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ABSTRACT

Introduction: State-dependent (STD) memory is a process, in which the learned information
can be optimally retrieved only when the subject is in the state similar to the encoding phase.
This phenomenon has been widely studied with morphine. Several studies have reported that
Pentylenetetrazole (PTZ) impairs memory in experimental animal models. Due to certain
mechanistic interactions between morphine and PTZ, it is hypothesized that PTZ may interfere
with the morphine-STD. The cyclic adenosine monophosphate Response Element-Binding
(CREB) is considered as the main downstream marker for long-term memory. This study
was designed to determine the possible interaction between PTZ and morphine STD and the
presumable changes in CREB mRNA.

Methods: In an Inhibitory Avoidance (IA) model, posttraining morphine (2.5, 5, and 7.5 mg/
kg-1.p.) was used. The pre-test morphine was evaluated for morphine-induced STD memory.
Moreover, the effect of a pre-test PTZ (60 mg/kg-i.p.) was studied along with morphine STD.
Locomotion testing was carried out using open-field. Eventually, using real-time-PCR, the
CREB mRNA changes in the hippocampus were evaluated.

Results: Posttraining MOR (7.5 mg/kg-i.p.) impaired IA memory (P<0.001). The pre-test
injection of similar doses of morphine recovered the morphine-induced memory impairment
(P<0.001). The pre-test PTZ impaired the IA memory recall (P<0.001); however, the pre-test
PTZ along with morphine STD potentiated the morphine-induced STD (P<0.001). Alterations
in CREB mRNA were observed in all groups. No difference was seen in the locomotor activity.

Conclusion: Presumably, the certain interactive effect of PTZ on morphine-induced STD is
mediated through gamma-aminobutyric acid and opioid systems via CREB signaling.
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Highlights
e Posttraining morphine impaired memory retrieval in the inhibitory avoidance (IA) model.
® Pre-test morphine recovered memory impairment and induced morphine STD memory retrieval.

e Hippocampal cyclic adenosine monophosphate response element-binding (CREB) mRNA expression dose-de-
pendently reduced in morphine-induced amnesia, whereas, it increased in morphine STD.

e Although pre-test PTZ impaired the IA, the coadministration of pre-test PTZ with morphine STD potentiated the
morphine-induced STD memory.

® Pre-test administration of PTZ decreased hippocampal CREB mRNA expression in PTZ-induced amnesia. How-
ever, pre-test PTZ treatment significantly increased hippocampal CREB mRNA expression in the PTZ-morphine co-
administration group.

Plain Language Summary

State-dependent (STD) memory is a well-known phenomenon, in which the learned information can be optimally
retrieved only when the subject is in the state similar to the learning state. Besides its extensive effects on daily living,
STD memory can affect the human or animal performance, in particular in learning disabilities and treatment outcomes,
and has implications on the effectiveness of psychological conditions. This phenomenon has been widely studied using
morphine and other drugs. In the present study, the interactive effect between morphine STD and Pentylenetetrazole
(PTZ) as well as the resultant changes in the pivotal role of cyclic adenosine monophosphate response element-binding
(CREB), as a main molecular marker, were evaluated using a behavioral (inhibitory) model in rat. Because an indi-
vidual’s state (concerning morphine) may influence the impact of psychological treatment and well-being in epileptic
cases to evaluate the interaction, we used PTZ for simulating the experimental epileptic conditions in lab animals. Our
results revealed that in the presence of PTZ, the rats in the morphine state (morphine STD) had an augmented memory
than those who were not. In addition, the observed effects were followed by coordinated alterations in CREB.

Pentylenetetrazol (PTZ), a chemoconvulsant routinely
used for inducing experimental seizure, causes learning
impairment in the Inhibitory Avoidance (IA) response
(Kim, Lee, Lee, Jung, & Lee, 2009; Lee etal., 2010), spa-
tial learning, and emotional reactivity (Becker, Grecksch,
& Brosz, 1995; Mortazavi, Ericson, Story, Hulce, &
Dunbar, 2005; Miiller, Bankstahl, Groticke, & Loscher,
2009) tests. PTZ is considered as a valuable chemical
tool to prepare the experimental models for studying the

1. Introduction

pilepsy, as one of the most common syn-
dromes of the central nervous system, is
associated with harmful cognitive and be-
havioral consequences (Kwan & Brodie,
2001). Both human (Herfurth, Kasper,
Schwarz, Stefan, & Pauli, 2010) and animal
(Lee, Kim, Kim, Lee, & Lee, 2010) studies

on epilepsy signify that it is accompanied by learning
and memory impairments.

