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Abstract Kindling induced by the convulsant pentylene-
tetrazol (PTZ) is an accepted model of primary generalized
epilepsy. Because seizures represent a strong distressing
stimulus, stress-induced proteins such as heat shock
proteins might counteract the pathology of increased
neuronal excitation. Therefore, the aim of the present study
was to determine whether PTZ kindling outcome parame-
ters are influenced by heat shock protein 70 (Hsp70)
overexpression in Hsp70 transgenic mice as compared to
the respective wild-type mice. Kindling was performed by
nine intraperitoneal injections of PTZ (ED¢ for induction
of clonic—tonic seizures, every 48 h); control animals
received saline instead of PTZ. Seven days after the final
injection, all mice received a PTZ challenge dose. Outcome
parameters included evaluation of seizure stages and overall
survival rates. In addition, histopathological findings such
as cell number in hippocampal subfields CA1 and CA3
were determined. The onset of the highest convulsion stage
was delayed in Hsp70 transgenic mice as compared to wild-
type mice, and overall survival during kindling was
improved in Hsp70 transgenic mice as compared to wild-
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type mice. In addition, a challenge dose after termination of
kindling produced less severe seizures in Hsp70 transgenic
mice than in wild-type mice. PTZ kindling did not result in
significant subsequent neuronal cell loss in CA1 or CA3
neither in wild-type mice nor in the Hsp70 transgenic mice.
The results of the present experiments clearly demonstrate
that overexpression of Hsp70 exerts protective effects
regarding seizure severity and overall survival during PTZ
kindling. In addition, the decreased seizure severity in
Hsp70 transgenic mice after a challenge dose suggests an
interference of Hsp70 with the developmental component
of kindling.

Keywords Pentylenetetrazol - Kindling - Epilepsy -
Heat shock protein 70 - Mouse - Protection

Introduction

Kindling is a widely accepted model of human epilepsy,
characterized by progressive intensification of electroen-
cephalographic and behavioral seizures evoked by initially
subeffective chemical or electrical stimuli. Whereas electri-
cal kindling is regarded as a model of complex partial
epilepsy (McNamara 1984), the chemical kindling induced
by the convulsant pentylenetetrazol (PTZ) represents a
model of primary generalized epilepsy (Ono et al. 1990;
Rossi 1996). PTZ-induced seizures are initiated by block-
ade of brain gamma-aminobutyric acid receptors (Olsen
1981; Ramanjaneyulu and Ticku 1984). However, the
neural mechanisms involved in kindling-induced behavioral
and biochemical changes remain to be determined as well
as the induction of compensatory endogenous protective
mechanisms. Because seizures represent a strong distress-
ing stimulus, stress-induced proteins such as heat shock
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proteins might be assumed to counteract the pathology of
increased neuronal excitation.

Heat shock proteins are induced in a variety of patholog-
ical states, including cerebral ischemia, neurodegenerative
diseases, or trauma, and are thought to assist the maintenance
of cellular integrity; the multifactoring mechanisms underly-
ing cell protection include prevention of protein aggregation
as well as interference with apoptosis and inflammation
(reviewed by Yenari et al. 2005). Regarding epilepsy, the
convulsant kainic acid has been shown to increase hippo-
campal expression of heat shock protein 70 (Hsp70) in rats
(Krueger et al. 1999), and the expression appears to correlate
with seizure severity (Zhang et al. 1997). Therefore, it could
be likely that Hsp70 might be involved in endogenous
cellular protection during seizures.

Hsp70 overexpression has been shown to exert protec-
tive effects using in vitro stress models including heat
shock or metabolic stress (Beaucamp et al. 1998; Fink et al.
1997) as well as in in vivo models of ischemia (Plumier et
al. 1997; Hoehn et al. 2001; Rajdev et al. 2000).

However, there is no knowledge whether overexpression
of Hsp70 exerts protective effects in epilepsy using an animal
kindling model. Therefore, the aim of the present study was to
determine whether PTZ kindling outcome parameters such as
seizure stage and survival, as well as histopathological
findings such as hippocampal cell number, are influenced by
Hsp70 overexpression in Hsp70 transgenic mice.

