circa-
dian rhythm and seizure activity. Thus, the increased brain
electrical activity induced by SRSs may temporally disrupt the
SCN function of epileptic rats, with a variable period required to re-
cover after seizure episodes.

The present data represent the first report, to our knowledge, on
diurnal anxiety fluctuations in intact and KA-treated epileptic Wis-
tar rats and SHRs. The open field, elevated plus maze, and hole
board are behavioral tests widely recognized as models of emo-
tionality/anxiety. In contrast to activity, diurnal anxiety rhythms
were not detectable in intact Wistar rats. On the contrary, intact
SHRs exhibited diurnal fluctuations, with higher anxiety levels
during the light phase. Our results are in agreement with previous
reports in which SHRs were described as less fearful than normo-
tensive strains [1]. In accordance with previous data for other epi-
leptic models and strains during the light period, we found that
KA-treated epileptic Wistar rats were less anxious than controls.
However, unlike both Wistar groups (intact and KA-treated), which
were characterized by absent diurnal rhythms, the diurnal anxiety
patterns were KA treatment dependent in SHRs. It is known that
ventral hippocampus is the main area mediating unconditioned
fear reactions resulting from exposure to a threatening situation
[48]. A possible explanation for the apparent decrease in anxiety-
like behavior in epileptic rats was recently proposed by Detour
et al., who suggested that disruption of networks among ventral
hippocampus, enthorhinal cortex, and amygdala, which are areas
involved in fear expression, causes a misevaluation of threatening
situations [48]. Such a presumption is also supported by our results
and the study of Brandt et al. [30], who showed, in epileptic rats, a
correlation between low anxiety scores in the elevated plus maze
and lesions in the hippocampus, enthorhinal cortex, and amygdala.

The observed strain- and KA treatment-dependent difference in
anxiety rhythms in our study is unclear. Recent findings challenge
the master circadian pacemaker role of the SCN and reveal clock-
like activities in many areas of the mammalian brain, including
the central nucleus of the amygdala and the dentate gyrus [49].
Furthermore, findings on rhythms of expression of the clock pro-
tein Period2 (PER2) in four regions of the limbic forebrain known
to be important in the regulation of motivational and emotional
states support the idea that circadian information from the SCN
and homeostatic signals may be integrated in these regions of
the limbic forebrain to affect the temporal organization of motiva-
tional and emotional processes [48]. Further studies are needed to
explore the mechanism underlying genetic variables in diurnal
anxiety rhythms and the influence of epileptogenesis in the KA
model of TLE.

The observed significantly lower exploratory activity (rearing in
open field) and number of head dips in the hole-board test during
the dark phase of epileptic Wistar rats and SHRs also deserve com-
ment. Similarly to epileptic rats, intact SHRs showed decreased
head dipping compared with intact Wistar rats during the dark
phase. The lack of curiosity may be associated with an impulsive
behavior that is characteristic of both intact SHRs and epileptic rats
especially during the active period (dark phase).

In conclusion, the present study demonstrates that SHRs exhibit
higher resistance than Wistar rats during the early chronic phase of
the KA-induced model of TLE. KA-treated epileptic Wistar rats and
SHRs are hyperactive, with lower anxiety levels than their controls
and with abolished diurnal rhythms. These effects are more pro-
nounced in SHRs. However, epileptic Wistar rats and intact and
epileptic SHRs exhibit less exploratory activity during the dark
phase, which could be associated with impulsiveness during the
active period. Our results suggest that SHRs could constitute a use-
ful chronobiological approach to the study of epilepsy accompa-
nied by attention deficit hyperactivity disorders.
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