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ARTICLE INFO ABSTRACT

Keywords: Developmental exposure to organophosphates (OPs), at doses that do not cause cholinergic crisis, induces
Developmental neurotoxicology profound and lasting alterations in different neurotransmitter systems, which contribute to several behavioral
Chlorpyr_ifOS outcomes. The present work examines whether neonatal exposure to low dose of chlorpyrifos (CPF), a widely
Drug resistance used OP insecticide, alters the general excitability of the adult brain, its responsiveness to drugs with anti-
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epileptic properties, the process of chemical kindling and the kindling-induced behavioral outcomes. Neonatal
rats were exposed to daily doses of CPF (1 mg/kg) or dimethyl sulfoxide (DMSO, vehicle) on postnatal days
(PND) 1-4. On PND 60, a subgroup of animals from both CPF and DMSO groups were injected with additive
doses of pentylenetetrazole (PTZ) to evaluate the latency time to the first seizure, the threshold of PTZ-induced
convulsion, and to determine the anticonvulsive action of phenobarbital (20 mg/kg), ethosuximide (100 mg/kg)
and scopolamine (0.6 mg/kg) when used as pretreatment. Rats in the other subgroups were kindled by repeated
intraperitoneal injections of an initially subconvulsive dose of PTZ (37.5 mg/kg) at 48-h intervals for 4 weeks.
Kindled rats were then subjected to radial arm maze, sweet taste preference and forced swim test. Neonatal
exposure to CPF shortened the latency time to the first seizure after pretreatment with scopolamine in female
rats and decreased the threshold for PTZ-induced clonic convulsions after phenobarbital pretreatment in male
rats. Neonatal CPF exposure also decreased the rate of kindling progression in female rats during early stages of
PTZ kindling. On the other hand, CPF exposure sex-selectively reduced the number of working memory errors
after kindling only in male rats. Drug challenge with MK-801 induced more impairment in the working memory
of female kindled rats, indicating more dependence of working memory on NMDA receptor activity in these
animals. Female kindled rats from CPF exposed group also showed longer time of immobility in forced swim test,
showing an increase in the depressive-like behavior. This difference was also observed in the second session of
forced swim test, after treating with fluoxetine, a selective inhibitor of serotonin reuptake. The recent finding,
together with lack of difference in the sweet taste preference, suggests that mechanism beyond the reduction of
serotonergic activity underlie the increased depressive-like behavior in this animals. To our knowledge, this is
the first report describing the potential contribution of developmental exposure to an OP in susceptibility to
antiepileptic drug resistance and alteration of seizure-induced behavioral deficits.

1. Introduction of neural circuits, which is manifested by a variety of long-lasting
neurobehavioral deficits (Aldridge et al., 2005; Ricceri et al., 2006;

The interaction of environmental pollutants, especially during cri- Johnson et al., 2009). The altered neuronal circuitry and activity can
tical periods of brain growth and maturation, can potentially affect the also affect the general excitability of the nervous system and contribute
complex processes of brain development. The perturbing effects of en- to the pathogenesis of epilepsy. Environmental insults may also con-
vironmental chemicals adversely affect the normal wiring and activity tribute to special condition of resistance to antiepileptic drugs by
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altering their targets and receptors; a condition called pharmacoresis-
tant epilepsy (Remy et al., 2003; Potschka, 2012). Organophosphates
(OPs) are a major group of insecticides that are well known for their
developmental neurotoxicity and long-lasting behavioral deficits (Levin
et al., 2001; Aldridge et al., 2005; Timofeeva et al., 2008; Chen et al.,
2011). Although the primary mechanism of OPs toxicity is the inhibi-
tion of acetylcholinesterase (AChE), they are able to elicit develop-
mental neurotoxicity at doses below the threshold for inhibition of
AChE, suggesting that other mechanisms are involved in these actions
(Jett et al., 2001; Ricceri et al., 2006; del Pino et al., 2015). Due to their
effects on brain development, residential applications of OP insecticides
have been limited in recent years, although some of them like chlor-
pyrifos (CPF) are still in use because of their lower systemic toxicity and
higher stability. Several studies have shown that chronic exposure to
CPF affects the development of nervous system by targeting gene ex-
pression, neurogenesis, neuronal differentiation and migration, sy-
naptogenesis and neurotransmission (Qiao et al., 2003; Aldridge et al.,
2005; Slotkin et al., 2007). It is well-known that dysregulation of
neurotransmitter systems is central to the cognitive and emotional
impairments associated with developmental exposure to low dose CPF
in human and animal models (Levin et al., 2001; Aldridge et al., 2003,
2005). On the other hand, structural and functional modification in
components involved in neurotransmitter release, reuptake, metabo-
lism and their receptors on both pre- and postsynaptic membranes
critically contribute to susceptibility to epilepsy and pharmacoresis-
tance (Pisu et al., 2008; Mullins et al., 2015). We hypothesized that
long-term disturbances of different neurotransmitter systems that have
been shown following developmental exposure to low doses of CPF can
potentially change the susceptibility to seizure and responsiveness to
antiepileptic drugs. Furthermore, both epileptic patients and animal
models of epilepsy are at high risk for cognitive and emotional dis-
orders, and developmental exposure to CPF may affect the severity of
these comorbidities. Kindling is a model of epilepsy that affords as-
saying the chronic epileptic state and consequent behavioral impair-
ments. It is well known that acute OP poisoning may cause seizures due
to cholinergic overstimulation, which can also lead to a range of neu-
rological injuries and associated morbidities (Krishnan et al., 2016).
The possible effects of developmental exposure to OPs on seizure sus-
ceptibility and their interaction with kindling-induced behavioral im-
pairments have not been studied yet. Meanwhile, a higher prevalence of
epilepsy in areas of greater use of pesticides (including OPs) has re-
cently been reported, nevertheless a causal relationship is uncertain yet
(Requena et al., 2018).