Materials and methods
Animals

For all experiments, ethical approval was sought according
to the requirements of the National Act on the use of
experimental animals (Germany) and ethics committee
guidelines.

Transgenic mice overexpressing the human Hsp70 under
the control of the beta-actin promoter (Angelidis et al.
1991, 1996; Plumier et al. 1995) and their respective wild-
type mice (CBA x C57Bl/6 hybrid mice F1) were kindly
provided by Prof. C. Angelidis, loannina Medical School,
Greece.

Male mice (25-35 g) aging 8 weeks were used for the
experiments. Animals were housed under controlled labo-
ratory conditions in a light (12 h on/12 h off), temperature
(20°C=£2°C), and relative air humidity (55-60%) controlled
environment with free access to food and water.

PTZ kindling

For kindling, initially subeffective doses of PTZ were
injected intraperitoneally (i.p.) once every 48 h for a total of
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nine injections. Kindling control animals received the same
number of injections of saline i.p. The initially subeffective
doses of PTZ corresponded to ED;g for induction of
clonic—tonic seizures and were determined previously in
separate groups of animals (for wild-type mice, 40 mg/kg;
for Hsp70 transgenic mice, 35 mg/kg). The respective
dose-response curves for wild-type (n=22-29 per dose)
and Hsp70 transgenic mice (n=25-34 per dose) are
displayed in Fig. 1. After each injection, the convulsive
behavior was observed for 20 min. Seizure stages were
classified as described previously (Grecksch et al. 1999;
Becker et al. 1999):

Seizure stage 0: No response

Seizure stage 1: Ear and facial twitching

Seizure stage 2: Convulsive waves through the body,
without rearing

Seizure stage 3: Myoclonic jerks, upright position
Seizure stage 4: Clonic—tonic convulsions, turn over
into side position

Seizure stage 5: Generalized clonic—tonic convulsions,
loss of postural control

PTZ challenge test

All mice from the different treatment groups received a
challenge dose 7 days after the final kindling injection. This
dose is, in general, subeffective in naive animals (10 mg/kg
below previously determined ED4 dose used for kindling)
and was 30 mg/kg in wild-type mice and 25 mg/kg in
Hsp70 transgenic mice.

Dose-response curves
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Fig. 1 Dose-response curves: mean seizure stage (mean + SEM)
following 30 mg/kg, 35 mg/kg, or 40 mg/kg PTZ in wild-type mice
and Hsp70 transgenic mice (WT wild-type mice [white bars] 30 mg/
kg, n=26; 35 mg/kg, n=35; 40 mg/kg, n=29; Hsp70 Tg Hsp70
overexpressing mice [black bars] 30 mg/kg, n=34; 35 mg/kg, n=25;
40 mg/kg, n=28). Results of two-way ANOVA: interaction: p=
0.0085; genetic status: p<0.0001; dose: p<0.0001; Bonferroni post
tests: wild-type 35 mg/kg vs Hsp70 Tg 35 mg/kg: p<0.01; wild-type
40 mg/kg vs Hsp70 Tg 40 mg/kg: p<0.001
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Histopathology

Two hours after challenge injection, animals were killed, and
brains were removed and stored at —70°C until further use.
Cryosections were cut with a sliding microtome, and 20-um
coronal brain sections of the hippocampal region were stained
with Kresylviolett for cell counting. Cell number in a 500 x
500 um field of CA1 and CA3 was counted (from the left and
right sides of three sections per animal) by a person blinded
for animals and experimental design.

Statistical analysis

The following parameters were compared in Hsp70
transgenic mice vs wild-type mice.

Seizure stage “Mean seizure stage” within the dose—
response curves was analyzed by two-way analysis of
variance (ANOVA) with the two factors “genetic status”
and “dose” as sources of variation.

“Cumulative incidence of any stage 5 during the PTZ
kindling procedure” was analyzed by two-way ANOVA
with the two factors “genetic status” and “injections” as
sources of variation. “Mean seizure stage” during the PTZ
kindling procedure was analyzed by two-way repeated
measures ANOVA with the two factors “genetic status” and
“injections” as sources of variation.