Clinically, the cognitive impairments in epilepsy can
be classified into permanent (stable /long-lasting), and
transient (state-dependent changes) types, and differen-
tiating between these two types may aid the treatment
process. Nevertheless, in the contemporary literature re-
view of epilepsy, the misleading term “state-dependent”
(seizure-related) cognitive impairment has been less ap-
preciated (Besag, 2002).

cognitive problems in epilepsy (Lazarova, Petkova, &
Petkov, 1995). PTZ acts via the Gamma-Aminobutyric
Acid (GABA) receptors (Soares et al., 2018).

The interaction between GABA and opioids in learning
and memory processes has been approved. For example,
the role of dorsal hippocampal GABA-ergic receptors
in the modulation of IA memory consolidation is well
known (Nasehi, Gerami-Majd, Khakpai, & Zarrindast,
2018). Modulation of GABA release during morphine
withdrawal is reported in the midbrain neurons during
slice preparations (Hack, Vaughan, & Christie, 2003).
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Hippocampal GABAa receptors are involved in the
acquisition and expression of morphine-induced con-
ditioning (Rezayof, Razavi, Haeri-Rohani, Rassouli, &
Zarrindast, 2007). Moreover, the involvement of dorsal
hippocampal GABA-ergic receptors in the inhibition
of morphine-induced amnesia in morphine-sensitized
mice (Zarrindast, Hoghooghi, & Rezayof, 2008) has
been indicated. Inhibition of microglia in the basolateral
amygdala via GABAa receptors enhanced the morphine-
induced antinociception (Kosarmadar, Ghasemzadeh, &
Rezayof, 2015). Expression of the spinal cord GABA
transporter in morphine-tolerant male Wistar rat (Siroo-
si, Manaheji, Dargahi, & Daniali, 2015) has been dem-
onstrated. Furthermore, recently, the GABA and opioid
interaction in the lateral parabrachial nucleus to induce
sodium intake (De Oliveira, Andrade, De Luca Jr, Co-
lombari, & Menani, 2018) was reported.

The brief seizures have different effects on learning and
memory in various models (Mao et al., 2009). Although
the brief seizure is a short-term phenomenon, its cognitive
outcomes continue beyond the apparent seizure behaviors
(Jutkiewicz, Baladi, Folk, Rice, & Woods, 2006; Mao et
al., 2009) and may even impair the function of hippocam-
pal place cells (Zhou, Lenck-Santini, & Holmes, 2007;
Zhou, Shatskikh, Liu, & Holmes, 2007). Reportedly, a
single episode of experimental seizure induced by PTZ is
followed by a cognitive decline (Aniol et al., 2015).

Moreover, it is well known that PTZ-induced brief sei-
zures alter certain molecules affecting memory, such as
Ca*/Calmodulin-dependent protein Kinase I (CaMKII)
(Dong & Rosenberg, 2004) and cyclic Adenosine Mo-
nophosphate (cAMP) (Pi, Lee, Li, & Rosenberg, 2004).

Although different learning and memory paradigms
have been used to study the effect of PTZ on the cognitive
problems in order to simulate the clinical outcomes occur-
ring in epilepsy patients, yet further studies are required to
investigate the effects of single/brief seizure on memory
models; such as State-Dependent (STD) memory.

The STD memory includes a process, in which the
memory retrieval is more efficient when the learners
are in the state similar to learning when their memory
was formed (Ardjmand, Rezayof, & Zarrindast, 2011).
A considerable body of evidence reveals morphine-STD
memory in IA models (Ardjmand et al., 2011; Rezayof,
Darbandi, & Zarrindast, 2008) using single-trial para-
digms (Ardjmand et al., 2011). Moreover, the role of
GABA in MOR-induced STD is reported by some re-
searchers (Rassouli, Rezayof, & Zarrindast, 2010; Vas
kili, Tayebi, Jafari, Zarrindast, & Djahanguiri, 2006).
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Since the effect of PTZ, as a GABAa antagonist (Shi-
mada & Yamagata, 2018), on morphine-STD memory
has not been studied previously, and considering the fact
that the hippocampus is the most epileptogenic anatom-
ic structure in the brain (Cendes et al., 1993) involved
in learning and memory (Broadbent, Squire, & Clark,
2004), the present study was conducted to investigate the
effects of intraperitoneal (i.p.) injections of the GABAa
receptor antagonist (PTZ) on morphine-STD memory in
the rat.

