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Pentilentetrazol İle Oluşturulmuş Epilepside Zenginleştirilmiş
Çevrenin Hipokampal Elektrofizyolojik Değişikliklere Etkisi

Özet
Amaç: Epilepsi, hipokampusta işlevsel/morfolojik değişikliklerle karakterize nörolojik bir hastalıktır. Deney hayvanlarında bu işlevsel değişiklik-
ler sinaptik plastisitede artma ya da azalma şeklinde ortaya çıkmaktadır. Sunulan çalışmada amacımız, zenginleştirilmiş çevrenin hipokampal 
işlevsel değişiklikler üzerine olan etkisini epileptik sıçanlarda araştırmaktı.

Gereç ve Yöntem: Pentilentetrazol (PTZ) ile oluşturulan kindling modeli sıçanlara uygulandı. Sıçanlar epileptik ve kontrol grubu olarak standart 
kafes ya da zenginleştirilmiş kafeste bir ay kaldılar. Ardından bütün hayvanlara Morris yüzme testi yapıldı ve hipokampusa ait medial perforan 
yol dentat girus sinapslarından in vivo olarak uzun süreli güçlenme (USG) kaydı alındı.

Bulgular: Çalışmamızda zenginleştirimiş kafeste bulunan epileptik sıçanların daha erken tutuştuğu görüldü. Epileptik sıçanlar morris yüzme 
testinde zayıf performans gösterdiler ve zenginleştirilmiş çevre bu durumu iyileştirdi. Bununla birlikte elektrofizyolojik kayıt bulgularımızda, 
zenginleştirilmiş çevre epileptik sıçanlarda USG üzerinde pozitif etki göstermedi.

Sonuç: Sonuç olarak, PTZ-nedenli kindling modeli ile birlikte zenginleştirilmiş çevre uygulaması, sıçanlarda alışkın olunan güvenli çevrenin 
bozulması nedeniyle ortaya çıkan strese bağlı olarak nöbetleri şiddetlendirebilir.

Anahtar sözcükler: Zenginleştirilmiş çevre; epilepsi; hipokampal plastisite; uzun süreli güçlenme (USG).
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Summary
Objectives: Epilepsy is a neurological disorder characterized by functional/morphological changes in the hippocampus. These functional 
changes arise as increase or decrease in synaptic plasticity in experimental animals. The present study was an investigation of the effect of 
enriched environment on hippocampal functional changes in epileptic rats.

Methods: The pentylenetetrazole (PTZ) kindling model was used on young male Wistar rats. Rats in the epileptic and control groups were 
reared for 1 month in standard cage or enriched cage (EC). Subsequently, all animals were given Morris water maze (MWM) test and in vivo 
recording of long-term potentiation (LTP) in medial perforant pathway-dentate gyrus synapses in hippocampus was made.

Results: Statistically significant earlier kindling epileptogenesis in rats housed in EC was observed. Epileptic rats had poor performance in 
MWM, but enriched environment improved their performance. However, according to electrophysiological recordings, environmental enrich-
ment did not provide positive effect on LTP in epileptic rats.

Conclusion: Enriched environment with ongoing PTZ-induced kindling procedure may lead to exaggeration of seizures due to stress as result 
of corruption of safe, familiar environment.
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Introduction

Kindling, originally described by Goddard and considered 
to be an elementary model of learning, is also generally ac-
cepted as a model of epilepsy development.[1] This model 
can be elicited either by electrical stimulation or by chemi-
cal convulsants such as pentylenetetrazole (PTZ). Repeated 
application of subconvulsive stimuli induces progressive 
seizure activity, which culminates in tonic-clonic convul-
sions.[2] Clinical investigations and experimental findings 
show that repeated epileptic attacks can induce learning 
and memory impairment. Previous studies have shown that 
establishment of kindling by repeated administration of 
PTZ led to impaired learning behavior and deterioration of 
long-term potentiation (LTP) in the hippocampus.[3–6]

Central nervous system synapses have an intrinsic plastic 
capacity to adapt to new conditions with rapid changes 
to their structure. Such activity-dependent refinement oc-
curs during development and learning, and shares features 
with some diseases such as epilepsy.[7] Environmental en-
richment is a well-established paradigm for studying the 
naturally occurring changes in synaptic efficacy in the hip-
pocampus that underlie experience-induced modulation of 
learning and memory in rodents.[8] A vast number of studies 
have focused on the positive effects of environmental en-
richment in brain regions involved in learning and memory 
such as the hippocampus and neocortex.[9–11] LTP induced 
by high frequency stimulation (HFS) of the afferents has 
been recognized as one of the components of the cellu-
lar basis of learning and memory.[12] Previous experiments 
have shown that synaptic contacts on the granule cells are 
similar to those described for LTP. Such changes could be as-
sociated with enhancement of synaptic efficiency and may 
be important in epileptogenesis.[7] Animals from enhanced 
environment display enhanced hippocampal LTP (Region 
CA1).[13,14] Another study on environmental enrichment 
showed enhancement in both LTP and long-term depres-
sion.[15]

The aim of the present study was to investigate the further 
effects of environmental enrichment during the kindling 
epileptogenesis of a rat model. For this purpose, the PTZ 
kindling model of epilepsy was applied, followed by be-
havioral test and LTP response recordings of rats housed 
in standard or environmental enrichment cages between 
postnatal day (PND) 30 and PND65.