In the current study we assessed the effect of exposure to low doses
of CPF during postnatal days (PNDs) 1-4 on the susceptibility to pen-
tylenetetrazole (PTZ)-induced acute seizures and the effectiveness of
some drugs with antiepileptic activity in adulthood. We also studied the
effect of CPF exposure on the development of PTZ-kindling and kind-
ling-induced memory impairment and depressive-like behavior.
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2. Materials and methods
2.1. Animals

Male and female Wistar rats (180-240 g) were purchased from Razi
institute and used as breeders. Animals were kept in a temperature-
controlled room at 22 = 2°C with a 12h light-dark cycle and free
access to food and water, unless otherwise mentioned. Male and fe-
males were bred at a ratio of 1:2 and females' vaginal smears were
examined every morning for sperm-positivity to confirm mating
(Gestational day 0). Pregnant females were housed separately in stan-
dard condition and were checked for birth twice daily from gestational
day 19. The day after birth (PND1) litters were adjusted as much as
possible to obtain litters of the same size (7-8 pups). All procedures
described here were in accordance with the guide for the care and use
of laboratory animals of Shiraz University and were approved by the
local animal ethics committee.

2.2. Chemicals and treatments

Chlorpyrifos (CPF, CAS No. 2921-88-2, purity 99.9%), pentylene-
tetrazole (PTZ), dimethyl sulfoxide (DMSO), scopolamine, MK-801,
phenobarbital, ethosuximide and saccharin were purchased from Sigma
Aldrich (St. Louis, MO, USA). Other chemicals were obtained from
Merck (Darmstadt, Germany). On PND 1 litters were randomly assigned
to either experimental or sham groups. CPF was dissolved in dimethyl
sulfoxide (1 mg/ml) and was injected subcutaneously into neonatal rats
in experimental group in a volume of 1 ml/kg/day on PNDs 1-4. Sham
animals received equivalent injections of DMSO on the same schedule.
All pups within a litter received the same treatments. Twenty-three
litters were used in this study, of which 11 litters received DMSO and
12 received CPF. Animals were weaned on PND 23, separated by sex on
PND 40 and maintained three to four per cage until the day of ex-
periment. On PND 60 rats of each group were divided into two sub-
groups. One subgroup was subjected to chemical kindling and the
consequent behavioral tasks, and the other subgroup was tested for
PTZ-induced acute seizure and evaluation of anticonvulsant activity of
some drugs. One male and one female from each litter were assigned to
each experiment. Slight differences in the number of animals in each
experiment were due to mortality or technical problems. The experi-
mental timeline and animal subgrouping is illustrated in Fig. 1.