2. Materials & Methods
2.1. Animals

Male Wistar rats (10-12 weeks old and weighing
200-220 g) were used. All animals were housed in a
polycarbonate cage in a well-ventilated room at 24+2 °C
with a 12-h light/dark cycle. Free access to standard diet
and water was provided for all animals. All experiments
were performed during the light phase, from 8 (a.m.) to 2
(p.m.). Each group included seven rats. The Animal Eth-
ics Committee of Kashan University of Medical Scienc-
es (Kashan, Iran) approved the study procedures (Eth-
ics Code: IRKAUMS. REC.1395.72), which were in
accordance with the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals
(NIH Publications No.: 8023, Revised Edition: 1978).

2.2. Drugs

Morphine and PTZ were acquired from Temad (Teh-
ran, Iran) and Sigma (England) Co., respectively. All
drugs were dissolved with sterile saline and freshly pre-
pared to the required volume and concentration daily.
The pre-/posttrain or pre-test i.p. injections of the drugs
were administered after a 30-min interval with respect to
the training or testing session.

2.3. Study design
2.3.1. Experiment 1

This experiment examined the effects of posttraining i.p.
administration of different doses of morphine on IA mem-
ory retention. Four groups of the animals were used. The
control group received posttraining and pre-test injec-
tions of saline (1 ml/kg), whereas the other three groups
received posttraining injections of morphine (2.5, 5, and
7.5 mg/kg). On the testing day, all the groups received
pre-test saline (1 ml/kg) treatment 30 min before testing.
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2.3.2. Experiment 2

This experiment evaluated the effects of pre-test i.p. ad-
ministration of morphine on [A memory retrieval. Five
groups of animals were used. On the training day, all
groups received posttraining saline (1 ml/kg) or morphine
(7.5 mg/kg) 30 min after training, whereas on the test-
ing day, four groups received either saline (1 ml/kg) or
morphine (2.5, 5, and 7.5 mg/kg) 30 min prior to the test.

2.3.3. Experiment 3

This experiment examined the interactive effects of
PTZ with MOR-induced STD. Four groups of animals
were used. The control group received posttraining and
pre-test injections of saline (1 mg/kg). The other three
groups received either posttraining/pre-test injections
of morphine/morphine (morphine-STD), posttraining/
pre-test injections of saline/PTZ (60 mg/rat), or pre-
test coadministration of PTZ along with posttraining
and pre-test injections of morphine (morphine-induced
STD+PTZ) 45 and 30 min before testing, respectively.

2.4. 1A Behavioral testing

The ITA setup comprised two equal-sized compart-
ments (20x20x30 cm?) separated by a wall with a guil-
lotine door located in the middle that could be manually
elevated (BorjSanat, Tehran, Iran). The walls and floor
of one of the compartments were made of white opaque
Plexiglas and were lit with a 25 W electric bulb placed
approximately 50 cm above the floor of the apparatus.
The walls of the other compartment were dark, but the
floor of the compartment consisted of parallel stainless
steel grids (3 mm in diameter), located at 1-cm intervals.
Intermittent electric shocks (frequency 50 Hz, duration
3 s, intensity 1 mA) were delivered to the grid floor of
the dark compartment using an isolated stimulator (Bor-
jSanat Co, Tehran, Iran).

2.5. Real-Time PCR experiments

Total hippocampal RNA was isolated using the RNeasy
Kit (Sina Clon, Iran) for each tissue sample, according
to the manufacturer’s protocol. Quantity and quality
of the total RNA were determined via the OD260/280
method using a NanoDrop ND 3300 spectrophotometer
(NanoDrop Technologies, USA).

First-strand cDNA synthesis using 1.0 pg of total ex-
tracted RNA with Oligo (dT) primers was performed
with the Prim Script TM RT reagent kit (TAKARA, Ja-
pan), according to the manufacturer’s instruction.
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Quantitative real-time PCR (qRT-PCR) was per-
formed using SYBR Premix Ex Taq TM II (TA-
KARA, Japan) with specific primers for CREB gene
(F:  5- GAGTGGAGATGCTGCTGTAAC-3', R:
5-TGTGGAGACTGAATAACTGAT-3") and HPRT (F:
5'-GCTCGAGATGTCATCAAGGAG-3', R: 5'-TGTG-
GAGACTGAATAACTGAT-3') as an internal reference
gene. Cycles for all qRT-PCR were 40 x 95°C for 10 s,
95°C for 5s, and 60°C for 34 s. The expression data were
calculated by the Pfaffl method (Pfaffl, 2001).