Cumulative incidence of any stage 5
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Fig. 2 Cumulative incidence of the highest seizure stage (stage 5)
displayed as a percentage of all animals during the kindling procedure
consisting of nine PTZ injections (inclusion of animals who survived
as well as animals who died during kindling (WT wild-type mice
[white bars], n=27; Hsp70 Tg Hsp70 overexpressing mice [black
bars], n=21). Results of two-way ANOVA: genetic status: p=0.0164;
injections: p<0.0001

Death/Survival “Death at first stage 5” as well as “death at
any stage 5” during the PTZ kindling procedure was
analyzed by chi-square test and by calculation of the
relative risk with 95% confidence interval (95%CI).
Survival proportions were analyzed using the log-rank test
and the hazard ratio with 95%CI.

Seizure stage during challenge test Differences in seizure
stage were analyzed by two-way ANOVA with the two
factors “genetic status” and ‘“treatment” as sources of
variation.

Histopathology Differences in cell numbers were analyzed
by two-way ANOVA with the two factors “genetic status”
and “treatment” as sources of variation.

For all comparisons, a p value <0.05 was considered as
statistically significant.

Calculations and statistical analysis were performed
using PRISM 4 (GraphPad Software).

Results

Influence of Hsp70 overexpression on the development

of kindling

As stated in “Materials and methods,” the previously
determined doses used for PTZ kindling were different for

Mean seizure stage
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Fig. 3 Mean seizure stage (mean = SEM) in animals who survived
until the end of the kindling procedure consisting of nine PTZ
injections (WT wild-type mice [white bars], n=14; Hsp70 Tg Hsp70
overexpressing mice [black bars], n=17). Results of repeated measures
two-way ANOVA: interaction: p<0.0001; genetic status: p=0.045;
injections: p<0.0001
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wild-type mice (40 mg/kg) and for Hsp70 transgenic mice
(35 mg/kg). Regarding the effects of the respective first
kindling injection in all animals undergoing the kindling
procedure, (wild-type mice n=27, Hsp70 transgenic mice
n=21) the similar mean seizure stages (2.0£0.2 in wild-
type mice; 2.6+0.3 in Hsp70 transgenic mice) also justified
the different PTZ doses used in wild-type and Hsp70
transgenic mice.

Figure 2 displays the cumulative incidence of the highest
seizure stage (stage 5) in all animals during the kindling
procedure. Stage 5 was reached more rapidly in wild-type
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Fig. 4 a Death occurring when reaching stage 5 for the first time
during kindling (WT wild-type mice, n=27; Hsp70 Tg Hsp70
overexpressing mice, n=21). Results of chi-square test: p n.s., relative
risk 0.00. b Death occurring when reaching stage 5 at any time during
kindling (WT wild-type mice, n=27; Hsp70 Tg Hsp70 overexpressing
mice, n=21). Results of chi-square test: p=0.0471, relative risk 0.415,
95%CI 0.159-1.085)
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mice than in Hsp70 transgenic mice (two-way ANOVA: p=
0.0164 for genetic status).

Regarding only animals who survived until the end of
the kindling procedure, mean seizure stage increased more
rapidly in wild-type mice than in Hsp70 transgenic mice
(two-way repeated measures ANOVA: p=0.045 for genetic
status). However, almost all of these animals were fully
kindled after injections 8 and 9 (Fig. 3).

Influence of Hsp70 overexpression on survival
during kindling

In general, only few animals died when stage 5 was reached
for the first time, regardless of genetic background
(Fig. 4a); in contrast, regarding death occurring at any
stage 5 during kindling, wild-type mice died much more
frequently than Hsp70 transgenic mice (chi-square: p=
0.0471, relative risk 0.4154 (95%CI 0.1590-1.085;
Fig. 4b).

During the whole kindling procedure, overall survival
rate was decreased in wild-type mice compared to Hsp70
transgenic mice (log-rank test: p=0.0242; hazard ratio
3.129 (95%CI 1.165-8.928; Fig. 5).

How does Hsp70 overexpression affect seizure stage
after a challenge dose?