2.3. Latency time to PTZ seizure, threshold of convulsive seizure and the
efficacy of antiepileptic drugs against PTZ-induced acute seizure

On PND 60, PTZ seizure threshold was determined in a subgroup
from DMSO and CPF treated rats. The drugs, phenobarbital, ethosux-
imide and scopolamine were also tested on seizure threshold when used
as pretreatments. Animals received pretreatments of 0.9% saline (ve-
hicle, 15min before PTZ injection), phenobarbital (20 mg/kg i.p.,
60 min before PTZ injection), ethosuximide (100 mg/kg i.p., 45 min
before PTZ injection) and scopolamine (0.6 mg/kg i.p., 15 min before
PTZ injection). After each pretreatment, an initial dose of 40 mg/kg PTZ

| RAM-drug challenge |

Postnatal days: 1-4 60

88 95
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| TFS-Seizure threshold/drug efficacy |

Fig. 1. Procedures timeline and subgrouping of animals. TFS, time to first seizure; RAM, radial arm maze; STP, sweet taste preference; FST, forced swim test.
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was injected intraperitoneally and the latency time to the onset of any
stage of seizure was recorded. Thereafter, additional doses of 10 mg/kg
PTZ were administered to the rats every 12 min until the onset of stage
4 or 5 seizure, but the total dose did not exceed 80 mg/kg.
Pretreatments were tested in counterbalanced order (within each group
animals received pretreatments in different orders so that each drug
was given first, as often as second, as third) to exclude the effect of
treatment sequence. The washout time was 72 h between tests
to avoid residual drug effects.

2.4. Kindling

Rats from both CPF and DMSO (sham) groups were kindled by re-
peated i.p. injections of an initially subconvulsive dose of PTZ
(37.5mg/kg, dissolved in 0.9% sterile saline) at 48-h intervals for 4
weeks. After each PTZ injection the animal was placed in a chamber
(60 X 40 x 42 cm) with soft bedding and its behavior was observed for
30 min. The seizures responses to PTZ administration were classified as
follows: Stage 0, no response; Stage 1, ear and facial twitching; Stage 2,
myoclonic jerks, convulsive waves through the body; Stage 3, myo-
clonic jerks with rearing; Stage 4, turn over into side position, clonic-
tonic seizures; Stage 5, turn over into back position, generalized clonic-
tonic seizures or death. Animals were considered to be fully kindled if
they had at least three consecutive stages 4 or 5 seizures. Only kindled
animals were used in the behavioral studies.

2.5. Radial arm maze

After completion of kindling, the diet of rats was restricted for a
week to keep their body weight at approximately 90% of free feeding
level, which was determined in rats having free access to food. Food
restriction was done to increase motivation of rats to explore the maze
for food. The maze consisted of eight arms (65 cm long x 10 cm wide
with 17 cm side walls) extending radially from an octagonal central hub
(32 cm in diameter). The apparatus floor was made of opaque gray PVC
and the side walls were made of transparent Plexiglas. The maze was
supported by a metal frame 40 cm above the floor in a quiet room
containing many visual cues external to the maze. A food cup (5cm
x 5 cm and 2.5 cm deep) was placed near the distal end of each arm and
peanut halves were used as food reward. Radial arm maze testing was
performed in two phases: shaping and training. Shaping was conducted
to familiarize rats with the apparatus and the food reward, which was
initially done in groups and then individually, each for two days.
During social shaping, 3 rats were placed in an opaque plastic cylinder
(23 cm in diameter) on the central platform of the maze for 10s to
allow for orientation. Then the cylinder was removed and rats gained
access to arms and peanut halves, which were scattered throughout all
arms. Animals were removed as soon as peanuts were eaten or 10 min
had elapsed. In individual shaping sessions, each rat was allowed 5 min
to explore the maze with all eight arms baited. In each day of shaping,
peanuts were placed further distal into each arm until they were finally
placed at food cups. After shaping, rats were trained for 12 sessions on
the radial arm maze, once per day. At the beginning of each training
session four arms were baited and the other four arms were left
unbaited. The pattern of baited and unbaited arms was consistent
among rats and throughout testing for each rat, and no more than two
consecutive arms were left unbaited. Each trial began by placing the rat
in the opaque cylinder on the central platform for 10s. The cylinder
was then removed and rat was allowed to explore the maze and to eat
peanuts. The trial was terminated and animal was removed as soon as
all peanut halves were eaten or 5min had elapsed. Between trials the
maze was cleaned with damp paper towel to remove scent cues and the
peanut halves were replenished. The training sessions were recorded by
a video camera from the side of the maze for subsequent analysis. Arm
entry was recorded when all paws entered an arm. Visit to an unbaited
arm was recorded as a reference memory (RM) error and a working
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memory (WM) error was defined as return to an arm that had already
been visited during that trial. Response time was calculated as total
time taken to complete each session (in seconds)/number of arm en-
tries.