2.5. Locomotion testing

All rats were exposed for 5 min to an open-field during
the training (habituation) and after memory tests. The
open-field apparatus (Technique Azma, Tabriz, Iran)
was made using dark Plexiglas with the dimensions of
60x60%30 cm. The floor of the apparatus was divided
into 12 equal zones. Each rat spent 5 min in the open-
field apparatus and the total distance traveled (cm) in
zones, as a criterion for spontaneous locomotion, was
automatically recorded by the software.

2.6. Analysis method

After assessing the normality of data by the Kol-
mogorov-Smirnov test, the animal behavior was statis-
tically analyzed using the parametric/nonparametric
Analysis of Variance (ANOVA), depending on the ex-
perimental protocol. The PCR data were analyzed using
the Pfaffl method (Pfaffl, 2001) and HPRT as a reference
gene. A P<0.05 was considered as statistically significant.

3. Results

3.1. Effect of morphine on memory formation, rel-
ative hippocampal CREB mRNA expression, and
locomotion

Figure 1A depicts the effect of posttraining i.p. admin-
istration of morphine on memory retention in the TA
learning test. One-way ANOVA and post hoc Holm-Si-
dak analysis revealed that posttraining administration of
different doses of morphine (2.5,5, and 7.5 mg/kg, i.p.)
impaired memory retention [F, ,,=87.24, P<0.001].

In addition, as displayed in Figure 1B, the relative hip-
pocampal CREB mRNA expression was measured in
morphine-induced amnesia using RT-PCR. One-way
ANOVA and post hoc Holm-Sidak analysis revealed
that the CREB mRNA expression in the hippocampus
increased in the rats presenting successful memory reten-
tion (saline/saline group) compared with the untrained rat
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NEURSCIENCE
Figure 1. The morphine effect on memory, cyclic adenosine monophosphate response element element-binding (CREB)
mRNA expression, and locomotor activity.

A: The effects of posttraining and pre-test saline on the step-through latencies. Each value represents the Mean+SEM for 7 rats.
*** P<0.001 compared with the posttraining and pre-testing saline; B: The relative expression of CREB mRNA (A/U). Each bar
shows the Mean+SEM for 4 rats. *P<0.05 compared with the naive group. ** P<0.001 compared with the saline/saline group;
C: The locomotor activity as the total distance traveled (cm); The values are represented as the Mean+SEM for 7 rats.
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Figure 2. The morphine state-dependent memory, cyclic adenosine monophosphate response element element-binding
(CREB) mRNA expression, and locomotor activity.

A: The effect of morphine on state-dependent memory retrieval. Data are shown as Mean+SEM for seven animals per group.
*P<0.05 compared with the posttraining saline/pre-test saline group; *P<0.05 compared with the posttraining morphine
(7.5mg/kg)/ pre-test saline group; B: The relative expression of CREB mRNA (A/U). Each bar shows the Mean+SEM for 4
rats. *P<0.05 compared with the naive group; *P <0.05 and **P<0.001 compared with the saline/saline group, and ##P<0.001
compared with the morphine/saline group; C: The locomotor activity as the total distance traveled (cm); The values are rep-
resented as the Mean+SEM for 7 rats.
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Figure 3. The interaction between morphine state-dependent memory and pentylenetetrazole (PTZ), cyclic adenosine mono-
phosphate response element element-binding (CREB) mRNA expression, and locomotor activity

A: The effects of pre-test PTZ in the presence or absence of morphine. Data are shown as Mean+SEM for seven animals per
group, *P<0.05 and ***P<0.01 compared with the posttraining saline/ pre-test saline group, ***P<0.001, $5P<0.001 compared
with the post-training morphine/pre-test morphine group and *# P<0.001 compared with the posttraining saline/ pre-test
PTZ group; B: The relative expression of CREB mRNA (A /U). Each bar shows the Mean+SEM for 4 rats, ***P<0.001 compared
with the saline/saline group, **P<0.01 compared with the morphine/morphine group; C: The locomotor activity as the total
distance traveled (cm). The values are represented as the Mean+SEM for 7 rats.
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(naive group) [F, =37.20, P<0.05]. In contrast, posttrain-
ing administration of different doses of morphine (2.5, 5,
and 7.5 mg/kg, i.p.) dose-dependently decreased the hip-
pocampal CREB mRNA expression (P<0.001) compared
with the saline/saline group.