Materials and Methods	

Animals and housing conditions
The experiments were carried out on 37 male Wistar rats 

aged 30 days and weighing between 100–150 gr. All rats 

were fed with tap water and Purina rodent chow. The ex-

perimental protocol was approved by the Erciyes University 

committee on ethics in animal experimentation. Beginning 

at weaning on PND30, rats were separated into 4 groups: 

control group in standard cages (CN; n=9), control group in 

enriched cages (CE; n=9), epileptic group in standard cages 

(EN; n=9), and epileptic group in enriched cages (EE; n=9).

The environmentally enriched conditions consisted of 

housing 8 to 10 animals per 50x40x80 cm cage equipped 

with horizontal and vertical boards, chains, swings, wooden 

blocks, balls, rings, and other objects of different sizes and 

materials for 7 weeks. The distance between boards and 

objects was changed twice per week.[16] After the injec-

tion procedure, all rats were exposed to Morris water maze 

(MWM) test to record electrophysiological data.

Chemical kindling
In epileptic groups, rats were given 1 mL of PTZ while con-

trol group rats were given 1 mL of saline intraperitoneally 

(i.p.) on alternate days for total of 15 to 19 injections within 

5 to 7 weeks starting at PND30 and continuing to PND65. 

PTZ was dissolved in 0.9% sodium chloride (NaCl ) solution 

and injected i.p. once every 48 hours at an initially subcon-

vulsant dose of 35 mg/kg.

After each injection, rats were placed singly in Plexiglas 

cages (30x30x50 cm) and observed for 20 min. Their behav-

ior (seizure intensity) was classified according to the Racine 

scale: stage 0, immobility; stage 1, ear and facial twitching; 

stage 2, convulsive waves through the body (spasms); stage 

3, myoclonic jerks (with or without rearing) in the upper 

extremities; stage 4, clonic convulsions in all extremities, 

turn over onto side and stage 5, clonic-tonic convulsions in 

all extremities, turn over onto back.[17,18] Animals showing 

more than 3 consecutive stage 4 or 5 seizures (tonic-clonic 

seizures) were considered to be fully kindled.[19] Epileptic 

rats in standard and enriched cages were compared ac-

cording to number of injections required to reach kindling 

status. Total number of seizures and latency of seizures in 

epileptic rats were also evaluated.
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amplitude) was used in subsequent recordings. After stimu-
lation intensity for test pulse was determined, experiment 
was initiated; test stimuli were applied every 30 seconds. To 
evaluate effect of LTP induction, initial 10-minute interval 
was designated as baseline period. At the 15th, 20th, 25th, 
and 30th minute, HFS (100 sec–1, 1 sec) protocol was applied. 
Following delivery of tetanic stimuli, test stimuli application 
was continued every 30 seconds up to 210th minute.

LTP data analysis was described in our previous report.[22] 
Briefly, mean values of EPSP or PS during the first 20-min-
ute period were taken as 100%; mean value of responses 
at 40 time points was defined as the baseline. Subsequent 
data were expressed as percentage of changes from the 
baseline. Five time windows were specified: 1) baseline, 
0–10 minutes; 2) first post-tetanic induction phase of LTP, 
15 minutes; 3) fourth post-tetanic induction phase of LTP, 
30 minutes; 4) maintenance phase of early LTP (E-LTP ), 90 
minutes, and 5), late phase (L-LTP), 210 minutes relative to 
the beginning of experiment. Time periods for E-LTP and L-
LTP were determined accordingly as well.[23]

Statistical analysis
The number of injections required to reach kindling state, 
the number of seizures, seizure latency, and seizure dura-
tion were compared between epileptic groups with Mann-
Whitney U test. MWM test parameters were analyzed with 
one-way analysis of variance followed by post-hoc Scheffe 
test for all groups.

Both slope and amplitude values were averaged over 
10-minute periods. Slope and amplitude data for each pe-
riod were compared among groups using Kruskal-Wallis 
H test followed by the Mann-Whitney U test, since data 
did not fit a normal distribution. All values were taken as 
means±SEM. Probabilities of zero hypothesis below 0.05 
were considered to be significant.

Results

Evaluation of epileptic activity
In this study, kindling status was reached earlier in the EE 
group than the EN group (p<0.05). There was no signifi-
cant difference between EE and EN groups in total num-
ber of stage 4 and 5 seizures. When we compared latency 
of seizure, a statistically significant difference was found in 
intra-group results (p<0.05), but no differences were seen 
between groups.

Morris water maze test
All of the rats were evaluated using MWM test 72 hours after 
last injection of PTZ.[20] Prior to MWM test, rats were trans-
ferred to the testing room to acclimate.