2.6. Drug challenges in radial arm maze

After 12 sessions of usual training in radial maze, rats were trained
for 12 more days in which they were challenged with different doses of
antagonists of NMDA receptor, MK 801, and muscarinic receptor, sco-
polamine. Rats received i.p. injections of MK-801 (0.1 and 0.2 mg/kg),
scopolamine (0.12 and 0.24 mg/kg) or 0.9% saline as vehicle (1 ml/kg)
30 min before the start of each RAM session. Drug challenges were
counterbalanced among rats to exclude the effect of treatment se-
quence, and at least two non-drugged (vehicle) days were inserted
between drugged sessions for drug washout.

2.7. Taste preference test

A week after the completion of kindling, another subgroup of rats
from each group was subjected to taste preference test. The day before
the experiment, each rat was housed in a separate cage that was sup-
plied with food and two identical bottles, each containing 250 ml of tap
water. On the next day (test day), water in one of the bottles was re-
placed with 0.1% saccharin diluted in tap water. The test was initiated
at 8.00 a.m. and ran for 24 h. To avoid place preference in drinking
behavior, the position of the bottles was switched after 12h. Taste
preference was expressed as percent of saccharin solution intake (ml)
relative to the total water intake (saccharin plus regular tap water) over
24 h.

2.8. Forced swim test

A day after taste preference test, rats were subjected to forced swim
test. Each rat was individually placed in a plastic cylinder (48 cm height
x 25 cm diameter) containing 32 cm of water (25 * 1 °C). Forced swim
test was conducted in two sessions, a 15 min first session and a 5 min
second session that was done 24 h later. To test the effect of the anti-
depressant fluoxetine (FLX) on rats' behavior, they were given three i.p.
injections of FLX (10 mg/kg) at 23.5, 5 and 1 h before the test session.
The first 5min of the first session and the 5-min second session were
video recorded by a digital camera fixed above the cylinder. After each
forced swim session rats were towel-dried, placed under a heat lamp for
30 min in a separate cage and then returned to a clean home cage. The
immobility time (sec) was later scored as an indicator of depressive-like
behavior. Immobility was assigned when animal floated passively in the
water and only made necessary movements to keep its head above the
water.

2.9. Statistical analysis

Values are expressed as mean *+ standard error of the mean
(S.E.M.). Normal distribution was assessed using Shapiro-Wilk test.
Statistical significance was determined using unpaired t-test or Mann-
Whitney U, as appropriate. To analyze responses to acute drug chal-
lenges or pretreatments, Kruskal-Wallis H test followed by
Mann-Whitney U test were used. To detect possible interactions be-
tween treatments and sex, initial comparisons were conducted by a
global analysis of variance across treatments and sex. When a sig-
nificant interaction of treatment with sex was identified, the data set
was divided by sex and the analysis was done separately on the sub-
divisions, otherwise the data for males and females were combined. The
accepted level of significance for main treatment effects was p < 0.05
and for interactions was p < 0.1.
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Fig. 2. The effects of neonatal CPF exposure on latency time to the
onset of seizure, doses of pentylenetetrazole (PTZ) required for the
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3.1. PTZ seizure threshold, efficacy of antiepileptic drugs against PTZ-
induced acute seizure and kindling development

The effects of neonatal CPF exposure on the latency to onset of
seizure and doses of PTZ required for the induction of convulsion
showed a significant interaction with sex, so data were subdivided into
males and females. The neonatal administration of CPF did not change
the latency time to the onset of seizure (any type) elicited by a sub-
convulsive dose of PTZ (40 mg/kg) in adult rats, but it shortened the
latency time to the first seizure after pretreatment with scopolamine
(0.6 mg/kg) in female CPF-exposed rats (Mann-Whitney U = 19,
p = 0.035) (Fig. 2B). The threshold for pentylenetetrazole-induced
clonic convulsions showed a significant reduction after phenobarbital
pretreatment (20 mg/kg) in male CPF-treated rats compared to DMSO-
exposed male rats (Mann-Whitney U = 21, p = 0.016) (Fig. 2C). Fig. 3
indicates seizure stages during chemical kindling elicited by repeated
injection of PTZ (37.5 mg/kg). In both DMSO- and CPF-treated rats, the
seizure activity showed a general progressive increase over time during
the course of PTZ kindling. In female rats the seizure activity was sig-
nificantly suppressed in CPF-exposed rats compared to DMSO-treated
rats after fourth and sixth PTZ injections (Mann-Whitney U = 62,
p = 0.021 and U = 69, p = 0.045 respectively) (Fig. 3B).