Moreover, Kruskal-Wallis one-way ANOVA of open-
field data (presented in Figure 1C) revealed that posttrain-
ing morphine administration did not alter the total distance
traveled (cm) in an open-field session immediately posttest-
ing, suggesting that the animals did not present voluntary
motor disabilities [H,=1.08; P=0.78].

3.2. Effect of pre-test administration of Morphine on
memory impairment induced by posttraining Mor-
phine (Morphine-induced STD), relative hippocam-
pal CREB mRNA expression and locomotion

Figure 2A depicts the effect of posttraining and pre-test
1.p. administration of morphine on memory retrieval in the
IA learning test. The Kruskal-Wallis one-way ANOVA re-
vealed that pre-test administration of the effective dose of
morphine (7.5 mg/kg, i.p.) significantly reversed the memo-
ry impairment, indicating morphine-induced STD memory
[H,=25.77; P<0.001]. Moreover, the post hoc Tukey test
indicated a significant difference between the posttraining
morphine/pre-test morphine group compared with the post-
training morphine/pre-test saline group (P<0.05).

In addition, the hippocampal CREB mRNA expression
(Figure 2B) was measured in the morphine-induced STD
learning via RT-PCR. The one-way ANOVA results re-
vealed that CREB mRNA expression in the hippocampus
increased in the rats presenting successful memory retrieval
(control group) compared with the untrained rats (naive
group) [F, = 38.58; P<0.001]. In contrast, posttraining
administration of morphine (7.5 mg/kg, i.p.) decreased the
hippocampal CREB mRNA expression (P<0.001) than that
of the control group. Moreover, the Holm—Sidak post hoc
analysis revealed that hippocampal CREB mRNA expres-
sion in the hippocampus increased (P<0.001) in morphine-
induced STD memory (morphine/morphine group) com-
pared with the morphine-induced amnesia (morphine/saline
group; P<0.001).

Furthermore, the results of one-way ANOVA of the
open-field data (Figure 2C) indicated that morphine-STD
learning did not alter the total distance traveled (cm) in an
open-field session immediately posttesting, suggesting that
the animals did not present voluntary motor disabilities [F,
=045, P=0.78]. ’
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Figure 3A depicts the effect of i.p. pre-test PTZ/posttrain-
ing saline, morphine/morphine (morphine-induced STD),
and/or coadministration of PTZ and morphine STD on
memory retrieval. One-way ANOVA revealed that pre-test
administration of PTZ alone (60 mg/kg, i.p.) decreased the
step-through latency and induced amnesia [F, ,,=192.78;
P<0.001]; however, the post hoc Holm-Sidak analysis re-
vealed that coadministration of PTZ and morphine STD in-
creased the morphine-STD memory compared with MOR
STD (morphine/morphine group; P<0.001).

Moreover, the rats in these groups were used to evaluate
the hippocampal CREB mRNA expression by RT-PCR
(Figure 3B). The one-way ANOVA revealed a significant
difference between the groups. Moreover, the results of
the post hoc Holm-Sidak test indicated that CREB mRNA
expression nonsignificantly increased in the animals that
presented successful memory retrieval (control group)
than the intact group. In contrast, the pre-test administra-
tion of PTZ (60 mg/kg, i.p.) led to decreased hippocampal
CREB mRNA expression compared with the control group
(P<0.001). In addition, the hippocampal CREB mRNA ex-
pression increased in animals receiving coadministration of
PTZ and morphine/morphine (morphine STD) in compari-
son with MOR-induced STD (P<0.01).

Furthermore, one-way ANOVA of the open-field data
(Figure 3c) revealed that the interaction between morphine-
STD memory and PTZ did not alter the total distance trav-
eled (cm) in an open-field session immediately posttesting,
suggesting that the animals did not present voluntary motor
disabilities [F, ,,=0.97; P=0.96].

4. Discussion

This study presented the interactive effects of PTZ and
morphine in an STD memory retrieval paradigm and the
consequent changes in the hippocampal CREB mRNA ex-
pression.