Performance on MWM was used for measurement of spatial 
memory. Evaluation was done according to Morris method 
with several modifications.[20] After the acquisition phase of 
MWM test, conducted over 4 days, animals were evaluated 
with probe trial on fifth day. Latency to find the platform 
(escape latency), the time spent in the half that contained 
the platform, and the number of quadrants traversed were 
measured for each individual animal. The escape latency of 
rats that could not reach the platform within 60 seconds 
was accepted as 60 seconds.[21] The experimenter was al-
ways in the same position. All the trials were completed be-
tween 10:00 am and 12:00 pm.

Electrophysiology: stimulation, recording,
experimental procedures, and data analysis 
Rats were anesthetized with urethane (1.5 g/kg i.p.) and 
placed in stereotaxic frame (David Kopf Instruments, Tu-
junga, Calif., USA). A bipolar tungsten electrode (stainless 
steel, Teflon-coated, 127 µm in diameter, insulated except 
at tips) was used to stimulate medial perforant pathway 
(anterior-posterior [AP]: -8.0 from the bregma; mediolateral 
[ML]: 4.4; dorsoventral [DV]: 2.0–2.5 below the dura) of left 
hemisphere.[22] A glass micropipette was inserted into the 
granular cell layer of ipsilateral dentat gyrus (DG) (AP: 3.5; 
ML: 2.15; DV: 2.5-3.0 below the dura). The barrel was filled 
with 3 M NaCl to record field excitatory postsynaptic poten-
tials (fEPSP). A silver/silver chloride reference disc electrode 
was positioned under the neck skin. The entire system was 
shielded using a Faraday cage. The depth of recording was 
adjusted to obtain large positive fEPSPs, and superimposed 
negative-going population spikes (PS) were recorded with 
0.1 mm step. After typical response was obtained, final 
depth of stimulating electrode was adjusted to maximize 
PS amplitude in response to perforant pathway stimulation. 
Scope program (ADInstruments, Dunedin, NZ) was used to 
control both stimulation and recording. Waveforms were 
digitized online at a rate of 4x10 sec displayed on a com-
puter monitor, and stored using Scope for offline analysis.

Each experiment began with recording an input-output 
(I/O) curve consisting of resultant effects of 15 stimuli rang-
ing from 0 to 525 µA, applied every 10 seconds. Stimulus in-
tensity producing 50% of maximum response (i.e., test pulse 
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Results of Morris water maze test 
The MWM test indicated escape latency decreased in all ex-
perimental groups during acquisition trials, but there were 
no significant differences between groups. The time spent 
in the target quadrant in acquisition trials of EN group was 
less than that of EE group at first, third, fourth (p<0.001), 
and second (p=0.001) days. The time spent in the target 
quadrant in acquisition trials by EN group was less than CN 
group on first, third, and fourth day (p<0.001) (Figure 1a). 
During acquisition trials, the number of traversed quadrants 
in EN group was considerably lower than in EE group on first 
day (p<0.01), second day (p=0.05), third, and fourth days 
(p<0.05) (Figure 1b).

In the probe trial, when we compared time spent in target 
quadrant, there was no significant difference between CN 

and CE groups. In comparison of epilepsy groups, EN group 
results were significantly lower than EE group (p<0.01). 
According to number of quadrants traversed, CN group 
showed poorer performance than CE group (p<0.01) (Fig-
ure 1c). Number of traversed quadrants was not significant-
ly different in EN and EE groups (Figure 1d). Results revealed 
more exploratory activity in control group enriched cage 
rats and spatial memory deterioration in epilepsy groups. 
Spatial memory deterioration was improved by environ-
mental enrichment.

Results of electrophysiological recording 
I/O functions
Changes in the EPSP slope and PS amplitude were recorded 
from DG for 8 different stimuli ranging from 0.1 mA to 1.5 
mA before induction of LTP. EPSP slopes were significantly 

Fig. 1.	 Morris water maze parameters measured during trial and probe phases (columns 
represent mean±SEM). Acquisition trials: (a) Time spent in target quadrant *EN 
group time was less than EE group on first day (F=14.93; p<0.001), second day 
(F=6.52; p=0.001), third day (F=8.66; p<0.001), and fourth day (F=4.73; p<0.001). 
**EN group statistically significant lower than CN group for first, third, and fourth 
days (p<0.001); (b) *EN group traversed number of quadrants statistically signifi-
cant lower than EE group for first (F=4.48; p< 0.01), second (F=2.79; p=0.05), third 
(F=3.49; p<0.05), and fourth day (F=2.98; p<0.05). Probe phase: (c) Time spent 
in half without platform. *EN group result was statistically significantly lower 
compared to EE group (F=6.12; p<0.01); (d) Number of quadrants traversed *CN 
group lower compared with CE (F=5.83; p<0.01). CE: Control group in enriched 
cage; CN: Control group in standard cage; EE: Epileptic group in enriched cage; 
EN: Epileptic group in standard cage.
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higher in EN group than CN group in response to 8 different 
stimulus intensities: 0.3 mA (p<0.05), and 0.5 mA, 0.7 mA, 
0.9 mA, 1.1 mA, 1.3 mA, 1.5 mA (p<0.001). Furthermore, re-
sponse to 0.9 mA stimulus intensity was significantly higher 
in EN group than EE group (p<0.001) (Figure 2a). PS ampli-
tudes were not different between groups for any of the 8 
stimulus intensities (Figure 2b).