3.2. Radial arm maze and drug challenges

For reference memory errors during standard radial arm maze ses-
sions, the initial evaluation by ANOVA revealed no significant inter-
action of treatment with sex (p > 0.1). So, the main treatment effect
was assessed without subdividing each group by sex. Results showed
that the number of reference memory errors after kindling in DMSO-
and CPF-exposed groups do not significantly differ from each other
(Fig. 4). The effect on working memory, on the other hand, was sex
selective and neonatal exposure to CPF reduced the number of working
memory errors after kindling only in male rats (Fig. 5). Comparing
working memory between male and female within each group also
showed that kindling significantly increased the number of errors in
male rats compared to female rats and this effect was more pronounced
in DMSO-injected rats than in CPF-exposed ones (Fig. 5). The response
time did not show a significant difference between the two groups (data
not shown), indicating that the difference in spatial memory, when
detected, is not the result of alteration in locomotor activity or moti-
vation to search for the reward.
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Fig. 3. The effects of CPF exposure on the development of PTZ kindling. CPF
exposure selectively decreased the rate of kindling progression in female rats.
(n = 15-18 per group). *p < 0.05 compared to DMSO group, Mann-Whitney
U test.

During drug challenge tests, a significant interaction of CPF x sex
was detected for both reference and working memory errors. Therefore,
the effects of drug challenges on memory impairment induced after
kindling in DMSO- and CPF-treated rats was examined separately for
males and females. In both male and female rats, scopolamine did not
differentially affect the number of either reference memory errors or
working memory errors. The lower concentration of MK-801 sig-
nificantly increased reference memory errors after kindling in CPF-ex-
posed male rats compared DMSO-injected rats [Mann-Whitney U
(17) = 20, p = 0.013] (Fig. 6). After kindling, working memory errors
were significantly increased by pretreatment with higher concentration
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significant difference in the number of reference memory errors in the radial
arm maze. Data were pooled for both sexes as the interaction with sex was not
significant. (n = 16-19 per group of both sexes).

of MK-801 in female rats from CPF-exposed group compared to the sex-
matched rats from DMSO-exposed group [Mann-Whitney U(18) = 21,
p = 0.016] (Fig. 6).

3.3. Forced swim test

On the first day of testing, female kindled rats from the CPF exposed
group had longer times of immobility in the forced swim test, sug-
gesting a higher level of behavioral despair [t(20) = 2.93, p = 0.008].
The longer time of immobility in these animals was still evident after
FLX treatment in the second session of forced swim test [t(20) = 2.19,
p = 0.04] (Fig. 7).

3.4. Sweet taste preference

The interaction of treatment with sex was not significant for sweet
taste preference and data from male and female rats were pooled in
each group. There was no significant difference in the preference for
saccharin solution between kindled rats from DMSO- and CPF-exposed

rats [92.3 = 1.6 and 91.1 * 1.3, respectively, t(40) = 0.77,
p = 0.45].
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4. Discussion

Our results showed that neonatal exposure to low dose CPF affects
the progress of PTZ-induced kindling, responsiveness to drugs with
antiepileptic activity and behavioral comorbidities associated with PTZ
kindling, mostly in a sex-selective manner. Developmental exposure to
some chemicals has been shown to have lasting effects on the excit-
ability of neural circuits and seizure susceptibility (Gilbert and Llorens,
1993; Yuan, 2012; Bandara et al., 2017). Requena and colleagues have
recently studied the association between environmental exposure to
pesticides with prevalence of epilepsy and found a higher prevalence of
hospital-diagnosed epilepsy in the population living in areas with
greater pesticide use and exposure. They suggested that pesticides ex-
posure may increase the risk of epilepsy, although they were not able to
prove a causal relationship owing to the limitations of the study design
(Requena et al., 2018). Here, we found that neonatal exposure to CPF
sex-selectively shortens the latency time to the first seizure after pre-
treatment with scopolamine and retards the progression of PTZ kindling
in female rats compared to the sex-matched DMSO-treated rats. On the
other hand, the CPF exposed male rats had lower threshold for penty-
lenetetrazole-induced clonic convulsion after phenobarbital pretreat-
ment than DMSO-treated rats that received the same pretreatment. An
abnormal shift of synaptic systems contributes to the induction of
chemical kindling and responsiveness to antiepileptic drugs (Bertram,
2013). A large number of studies have reported that neonatal exposure
to low dose of CPF can affect the function of different neurotransmitter
systems. Studies have shown that CPF exposure damages the choli-
nergic system. Acute and long-term exposure of basal forebrain choli-
nergic neurons to CPF induces cell death through apoptotic and ne-
crotic pathways (del Pino et al., 2015; Moyano et al., 2017).