The findings of the first part of our experiments revealed
that posttraining i.p. administration of morphine impaired
memory retrieval in the IA paradigm and induced an animal
amnesic model. Reportedly, this amnesic effect of posttrain-
ing morphine administration has been broadly studied in dif-
ferent memory models (Ardjmand et al., 2011; Castellano,
1975; Ma, Chen, He, Zeng, & Wang, 2007; Rassouli et al.,
2010; Rezayof, Khajehpour, & Zarrindast, 2009; Zarrindast
et al., 2006, Zarrindast, Farajzadeh, Rostami, Rezayof, &
Nourjah, 2005; Zarrindast, Jafari-Sabet, Rezayat, Djahan-
guiri, & Rezayof, 2006; Zarrindast, Ardjmand, Rezayof, &
Ahmadi, 2013).
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In addition, the findings of the second part of our ex-
periments revealed that pre-test i.p. administration of
morphine also recovered memory impairment and in-
duced morphine-STD memory retrieval. This finding is
in accordance with studies reporting that pre-test mor-
phine can recover the impairment induced by posttrain-
ing morphine (Farahmandfar, Naghdi, Karimian, Kadi-
var, & Zarrindast, 2012; Izquierdo, 1979; Mariani et al.,
2011; Rassouli et al., 2010; Zarrindast, Piri, Nasehi, &
Ebrahimi-Ghiri, 2012). According to Koob et al. (Koob,
Le Moal, & Thompson, 2010), as the pre-test application
of a drug has effects on memory retrieval, changes in the
animal behavior can be attributed to the drug’s effects
on sensory/motor function; however, in our study, the ef-
fect of drugs on animal motor function measured by the
open-field test was ruled out.

Moreover, using RT-PCR for measuring the rela-
tive mRNA expression, we noticed that hippocampal
CREB mRNA expression dose-dependently decreased
in morphine-induced amnesia, whereas it significant-
ly increased in morphine-STD memory. Reportedly,
changes in CREB expression in different brain regions
were observed following morphine administration (Ren
et al., 2013). For example, while memory formation in a
single-trial A learning model increased the hippocam-
pal CREB (Cammarota et al., 2000), the administration
of opioids in several brain regions decreased the CREB
(Beitner, Duman, & Nestler, 1989; Espinosa et al., 2008).
In accordance with our findings, a study by Bekinschtein
et al. (Bekinschtein et al., 2007) on a fear model revealed
the main role of protein synthesis 12 h after training for
the strength of long-term memory. Moreover, Rossato et
al. (Rossato, Bevilaqua, Izquierdo, Medina, & Camma-
rota, 2009) has reported that the endurance of IA memory
depends on the activity and elevation of CREB, 12 h af-
ter the acquisition. According to another study by Beki-
nschtein et al. (Bekinschtein et al., 2010), the endurance
of long-term memory depends on protein synthesis about
12 h post-acquisition. Furthermore, in a study by Morén
et al. (Mor6n et al., 2010), the changes in the extent of
phosphorylation of various signaling molecules, besides
CREB, were reported following morphine administra-
tion. In this study, the single injection of morphine led
to considerable decreases in CREB phosphorylation in
all brain areas, and a correlation was found between the
expression of conditioned response to morphine and an
increase in phosphorylated CREB levels in certain brain
areas (e.g. the hippocampus).

The findings obtained from the third part of our experi-
ment revealed that while the pre-test PTZ alone impaired
the IA, the coadministration of pre-test PTZ with post-
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training morphine/pre-test morphine (morphine-STD)
increased the morphine-STD memory. As reported by
few researchers, the amnesic effects of posttraining PTZ
have been studied in different memory models in rodents
(Baratti, De Erausquin, & Faiman, 1990; Bookin & Pfeif-
er, 1977; Drago et al., 1990; Homayoun, Khavandgar, &
Zarrindast, 2001; Lazarova et al., 1995). In the present
study, we used a single dose of PTZ (60 mg/kg) to induce
a brief seizure model, as experienced by Mao et al. (Mao
etal., 2009). Our findings are also in accordance with the
previous studies revealing that similar doses of the PTZ
can impair memory (Palfai & Kurtz, 1976; Viu, Zapata,
Capdevila, Skolnick, & Trullas, 2000).

Collectively, cognitive impairment was reported in differ-
ent seizure models in animals (Majak & Pitkdnen, 2004).
In addition, it was reported that memory impairments are
also seen in children with idiopathic absence epilepsy and
with no clear cerebral pathology (Gascoigne et al., 2012).

Animal seizure models are considered as favorite ex-
perimental tools to study the cognitive impairment fol-
lowing a single seizure event; however, the outcome of
such studies is clinically important. Pathophysiologi-
cally, the cognitive impairment following seizures is due
to excitotoxic injury. Nevertheless, cognitive impair-
ments with no apparent neuronal injury were observed
(Aniol et al., 2013). In this regard, Assaf et al. (Assaf,
Fishbein, Gafni, Keren, & Sarne, 2011) have reported
a mild cognitive impairment in adult mice, 3—5 weeks
after a single application of PTZ, and other researchers
reported no obvious cerebral pathology (Kadar, Cohen,
Sahar, Alkalai, & Shapira, 1992; Kasof et al., 1995; Pane
egyres, 1998; Planas, Soriano, Ferrer, & Farré, 1994).
The aforementioned data supports the notion that even a
brief seizure has the potential to impair certain memory
functions (Kemppainen, Nissinen, & Pitkdnen, 2006;
Mao et al., 2009; McKay & Persinger, 2004).