As stated in “Materials and methods,” the PTZ challenge
dose is, in general, subeffective in naive animals (10 mg/kg
below previously determined ED,4 dose used for kindling)
and was 30 mg/kg in wild-type mice and 25 mg/kg in

Survival proportions
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Fig. 5 Kaplan—Meier survival curves during kindling consisting of
nine PTZ injections (WT wild-type mice [white bars], n=27; Hsp70
Tg Hsp70 overexpressing mice [black bars], n=21). Results of log-
rank test: p=0.0242, hazard ratio 3.129 (95%CI 1.165-8.928)
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Seizure stage during challenge test

Seizure stage

Fig. 6 Mean seizure stage (mean £ SEM) in unkindled (saline
pretreated) and PTZ kindled animals after a single PTZ challenge
dose. WT sal PTZ wild-type, saline pretreatment, PTZ challenge, n=
16; WT PTZ PTZ wild-type, PTZ kindling, PTZ challenge, n=11;
Hsp70 Tg sal PTZ Hsp70 transgenic, saline pretreatment, PTZ
challenge, n=18; Hsp70 Tg PTZ PTZ Hsp70 transgenic, PTZ kindling,
PTZ challenge, n=17. Statistical analysis: results of two-way
ANOVA: interaction: p=0.0006; genetic status: p=0.0037; treatment:
»<0.0001

Fig. 7 a Representative frontal

Hsp70 transgenic mice. These PTZ challenge doses resulted
in a similar low mean seizure stage in previously not
kindled (saline pretreated) wild-type mice and Hsp70
transgenic mice (1.8+0.9 and 1.9£1.0, respectively).

In contrast, previously kindled wild-type mice responded
with a mean seizure stage of 4.94+0.3, corresponding to the
highest seizure stage, whereas the mean seizure stage was
lower in Hsp70 transgenic mice (3.2+1.2; two-way
ANOVA: p=0.0037 for genetic status, p<0.0001 for
treatment; Fig. 6).

Influence of Hsp70 overexpression on histopathology

Figure 7a displays Kresylviolett staining of frontal sections
of the hippocampus. Cells were counted in representative
areas of CA1 and CA3 in a 500-um square region (Fig. 7b).
No significant differences were observed concerning the
cell number in the CAl region between the different
treatment groups, nor between the genetic status. In the
CA3 region, more cells were counted in Hsp70 transgenic
mice than in wild-type mice, regardless of kindling history
(two-way ANOVA: p=0.0001 for genetic status).

Discussion
The results of the present experiments clearly demonstrate

that overexpression of Hsp70 exerts protective effects
during PTZ kindling. The onset of the highest convulsion

Kresylviolett staining hippocampus

sections of the hippoc.ar.npus a
after Kresylviolett staining. WT sal PTZ WT PTZ PTZ Hsp70 Tg sal PTZ Hsp70 Tg PTZ PTZ
b Cell number counted in the
hippocampal regions CA1 and
CA3 (500x500 um) in il et %
unkindled (saline pretreated) and PR, s . Y Do
PTZ kindled animals after a S = el et e ;
single PTZ challenge dose (n=5 -
per group, mean = SEM)' T b Cell number CA1 Cell number CA3
sal PTZ wild-type, saline pre- (500 x 500 im) (500 x 500 pum)
treatment, PTZ challenge; WT 150+ 150~
PTZ PTZ wild-type, PTZ 1404 1404
kindling, PTZ challenge; Hsp 70 130+ 130
Tg sal PTZ Hsp70 transgenic, 5 1204 5 120-
saline pretreatment, PTZ -E 1104 _— 'E 110+
challenge; Hsp 70 Tg PTZ PTZ 3 1004 - 3 100- 3
Hsp70 transgenic, PTZ kindling, = 90+ " = 904
PTZ challenge. Statistical 8 80+ r 8 80+
analysis: results of two-way 704 ] 70+
ANOVA: CAl: interaction: 60 o 604
p n.s.; genetic status: p n.s.; 50 r 50 T ' T
treatment: p: n.s.; CA3:
interaction: p n.s.; genetic status: QA’ é’i\’ QA’ QA, QA’ Q,:b Q‘i\’ Q&"\’
p<0.0001; treatment: p n.s. ‘o.‘,,\ A o;} A é"'} A é}} A
$ ¢ & © $ ¢ & ©
Q A R S
) ) & Q
& & < F

@ Springer



120

Naunyn-Schmiedeberg’s Arch Pharmacol (2007) 375:115-121

stage was delayed in Hsp70 transgenic mice as compared to
wild-type mice, and survival during kindling was improved
in Hsp70 transgenic mice.