Neonatal administration of CPF during PNDs 1-4 also reduces the
number of cholinergic neurons and the cholinergic synaptic function in
young adulthood. This effect has been found to be much greater in
female rats than in males, especially in the hippocampus and midbrain
(Levin et al., 2001; Aldridge et al., 2005). Stimulation of the cholinergic
system contributes to the development of kindling and endurable
structural and functional alterations that are characteristic of the kin-
dled state, while cholinergic antagonists limit the progression of kind-
ling and reduce the kindling-induced effects (Adams et al., 2002). Ac-
cordingly, the retarded kindling rate and the reduced latency time to
the first seizure after pretreatment with scopolamine in female rats

parallels the expected female-selective suppression of cholinergic

o Dmso () Fig. 5. Kindling sex-selectively affected working memory errors in

- CPF(F) both DMSO and CPF exposed rats. Male rats neonatally exposed to
CPF showed more working memory errors after kindling than sex-
matched rats from DMSO group, while such a difference was not
observed in female rats. In both DMSO and CPF groups male (M)
rats showed more vulnerability to kindling-induced working
memory impairment than female (F) rats. (n = 8-11 per group).
*p < 0.05, **p < 0.01 compared to CPF group. #p < 0.05,
##p < 0.01, ###p < 0.001 compared to female rats in the same

9 10 11 12 group, Mann-Whitney U test.
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Fig. 7. Duration of immobility of male and female rats during 5 min of forced
swim test in the first and second session. After kindling, CPF-exposed female
rats showed longer time of immobility in the first session, showing higher levels
of depressive-like behavior in these animals. These animals still had sig-
nificantly more time of immobility even after treatment with fluoxetine (second
session). (n = 10-12 per group). *p < 0.05, **p < 0.01 compared to DMSO
group, unpaired t-test.

function. It has been shown that chronic CPF exposure during fetal and
postnatal period in male mice reduces gene expression of GABAB re-
ceptors, which are critically involved in GABAergic synaptic transmis-
sion (Pallotta et al., 2017). A similar down-regulation of GABAB re-
ceptors may contribute to the higher sensitivity of CPF exposed male
rats to PTZ after pretreatment with phenobarbital, while the basal ex-
citation/inhibition balance could be maintained by adaptive response
of other neurotransmitter systems. Furthermore, the serotonergic
system has been reported to be persistently and sex-selectively affected
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Fig. 6. The effect of challenging with different doses of scopola-
mine (SC) and MK-801 (MK) on reference and working memory
errors in male and female kindled rats that were neonatally ex-
posed to DMSO or CPF. Lower dose of MK (0.1 mg/kg) induced
more impairment of reference memory in CPF-exposed male rats
after kindling, while its higher concentration caused more deficit
in working memory after kindling in CPF exposed female rats
compared to the sex matched DMSO-exposed rats. (n = 8-11 per
group). *p < 0.05 compared to DMSO group, Mann-Whitney U
test.

by neonatal CPF exposure. Serotonin receptors are richly expressed in
the neural circuits involved in epilepsy and their dysregulations is
considered to be involved in epilepsy pathogenesis. The known effects
of CPF on serotonergic synapses may also contribute to the sex-selective
alterations in kindling development and responsiveness to antiepileptic
drugs. The fact that many sex specific alterations in the neuronal cir-
cuits have been described following neonatal exposure to CPF, together
with the multifactorial nature of kindling development makes it diffi-
cult to specify the functional significance of such alterations to delayed
kindling progression in CPF exposed female rats.