Furthermore, our findings revealed that whereas pre-test
administration of PTZ decreased the hippocampal CREB
mRNA expression in PTZ-induced amnesia, it signifi-
cantly increased the hippocampal CREB mRNA expres-
sion in PTZ/morphine-STD coadministration group.

Alterations in cAMP (Pi et al., 2004) and CaMKII,
as the main memory markers, were reported follow-
ing single seizure models by PTZ (Dong & Rosenberg,
2004). In accordance with our present findings, the de-
creased expression of brain CREB gene has been pre-
viously reported in PTZ-induced seizure models (Pi et
al., 2004; Wang, Wang, Wang, & Fan, 2008), which was
reversed by an opioid antagonist, naltrexone (Baratti et
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al., 1990). The finding that posttraining injection of nal-
trexone reversed the PTZ-induced memory impairment,
establishes the role of opioids in memory (Baratti, 1987).
A similar role of p-opioid receptors was observed with
morphine STD because the amnesia induced by pre-test
morphine could be reversed by naloxone (Zarrindast &
Rezayof, 2004). This dual role of p-opioid receptors in
the aforementioned events reveals an extra-augmented
STD effect, as seen in our study.

Apart from the aforementioned results, even the sei-
zures in the absence of clinical convulsions with the only
electrophysiologically detected wave alteration (Jutkie-
wicz et al., 2006), might result in memory impairment. It
is argued that among the other reasons, the place cell dis-
orders following a brief seizure event may be the reason
for spatial memory impairment (Zhou et al., 2007; Zhou
et al., 2007). Accordingly, such brief events mimicked
by PTZ and via antagonizing the effect of GABA can
cause learning impairment (Moser, Krobert, Moser, &
Morris, 1998; Zhou, et al., 2007). Thus, it was reported
that opioids have modulatory effects on GABA neurons
(Schroeder & Schneider, 2002). Thus, opioids have the
potential of recovering the impaired memory induced by
opioids (Halonen, Pitkdnen, Partanen, Hyttinen, & Riek-
kinen, 1992; Jafari, Zarrindast, & Djahanguiri, 2006;
Ruzicka & Jhamandas, 1991) or other drugs (Zarrindast
et al., 2006). Considering the notion that opioids are re-
leased following PTZ administration (Rocha et al., 1999)
and the recovery potential of the impaired memory by
opioids in the morphine-STD group, the observed exag-
gerated memory recovery in our study may presumably
be due to the additional effect of released opioids. This
dual role of p-opioid receptors in both aforementioned
events can be considered as additional proof in our study.

Moreover, the role of the GABA receptors on A learn-
ing and memory (Nakagawa, Iwasaki, Ishima, & Kimu-
ra, 1993; Nakagawa, Sasaki, & Takashima, 1999; Reis et
al., 2009) and the involvement of GABAa receptors in
morphine-STD memory was previously reported (Ras-
souli et al., 2010).

Another possible explanation is that the GABA neu-
rotransmitter is also involved in reward-related behav-
iors (Zhu & Pan, 2004). Based on the reward theory
and the potential of few drugs in stimulating the brain’s
reward system as well as the notion that the hippocam-
pus is the main area involved in reward-related learning
(Rezayof, Zarrindast, Sahraei, & Haeri-Rohani, 2003),
biologically, the morphine-STD memory can be con-
sidered as a reward-induced learning and the morphine-
STD memory may be linked to the morphine reward
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(Zarrindast & Rezayof, 2004). From this point of view,
the involvement of amygdala GABAa receptors in mor-
phine reward (Zarrindast & Rezayof, 2004) is reported
and a majority of reports on the effect of central injec-
tion of the GABAa agonist support this claim (Lavio-
lette & Van Der Kooy, 2001; Xi & Stein, 1998). Report-
edly, morphine directly plays a crucial role in rewarding
response via the activation of the mesolimbic reward
system (Olmstead & Franklin, 1997). In contrast, the
opiate’s role via an indirect mechanism on GABA-ergic
neurons of the reward circuit is important (Xi & Stein,
2000, 2002). Through this indirect mechanism, opiates
can activate the reward system by inhibiting the GABA-
ergic interneurons for decreasing dopamine, and conse-
quently disinhibiting dopamine neurons (Kelle, Stinus,
& Iversen, 1980; Xi & Stein, 1998, 2002). Moreover,
the findings that the role of GABA in opioid reward is
mediated specifically via GABAa receptors (Laviolette
& Van Der Kooy, 2001) and that basolateral amygdala
GABA receptors are involved in reward-related learn-
ing (Zarrindast et al., 2004), establishes a cross-talk be-
tween the GABA and the opioid systems via p-opioid
receptors (Zhu & Pan, 2004). Accordingly, the possible
involvement of the GABAa receptor in the potentiation
of the pre-test morphine response can be hypothesized.
In this regard, Rassouli et al. (Rassouli et al., 2010) re-
ported that blocking of GABAa receptors of the central
amygdala enhanced the effect of low-dose morphine in
an STD model.