In addition, a challenge dose after termination of
kindling produced less severe seizures in Hsp70 transgenic
mice than in wild-type mice. Regarding the fact that
kindling reflects a procedure, a process as well as a stage,
overexpression of Hsp70 also seems to interfere with the
developmental component of kindling.

The complex pathophysiology of PTZ kindling is still
poorly understood. Several studies examining behavioral
and/or histological outcome of PTZ kindling have been
performed in rats. Protective effects of antagonists of & and
k opioid receptors imply a role of the endogenous opioid
system in kindling (Grecksch et al. 1999; Becker et al.
1999). Increased glutamate binding and glutamate concen-
trations in the hippocampus after PTZ kindling have been
described (Schroeder et al. 1998). Furthermore, antagonists
of the group I metabotropic glutamate receptors have been
shown to positively influence seizure severity and kindling
associated impairment in shuttle box learning, pointing out
the impact of the glutamatergic system (Nagaraja et al.
2004). In mice, beneficial effects of the cyclooxygenase-2
inhibitor rofecoxib on seizure severity suggest the involve-
ment of this pro-inflammatory enzyme in the pathophysi-
ology of kindling (Dhir et al. 2006); the involvement of
intraneuronal pH modulation and the potential of sodium—
hydrogen exchanger system have been addressed by Ali et
al. (2005) who demonstrated that amiloride, an inhibitor of
the sodium-hydrogen exchange prolonged the onset of
kindling and reduced the severity of seizures.

The heat shock or stress protein response is a highly
conserved defense mechanism. Activation of heat shock
proteins by mild hyperthermia or by pharmacological
agents allows cells to withstand a subsequent metabolic
insult that otherwise would be lethal, a phenomenon
referred to as preconditioning. Several studies provide
evidence that overexpression of Hsp70 produces protective
effects similar to preconditioning. Overexpression of Hsp70
has been shown to reduce neuronal injury after transient
focal ischemia, transient global ischemia, or kainic acid-
induced seizures (Tsuchiya et al. 2003). In addition,
neuroprotective effects of Hsp70 overexpression have been
reported in a model of permanent cerebral ischemia.
According to that recent MRI-based study, overall lesion
size as well as tissue damage within the lesion was reduced
in Hsp70 transgenic mice (van der Weerd et al. 2005).

In contrast to other epilepsy models, morphological
findings after PTZ kindling have been reported to be
relatively rare. It has been demonstrated that PTZ kindling
in rats resulted in neuronal cell loss in distinct hippocampal
regions such as CA3, which was prevented by the nootropic
agent piracetam (Pohle et al. 1997). In addition, neuronal
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cell loss in the CAl region has been reported to be
counteracted by the k opioid receptor antagonist enadoline
(Becker et al. 1999). However, data about histological
alterations after PTZ kindling in mice are scarce. Regarding
kainic acid kindling in several mouse strains (kainic acid is
known to induce seizures by activation of glutamate
receptors), duration or severity of seizure activity was not
necessarily predictive of subsequent hippocampal pyrami-
dal cell death and/or synaptic reorganization; for example,
CS57BL/6] strains were resistant to cell death and synaptic
reorganization despite severe behavioral seizures
(McKhann et al. 2003). Therefore, it is not surprising that
in our experiments PTZ kindling did not result in
subsequent neuronal cell loss in CA1 or CA3 neither in
wild-type mice nor in the Hsp70 transgenic mice.

In summary, the results of the present experiments
clearly demonstrate that overexpression of Hsp70 exerts
protective effects on seizure severity and overall survival
during PTZ kindling and decreases the developmental
component of kindling.
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