No significant difference in reference memory errors was found ei-
ther between kindled rats from DMSO- and CPF-exposed group or be-
tween male and female rats within each group. On the other hand, CPF
exposure selectively reduced working memory errors in kindled male
rats compared to DMSO-exposed group, while such a difference was not
observed between female kindled rats from DMSO- and CPF-exposed
groups. Female kindled rats from both DMSO- and CPF-exposed rats
also made less working memory error compared to male kindled rats in
the same group. It has been shown that neonatal exposure of rats to low
dose CPF, a regimen similar to that used in this study, impairs reference
and working memory in male rats while improves the performance of
female rats (Slotkin et al., 2001). Almost similar sex-selectivity was
reported by Johnson et al. (2009) and Gémez-Giménez et al., (2017)
who administered CPF via oral route during postnatal period (Johnson
et al.,, 2009; Gomez-Gimenez et al., 2017). Aldridge and colleagues
(2005) found that CPF exposed female rats master the radial maze task
without relying on cholinergic function but by relaying on serotonergic
function, which is not seen in control animals and CPF exposed males
(Aldridge et al., 2005). On the other hand, pentylenetetrazole kindling
impairs spatial learning and memory, which has also been reported in
epileptic patients (Fisher et al., 2000; Schubert et al., 2005). This effect
is associated with reduced basal acetylcholine release in hippocampus
and neuronal loss in different hippocampal and cortical regions that
potentially can contribute to kindling-induced memory impairment
(Cavazos et al., 1994; Serra et al., 1997). Meanwhile, our findings
showed that PTZ-kindling of DMSO-exposed rats induces significantly
more impairment of working memory in male rats than females. Ac-
cordingly, it seems that either neonatal CPF-exposure or PTZ-kindling
similarly induce more impairment of memory in male rats. In this sense,
with combined neonatal CPF exposure and PTZ-kindling an accumu-
lative effect might be expected, whereas kindled rats from CPF-exposed
group made significantly fewer working memory compared to kindled
rats from DMSO-exposed group, and this effect was especially
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pronounced in male rats. The acquisition of PTZ kindling is associated
with reorganization of several synaptic connections especially the re-
current excitation of dentate gyrus granular cells by sprouted mossy
fibers and axons of pyramidal neurons in proximal CA3 subfield (Zhang
et al., 2012). Although such excessive excitatory circuits also commonly
develop in epileptic patients, but their functional significance in the
pathogenesis of epilepsy is uncertain (Sutula et al., 1996; Timofeeva
and Peterson, 1999). Nevertheless, such alterations are most likely in-
volved to the behavioral comorbidities, including memory impairment
and anxiety-like behaviors in animal models of kindling and epileptic
patients (de Oliveira et al., 2008). This idea has been proposed that
many developmental behavior disorder that may result from interfering
factors are not induced by direct and localized impairment of neuronal
circuits function, but rather results from the whole brain adaptive re-
sponses to the initial alterations (Slotkin et al., 2015). Aside from its
involvement to the kindling progression, cholinergic system also con-
tributes to the neuronal remodeling and axonal sprouting in the hip-
pocampus of kindled animals (Adams et al., 2002). It may be speculated
that the sex-selective reduction of cholinergic function in female CPF-
treated rats, which was reported in earlier studies and also indirectly
evidenced in the current work, can suppress the cholinergic dependent
adaptive responses to kindling and the consequent spatial memory
impairment. Further studies are required to find out to what extent this
mechanism may contribute to the more protection of female CPF-
treated rats against kindling-induced memory impairment.

Drug challenge with scopolamine did not differentially affect re-
ference and working memory of kindled rats from DMSO and CPF-ex-
posed groups. In male kindled rats, the number of reference memory
errors showed more increase after pretreatment with lower dose of MK-
801. On the other hand, while kindled female rats from DMSO- and
CPF-exposed groups did not show significant difference in the number
of working memory errors, pretreatment with higher dose of MK-801
(0.2 mg/kg), induced more increase in the number of working memory
error in female kindled rats than those in the CPF exposed group. The
current finding suggests that in these animals, the working memory is
more dependent on glutamatergic neurotransmission. During early
phase of PTZ kindling development, glutamate release is increased but
during late stages and after completion of kindling, the density of ex-
citatory amino acid binding sites is enhanced (Lason et al., 1998;
Schroeder et al., 1998). The increase in the expression of glutamate
receptors in the rat hippocampal and neocortical regions has been as-
sociated with the development of PTZ-induced kindling (Schroder et al.,
1993). Meanwhile, kindled rats show a decrease in learning and
memory, accompanied by a long-lasting decline in the brain con-
centrations of glutamate (Szyndler et al., 2008). Even one month after
the establishment of PTZ-kindling, a significant increase of N-methyl-p-
aspartate (NMDA) receptor binding in the dentate gyrus and CA3 region
of the hippocampus could be detected (Ekonomou and Angelatou,
1999). Kraus and his colleagues (1994) showed that a marked and long-
lasting increase in the expression of a novel NMDA receptor in the CA3
hippocampal region may underlie the increased sensitivity to NMDA
observed in the kindled animals and contribute to the maintenance of
hyperexcitable state (Martin et al., 1992; Kraus et al., 1994). This effect
may also contribute to the saturation of long term potentiation of sy-
napses in the hippocampal circuit, which has been suggested as an
underlying mechanism of spatial memory impairment in kindled ani-
mals (Leung and Shen, 2006). To our knowledge, there is no report
available on the lasting alteration of glutamatergic system after neo-
natal exposure to CPF. It is plausible, however, that the well-known
lasting aberration of different neurotransmitter systems following to
neonatal CPF exposure can also affect the kindling development, as
evidenced in our study, and the consequent alteration of glutamatergic
system. It seems that neonatal exposure to CPF reduces the kindling-
induced impairment of glutamatergic system, which is evidenced by a
more reliance of spatial memory on this system.