Moreover, considering the fact that opioids induce their
excitatory role via inhibition of GABA release (Depau-
lis, Morgan, & Liebeskind, 1987; Leite-Panissi & Me-
nescal-de-Oliveira, 2002), our study presented a similar
inhibition induced by the application of GABAa antago-
nist, PTZ. Both direct and indirect experimental evidence
supports the interaction between the GABA and opioids.
PTZ, which has been proposed as a GABAa receptor an-
tagonist (Shimada & Yamagata, 2018), inactivates GA-
BA-mediated chloride conductance (Corda et al., 1990,
1991) and increases the extracellular concentration of
inhibitory opioid peptides (Rocha et al., 1999). In addi-
tion, GABA decreases the release of the opioid in some
brain regions (Bourgoin, Cesselin, Artaud, Glowinski, &
Hamon, 1982; Osborne & Herz, 1980), and the blockade
of GABA current by PTZ (Corda, Giorgi, Longoni, Or-
landi, & Biggio, 1990; Corda et al., 1991) blocks the ton-
ic inhibitory tone for opioid release (Rocha et al., 1999).

In addition to the opioid releasing mechanism, the in-
creased level of excitatory amino acids following the in-
tracerebral injection of rats with PTZ has been reported
(Halonen et al., 1992; Rocha et al., 1999). Although the
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excitatory amino acids primarily cause an opioid release
in some brain regions (Ruzicka & Jhamandas, 1991), the
augmented glutamate released by PTZ leads to a secondary
increase in the extracellular opioids (Zubieta et al., 1985).

Besides using for inducing animal seizure models, PTZ,
as a GABAa antagonist (Shimada & Yamagata, 2018),
is routinely used for assessing learning and memory im-
pairments following seizure events (Genkova-Papazova
& Lazarova-Bakarova, 1995; Shaw & Webster, 1979).

Based on the previous reports (Rocha et al., 1999) that
reveal the strong activation of the brain opioid system
following both the chemical excitation by PTZ or the
electrical excitation (Rocha, Ackermann, Chugani, &
Engel Jr, 1994; Rocha, Ackermann, Nassir, Chugani, &
Engel Jr, 1993; Talavera, Oman, Asai, & Condés-Lara,
1989; Vindrola, Asai, Zubieta, & Linares, 1983; Vin-
drola, Briones, Asai, & Fernandez-Guardiola, 1981), it
can be assumed that similar to the pre-test morphine ef-
fect, the aforementioned excitation via releasing opioids
is another alternative path, through which morphine can
induce an additional STD-like condition, thereby aug-
menting the morphine-STD memory (Rocha et al., 1994;
Rocha et al., 1993; Talavera et al., 1989; Vindrola et al.,
1983; Vindrola et al., 1981).

Notably, our results indicated that cognitive impair-
ment induced by PTZ is not essentially related to PTZ-
induced seizures. Previous reports have revealed that
gangliosides with no anticonvulsive effect in PTZ-treated
rats have an improving effect on PTZ-induced learning
impairment. Moreover, preventing PTZ-induced seizures
by diazepam does not protect against PTZ-induced learn-
ing impairment. Therefore, it may be proposed that the
suppression of seizures is not sufficient to prevent cogni-
tive impairment in epilepsies (Homayoun et al., 2001).

In conclusion, presumably, the certain interactive ef-
fect of PTZ on morphine-STD memory is mediated via
the GABA-opioid system and the hippocampal CREB
signaling may play a pivotal role in it. Our findings may
suggest new therapeutic methods regarding the applica-
tion of morphine in order to deal with the learning and
memory disorders in seizure patients.
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