Findings of HFS and LTP
Measurements taken at 5 specified points in time were used 
for statistical evaluation: baseline recording, after first HFS, 
fourth HFS, E-LTP and L-LTP. Average of percentages of EPSP 
slope and PS amplitude changes were used. Results were 
more powerful in the EN group, but results were not statis-
tically different for the 5 time windows (Figure 3, Table 1).

Discussion

The purpose of this study was to evaluate the effect of en-
vironmental enrichment during the acquisition of kindling 
and to determine whether it improves cognitive function in 
early life and whether it causes functional changes at per-
forant pathway of hippocampus in epileptic rats. Healing 
effects of environmental enrichment were investigated in 
order to investigate alternative treatment for epilepsy using 
environmental enrichment.

Data revealed that kindling occurs earlier in epileptic rats 
housed in EC than rats in standard cages. It has been dem-
onstrated that exposure to prenatal stress causes exacerba-
tion of kainic acid-induced seizures.[24] Early kindling in the 
epileptic group in enriched cages may be result of exposure 
to repeated experimental stress.

Indeed, exposure to repeated experimental stress acceler-
ates development of limbic epileptogenesis, and seizure 
duration was significantly longer in stressed rats.[25] Young 
et al. showed that kindled-enriched rats acquired kindled 
state more quickly than kindled-isolated rats.[26] Auvergne 
et al. reported that kindling epileptogenesis occurred 
later in animals kept in enriched conditions both before 
and during kindling procedure than animals housed in EC 
only during kindling procedure and isolated conditions.
[27] These results indicate that exposure to environmental 
enrichment before and during kindling procedure will be 
useful to protect them from seizure. Another study dem-
onstrated that environmental enrichment from PND25 to 
PND40 has no effect on seizure threshold in status epi-
lepticus.[28] On the other hand, environmental conditions 
protect against kainate-induced seizures and excitotoxic 
injury.[29] According to Korbey et al., their study using an 
enrichment housing model from PND21 to PND49 re-
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Fig. 2.	 (a) Input-output curves of EPSP slope and (b) PS amplitude for 8 stimulus intensi-
ties ranging from 0.1 mA to 1.5 mA recorded from dentate gyrus before induction 
of LTP. *EN statistically higher than CN (0.3 mA: F=3.29, p<0.05; 0.5 mA: F=3.73, 
p=0.01; 0.7 mA: F=4.18, p=0.01; 0.9 mA: F=4.63, p<0.001; 1.1 mA: F=4.31, p=0.01; 
1.3mA: F=4.36, p=0.01; 1.5 mA: F=3.94, p=0.01). **EN statistically higher than EE 
(0.9 mA: F=4.63, p<0.001). PS amplitudes were not different between groups for 
any of the 8 stimulus intensities. Values are given as mean ± SEM. CE: Control 
group in enriched cage; CN: Control group in standard cage; EE: Epileptic group 
in enriched cage; EN: Epileptic group in standard cage; EPSP: Excitatory postsyn-
aptic potentials; LTP: Long-term potentiation; PS: Population spikes.
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vealed 100% decrease in seizure susceptibility in El mice 
with multifactoral temporal lobe epilepsy as well as 
100% decrement in stress-related responses in seizure-
associated regions of the epileptic brain.[30] This study was 
conducted at PND80 and PND90 to test susceptibility to 
seizures after exposure to environmental enrichment and 
animals were not exposed to other applications such as 
the injection during period of environmental enrichment. 

As a genetic model, El mice may demonstrate different 
response to environmental enrichment. Results indicated 
that environmental enrichment has no beneficial effect 
when administered during the kindling procedure. These 
results may be due to the fact that susceptibility to sei-
zures was tested with different methods and because tests 
were performed some time after exposure to environmen-
tal enrichment.
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high frequency stimulation (HFS) of medial perforant pathway. Values are per-
centage of the baseline. HFS bar shows HFS period. Data points are shown as SEM 
of groups.