We have earlier showed that neonatal exposure to CPF significantly
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increases the expression of neuronal nitric oxide synthase (nNOS) in the
hypothalamic nuclei, while reduces the number of nNOS containing
neurons in the basolateral nucleus of amygdala, CA1 and CA3 hippo-
campal subfields and many cortical regions of adult rats (Naseh et al.,
2013; Vatanparast et al., 2013; Naseh and Vatanparast, 2014). It has
been suggested that kindling is a type of use-dependent synaptic plas-
ticity, sharing many mechanisms of induction and progress including
dependency on NO (Gilbert, 2001). Considering the involvement of NO
in PTZ kindling progression, the reduction of nNOS expressing neurons
in the cerebral cortex, amygdala and hippocampus can also contribute
to the lower kindling rate in CPF treated rats although this mechanism
cannot explain the sex-dependent effect. Zhu and colleagues recently
showed that hippocampal over expression of nNOS during PTZ-induced
kindling in mice is also involved to the memory impairment (Zhu et al.,
2017). Hippocampus, cerebral cortex and amygdala are essential sub-
strates of cognitive and affective functions and their neuronal structure,
connectivity and function are affected by kindling (Schubert et al.,
2005). With the known role of NO in these alterations (Zhu et al.,
2017), the pre-reduction of nNOS expressing neurons in these regions of
CPF-exposed rats is expected to affect the response to kindling-induced
nNOS overexpression and behavioral outcomes.

In the current study, we found that PTZ kindling selectively in-
creased depressive-like behavior in female rats from CPF-exposed
group. This significant difference was not eliminated after treatment
with FLX. Both kindling and developmental exposure to CPF have been
reported to induce depressive-like behavior (Aldridge et al., 2005;
Mazarati et al., 2008). Aldridge and colleagues showed that a similar
regimen of neonatal CPF exposure elicits sex-dependent hallmarks of
functional impairment of 5 H T synapses that most likely contribute to
CPF-induced depressive-like behavior in adult rats (Aldridge et al.,
2004). Our results showed that PTZ- kindling does not induce any
significant difference in the expression of depressive-like behavior be-
tween male and female rats from DMSO group. So, it is reasonable to
assume that sex selective alterations of serotonergic system, and other
neurotransmitter systems, following CPF-exposure may underlie the sex
dependent outcomes in the depressive-like behavior after PTZ kindling.
It has been shown that the development of chronic epileptic state is
associated with increased immobility time under conditions of forced
swim test and loss of taste preference in saccharin solution consumption
test, which are associated with compromised serotonergic transmission
(Mortazavi et al., 2005; Mazarati et al., 2008). We found that even after
FLX treatment the immobility time of kindled female rats from CPF-
treated group was still significantly longer than those from DMSO-
treated group, suggesting that mechanism beyond the reduction of
serotonergic activity are involved in the induction of depressive-like
behavior in this animals. As serotonergic pathways also contribute to
hedonic response to sweet taste (Harrison et al., 2001; Mortazavi et al.,
2005), the founding that sweet taste preference was not different be-
tween kindled rats from the two groups also support the idea that non-
serotonergic mechanisms underlie the induction of the observed de-
pressive-like behavior.

In summary, these results indicate that neonatal exposure to low
doses of CPF sex-selectively reduces the susceptibility to PTZ-induced
kindling in adulthood; while in parallel diminishes the efficacy of some
drugs with anti-seizure activity. Our results put more emphasis on the
potential contribution of early-life chemical exposure to the develop-
ment of pharmacoresistance in epilepsy. CPF exposure also sex selec-
tively reduces memory impairment and depressive-like behavior fol-
lowing to chemical kindling. The CPF-induced impairment of different
neurotransmitters seems to reduce their functional adaptation to
kindling that is known to play a crucial role in the kindling-induced
behavioral deficits. Epileptogenesis, pharmacoresistance and comorb-
ities associated with epilepsy are multifactorial processes, so more
studies are required to address the extent and mechanisms that en-
vironmental OP exposure may interact with other intrinsic factors.
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