Table 1.	 Mean values of slope of field excitatory postsynaptic potentials and population spike amplitude of all
		  experimental groups recorded in five time windows. Values are given as mean±SEM 

		  Baseline recording	 After 1st HFS	 After 4th HFS	 Early LTP	 Late LTP

EPSP slope	  	  	  	  	  
	 CN	 96.0±2.9	 117.9±8.4	 120.5±7.1	 112.2±7.4	 97.8±13.6
	 CE	 100.1±1.5	 114.9±10.4	 104.6±10.2	 105.2±6.8	 97.1±9.8
	 EN	 99.6±0.4	 134.2±3.6	 137.8±2.8	 112.6±6.6	 80.3±18.5
	 EE	 92.8±3.1	 118.8±12.4	 122.3±10.7	 88.0±15.5	 85.8±20.2
PS amplitude					   
	 CN	 101.6±4.2	 178.3±21.8	 178.2±22.5	 162.8±17.2	 123.7±15.45
	 CE	 100.9±1.0	 143.8±16.3	 142.7±23.3	 130.0±21.3	 128.0±26.85
	 EN	 103.7±2.5	 257.6±56.3	 277.7±48.9	 227.2±51.5	 167.0±48.37
	 EE	 96.4±3.3	 170.2±23.4	 178.8±29.3	 139.5±27.4	 116.6±30.05

CE: Control group in enriched cage; CN: Control group in standard cage; EE: Epileptic group in enriched cage; EN: Epileptic group in standard 
cage; EPSP: Excitatory postsynaptic potentials; HFS: High-frequency stimulation; LTP: Long-term potentiation; PS: Population spikes.
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Present study results indicated that PTZ-induced kindling 
caused a significant impairment of spatial learning and 
memory, compatible with previous studies.[31–33] Prenatal 
exposure to maternal seizure induced by PTZ leads to sig-
nificant impairment of learning and memory.[34] According 
to our results, environmental enrichment had a positive 
effect on spatial memory in epilepsy groups. Behavioral 
results have revealed that enriched groups, regardless of 
their age, achieved better performance in the spatial task.
[35] Xie et al., found that environmental enrichment reversed 
spatial learning deficits induced by prenatal maternal PTZ 
seizure.[36] Another study reported that status epilepticus 
resulted in cognitive impairment within days of the seizure, 
but housing in an environmental enrichment cage after 
status epilepticus had a beneficial effect on cognitive per-
formance in rats.[37] These results were compatible with pre-
vious data in MWM tests, but revealed poor performance 
compared to control group in enriched cages.

According to the results of the present study, enriched en-
vironment had no effect in terms of LTP records. Previous 
studies showed that exposure to environmental enrich-
ment for 3 months had no effect on LTP in aged animals.
[38,39] It was found that environmental enrichment must be 
initiated before the age corresponding to median lifespan 
and/or environmental enrichment must be continued for 
a long period (>3 months) to have an effect on cognitive 
aging.[34] In addition, Eckert et al., did not find any detect-
able period of environmental enrichment inducing change 
in synaptic efficacy in DG in vivo, but there was an increase 
in cellular excitability.[40] Mazzocchi-Jones et al. found that 
LTP was facilitated by environmental enrichment in embry-
onic striatal grafts, and thus concluded that environmental 
enrichment provides a potential physiological substrate for 
enrichment-induced improvement in motor and cognitive 
performance.[41]

Previous study results have demonstrated that LTP was sup-
pressed in kindled rats.[6,42] Morelli et al. analyzed effects of 
environmental enrichment in a seizure-prone mouse. Their 
model showed 1-month environmental enrichment start-
ing at P21 reduced seizure severity, preserved LTP, and re-
stored paired-pulse synaptic responses in the hippocampal 
CA1 neuronal population.[43] Our results showed nonsignifi-
cant differences in strength of EPSP in the kindling group 
and neither LTP suppression nor increment in kindled rats 
was demonstrated.

Environmental enrichment had no effect on LTP in the pres-
ent study, though learning process improved on MWM. 
Studies related to patients with hippocampal lesions have 
led to a new understanding of the existence of multiple 
memory systems in the human brain. Many types of memo-
ries, including motor learning and many types of associa-
tive conditioning, were found to be hippocampus-indepen-
dent. A specific type of associative learning was described 
in great detail at the circuit, synaptic, and molecular levels 
in the cerebellum. The amygdala has also been implicated 
specifically in human fear responsivity and in learned fear, 
and the amygdala has been implicated in contributing to 
human emotional behavior in general.[44] We recorded LTP 
responses from DG of hippocampus, but MWM results are 
not just related to hippocampus; they are also related to 
amygdala, cerebellum, and even brainstem. In this context, 
MWM results may not always be in line with LTP results.

In conclusion, present study results revealed PTZ-induced 
kindling caused significant impairment of spatial learning 
in MWM and that this impairment was reversed by environ-
mental enrichment. Previous studies have suggested that 
aberrant seizure-induced neurogenesis might contribute to 
increment of learning impairment in chronic epilepsy.[45] In 
the current study, we did not find any effect of enrichment 
environment on LTP in epileptic rats. It may be result of dif-
ference in duration of exposure to enrichment environment 
and kindling model. Furthermore, results of spatial learn-
ing tested with MWM may not necessarily be parallel to LTP 
results. Additionally, enriched environment with ongoing 
PTZ-induced kindling procedure may lead to exaggeration 
of seizures due to stress as result of corruption of safe envi-
ronment that was familiar to the rats. 

Conflict of Interest: None declared.

Peer-review: Externally peer-reviewed.

References
1.	 Krug M, Koch M, Grecksch G, Schulzeck K. Pentylenetetrazol kin-

dling changes the ability to induce potentiation phenomena in 
the hippocampal CA1 region. Physiol Behav 1997;62(4):721–7.

2.	 Palizvan MR, Fathollahi Y, Semnanian S, Hajezadeh S, Mirna-
jafizadh J. Differential effects of pentylenetetrazol-kindling on 
long-term potentiation of population excitatory postsynaptic 
potentials and population spikes in the CA1 region of rat hip-
pocampus. Brain Res 2001;898(1):82–90. Crossref

3.	 Rüthrich H, Grecksch G, Krug M. Development of long-lasting 
potentiation effects in the dentate gyrus during pentylenetet-

https:/doi.org/10.1016/S0031-9384(97)00167-4
https:/doi.org/10.1016/S0006-8993(01)02146-1


100

Epilepsi 2016;22(3):93-101

razol kindling. Int J Dev Neurosci 2001;19(3):247–54. Crossref

4.	 Wang P, Wang WP, Zhang S, Sun-Zhang, Wang HX, Yan-Lou, 
et.al. Impaired spatial learning related with decreased expres-
sion of calcium/calmodulin-dependent protein kinase II alpha 
and cAMP-response element binding protein in the pentylene-
tetrazol-kindled rats. Brain Res 2008;1238:108–17. Crossref

5.	 Kudryashov IE, Pavlova TV, Kudryashova IV, Egorova LK, Guly-
aeva NV. Kindling in the early postnatal period: Effects on the 
dynamics of age-related changes in electrophysiological char-
acteristics of hippocampal neurons. Neurosci Behav Physiol 
2007;37(8):765–72. Crossref

6.	 Sørensen AT, Nikitidou L, Ledri M, Lin EJ, During MJ, Kanter-
Schlifke I, et al. Hippocampal NPY gene transfer attenuates 
seizures without affecting epilepsy-induced impairment of LTP. 
Exp Neurol 2009;215(2):328–33. Crossref

7.	 Leite JP, Neder L, Arisi GM, Carlotti CG Jr, Assirati JA, Moreira JE. 
Plasticity, synaptic strength, and epilepsy: what can we learn 
from ultrastructural data? Epilepsia 2005;46 Suppl 5:134–41.

8.	 Malik R, Chattarji S. Enhanced intrinsic excitability and EPSP-
spike coupling accompany enriched environment-induced 
facilitation of LTP in hippocampal CA1 pyramidal neurons. J 
Neurophysiol 2012;107(5):1366–78. Crossref

9.	 Foster TC, Fugger HN, Cunningham SG. Receptor blockade 
reveals a correspondence between hippocampal-dependent 
behavior and experience-dependent synaptic enhancement. 
Brain Res 2000;871(1):39–43. Crossref

10.	 Shum FW, Wu LJ, Zhao MG, Toyoda H, Xu H, Ren M, et al. Al-
teration of cingulate long-term plasticity and behavioral sensi-
tization to inflammation by environmental enrichment. Learn 
Mem 2007;14(4):304–12. Crossref

11.	 Hutchinson KM, McLaughlin KJ, Wright RL, Bryce Ortiz J, Anouti 
DP, Mika A, et al. Environmental enrichment protects against 
the effects of chronic stress on cognitive and morphologi-
cal measures of hippocampal integrity. Neurobiol Learn Mem 
2012;97(2):250–60. Crossref

12.	 She JQ, Wang M, Zhu DM, Sun LG, Ruan DY. Effect of ganglio-
side on synaptic plasticity of hippocampus in lead-exposed 
rats in vivo. Brain Res 2005;1060(1-2):162–9. Crossref

13.	 Duffy SN, Craddock KJ, Abel T, Nguyen PV. Environmental en-
richment modifies the PKA-dependence of hippocampal LTP 
and improves hippocampus-dependent memory. Learn Mem 
2001;8(1):26–34. Crossref

14.	 Li S, Jin M, Zhang D, Yang T, Koeglsperger T, Fu H, Selkoe DJ. 
Environmental novelty activates β2-adrenergic signaling to 
prevent the impairment of hippocampal LTP by Aβ oligomers. 
Neuron 2013;77(5):929–41. Crossref

15.	 Artola A, von Frijtag JC, Fermont PC, Gispen WH, Schrama LH, 
Kamal A, et al. Long-lasting modulation of the induction of LTD 
and LTP in rat hippocampal CA1 by behavioural stress and en-
vironmental enrichment. Eur J Neurosci 2006;23(1):261–72.

16.	 Dolu N, Keloglan S, Bitiktas S, Cug S. The effects of the enriched 
environment on sympathetic skin response in pentylenetetra-
zol-kindled rats. Biomed Environ Sci 2013;26(5):394–7. 

17.	 Racine RJ. Modification of seizure activity by electrical stimu-
lation. II. Motor seizure. Electroencephalogr Clin Neurophysiol 
1972;32(3):281–94. Crossref

18.	 Lamberty Y, Klitgaard H. Consequences of Pentylenetetrazole 
Kindling on Spatial Memory and Emotional Responding in the 
Rat. Epilepsy Behav 2000;1(4):256–261. Crossref

19.	 Schroeder H, Becker A, Grecksch G, Schroeder U, Hoellt V. The 
effect of pentylenetetrazol kindling on synaptic mechanisms 
of interacting glutamatergic and opioid system in the hippo-
campus of rats. Brain Res 1998;811(1-2):40–6. Crossref

20.	 Morris RG, Garrud P, Rawlins JN, O’Keefe J. Place naviga-
tion impaired in rats with hippocampal lesions. Nature 
1982;297(5868):681–3. Crossref

21.	 Muto J, Hosung L, Uwaya A, Isami F, Ohno M, Mikami T. Morinda 
citrifolia fruit reduces stress-induced impairment of cognitive 
function accompanied by vasculature improvement in mice. 
Physiol Behav 2010;101(2):211–7. Crossref

22.	 Süer C, Dolu N, Artis AS, Sahin L, Yilmaz A, Cetin A. The effects 
of long-term sleep deprivation on the long-term potentiation 
in the dentate gyrus and brain oxidation status in rats. Neurosci 
Res 2011;70(1):71–7. Crossref

23.	 Johenning FW, Holthoff K. Nuclear calcium signals during L-LTP 
induction do not predict the degree of synaptic potentiation. 
Cell Calcium 2007;41(3):271–83. Crossref

24.	 Qulu L, Daniels WM, Mabandla MV. Exposure to prenatal stress 
enhances the development of seizures in young rats. Metab 
Brain Dis 2012;27(3):399–404. Crossref

25.	 Jones NC, Lee HE, Yang M, Rees SM, Morris MJ, O’Brien TJ, et 
al. Repeatedly stressed rats have enhanced vulnerability to 
amygdala kindling epileptogenesis. Psychoneuroendocrinol-
ogy 2013;38(2):263–70. Crossref

26.	 Young NA, Wintink AJ, Kalynchuk LE. Environmental enrich-
ment facilitates amygdala kindling but reduces kindling-in-
duced fear in male rats. Behav Neurosci 2004;118(5):1128–33.

27.	 Auvergne R, Leré C, El Bahh B, Arthaud S, Lespinet V, Rougier A, 
et al. Delayed kindling epileptogenesis and increased neuro-
genesis in adult rats housed in an enriched environment. Brain 
Res 2002;954(2):277–85. Crossref

28.	 Wang CA, Lai MC, Lui CC, Yang SN, Tiao MM, Hsieh CS, et al. 
An enriched environment improves cognitive performance 
after early-life status epilepticus accompanied by an increase 
in phosphorylation of extracellular signal-regulated kinase 2. 
Epilepsy Behav 2007;11(3):303–9. Crossref

29.	 Young D, Lawlor PA, Leone P, Dragunow M, During MJ. Environ-
mental enrichment inhibits spontaneous apoptosis, prevents 
seizures and is neuroprotective. Nat Med 1999;5(4):448–53.

30.	 Korbey SM, Heinrichs SC, Leussis MP. Seizure susceptibility and 
locus ceruleus activation are reduced following environmen-
tal enrichment in an animal model of epilepsy. Epilepsy Behav 
2008;12(1):30–8. Crossref

31.	 Mortazavi F, Ericson M, Story D, Hulce VD, Dunbar GL. Spatial 
learning deficits and emotional impairments in pentylenetet-
razole-kindled rats. Epilepsy Behav 2005;7(4):629–38. Crossref

https:/doi.org/10.1016/S0736-5748(01)00008-9
https:/doi.org/10.1016/j.brainres.2008.07.103
https:/doi.org/10.1007/s11055-007-0080-x
https:/doi.org/10.1016/j.expneurol.2008.10.015
https:/doi.org/10.1111/j.1528-1167.2005.01021.x
https:/doi.org/10.1152/jn.01009.2011
https:/doi.org/10.1016/S0006-8993(00)02379-9
https:/doi.org/10.1101/lm.530607
https:/doi.org/10.1016/j.nlm.2012.01.003
https:/doi.org/10.1016/j.brainres.2005.08.044
https:/doi.org/10.1101/lm.36301
https:/doi.org/10.1016/j.neuron.2012.12.040
https:/doi.org/10.1111/j.1460-9568.2005.04552.x
https:/doi.org/10.1016/0013-4694(72)90178-2
https:/doi.org/10.1006/ebeh.2000.0085
https:/doi.org/10.1016/S0006-8993(98)00929-9
https:/doi.org/10.1038/297681a0
https:/doi.org/10.1016/j.physbeh.2010.04.014
https:/doi.org/10.1016/j.neures.2011.01.008
https:/doi.org/10.1016/j.ceca.2006.07.005
https:/doi.org/10.1007/s11011-012-9300-3
https:/doi.org/10.1016/j.psyneuen.2012.06.005
https:/doi.org/10.1037/0735-7044.118.5.1128
https:/doi.org/10.1016/S0006-8993(02)03355-3
https:/doi.org/10.1016/j.yebeh.2007.06.016
https:/doi.org/10.1038/7449
https:/doi.org/10.1016/j.yebeh.2007.09.013
https:/doi.org/10.1016/j.yebeh.2005.08.019


Effects of Environmental Enrichment on Hippocampal Electrophysiological Changes in the Pentylenetetrazole Model of Epilepsy

101

32.	 Omrani A, Ghadami MR, Fathi N, Tahmasian M, Fathollahi Y, 
Touhidi A. Naloxone improves impairment of spatial perfor-
mance induced by pentylenetetrazol kindling in rats. Neurosci-
ence 2007;145(3):824–31. Crossref

33.	 Babri S, Amani M, Mohaddes G, Mirzaei F, Mahmoudi F. Effects of 
intrahippocampal injection of ghrelin on spatial memory in PTZ-
induced seizures in male rats. Neuropeptides 2013;47(5):355–60. 

34.	 Pourmotabbed A, Nedaei SE, Cheraghi M, Moradian S, Touhidi 
A, Aeinfar M, et al. Effect of prenatal pentylenetetrazol-induced 
kindling on learning and memory of male offspring. Neurosci-
ence 2011;172:205–11. Crossref

35.	 Sampedro-Piquero P, Begega A, Zancada-Menendez C, Cuesta 
M, Arias JL. Age-dependent effects of environmental enrich-
ment on brain networks and spatial memory in Wistar rats. 
Neuroscience 2013;248:43–53. Crossref

36.	 Xie T, Wang WP, Jia LJ, Mao ZF, Qu ZZ, Luan SQ, et al. Environ-
mental enrichment restores cognitive deficits induced by pre-
natal maternal seizure. Brain Res 2012;1470:80–8. Crossref

37.	 Rutten A, van Albada M, Silveira DC, Cha BH, Liu X, Hu YN, et al. 
Memory impairment following status epilepticus in immature 
rats: time-course and environmental effects. Eur J Neurosci 
2002;16(3):501–13. Crossref

38.	 Bouet V, Freret T, Dutar P, Billard JM, Boulouard M. Continu-
ous enriched environment improves learning and memory in 
adult NMRI mice through theta burst-related-LTP independent 
mechanisms but is not efficient in advanced aged animals. 

Mech Ageing Dev 2011;132(5):240–8. Crossref

39.	 Freret T, Billard JM, Schumann-Bard P, Dutar P, Dauphin F, Bou-
louard M, et al. Rescue of cognitive aging by long-lasting envi-
ronmental enrichment exposure initiated before median lifes-
pan. Neurobiol Aging 2012;33(5):1005.e1–10. Crossref

40.	 Eckert MJ, Abraham WC. Physiological effects of enriched en-
vironment exposure and LTP induction in the hippocampus 
in vivo do not transfer faithfully to in vitro slices. Learn Mem 
2010;17(10):480–4. Crossref

41.	 Mazzocchi-Jones D, Döbrössy M, Dunnett SB. Environmental 
enrichment facilitates long-term potentiation in embryonic 
striatal grafts. Neurorehabil Neural Repair 2011;25(6):548–57. 

42.	 Leung LS, Wu C. Kindling suppresses primed-burst-induced 
long-term potentiation in hippocampal CA1. Neuroreport 
2003;14(2):211–4. Crossref

43.	 Morelli E, Ghiglieri V, Pendolino V, Bagetta V, Pignataro A, Fe-
jtova A, et al. Environmental enrichment restores CA1 hippo-
campal LTP and reduces severity of seizures in epileptic mice. 
Exp Neurol 2014;261:320–7. Crossref

44.	 Phelps EA, LeDoux JE. Contributions of the amygdala to emo-
tion processing: from animal models to human behavior. Neu-
ron 2005;48(2):175–87. Crossref

45.	 Fournier NM, Botterill JJ, Marks WN, Guskjolen AJ, Kalynchuk LE. 
Impaired recruitment of seizure-generated neurons into func-
tional memory networks of the adult dentate gyrus following 
long-term amygdala kindling. Exp Neurol 2013;244:96–104.

https:/doi.org/10.1016/j.neuroscience.2006.12.049
https:/doi.org/10.1016/j.npep.2013.05.005
https:/doi.org/10.1016/j.neuroscience.2010.11.001
https:/doi.org/10.1016/j.neuroscience.2013.06.003
https:/doi.org/10.1016/j.brainres.2012.06.034
https:/doi.org/10.1046/j.1460-9568.2002.02103.x
https:/doi.org/10.1016/j.mad.2011.04.006
https:/doi.org/10.1016/j.neurobiolaging.2011.09.028
https:/doi.org/10.1101/lm.1822610
https:/doi.org/10.1177/1545968311402090
https:/doi.org/10.1097/00001756-200302100-00010
https:/doi.org/10.1016/j.expneurol.2014.05.010
https:/doi.org/10.1016/j.neuron.2005.09.025
https:/doi.org/10.1016/j.expneurol.2012.11.031

