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a b s t r a c t

Stroke is a leading cause of death, disability, and socioeconomic loss worldwide. All attempts at
pharmacological reduction of the complications of stroke (e.g. post-stroke seizure, and brain's vulner-
ability to hypoxic/ischemic injury) have failed. Endogenous opioids and nitric oxide (NO) overproduction
has been documented in brain hypoxia/ischemia (H/I), which can exert pro-convulsive effects. In this
study, we aimed to examine the possible involvement of opioidergic and nitrergic pathways in the
pathogenesis of post-stroke seizure. H/I was induced by right common carotid ligation and sham-
operated mice served as controls. We demonstrated that right common carotid ligation decreases
the threshold for clonic seizures induced by pentylenetetrazole (PTZ), a GABA antagonist. Furthermore,
pro-convulsive effect of H/I following right common carotid ligation was blocked by naltrexone
(NTX) (3 mg/kg), NG-Nitro-L-arginine methyl ester (L-NAME) (10 mg/kg), and aminoguanidine (AG)
(100 mg/kg) administration (Po0.001). Interestingly, co-administration of non-effective doses of NTX
and L-NAME (1 and 0.5 mg/kg, respectively) reverses epileptogenesis of H/I (Po0.001). In the same way,
co-administration of non-effective doses of NTX and AG (1 and 5 mg/kg, respectively), reverses
epileptogenesis of H/I (Po0.001). Indeed, the histological studies performed on mice exposed to H/I
confirmed our previous data. These findings suggest hyper-susceptibility to PTZ induced seizure
following H/I is mediated by interaction of opioidergic, and iNOS/NO pathways. Therefore, our results
identify new pharmacological targets and provide the rationale for a novel strategy to promote recovery
after stroke and possibly other brain injuries.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Stroke is a devastating disease and third leading cause of death
following cardiovascular disease and cancer in major industria-
lized countries (Palmer et al., 2005). Stroke is considered by some
authorities as a major cause of seizures in elderly population.
Seizures after stroke can be early onset (occur within 2 weeks) or
late onset (occur within months to years), variously ranging from
2% to 33% (Bladin et al., 2000; Jordan, 2004). Post stroke seizure
also has a negative role in recovery after stroke and quality of life
(Burneo et al., 2010).

Early post stroke seizures express a wide range of clinical
presentations; they can be generalized and associated with tonic–
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clonic convulsions or partial and subclinical, being exclusively detect-
able by the electroencephalogram (EEG) (Jordan, 2004; Menon and
Shorvon, 2009). Currently, the pathophysiology of early-onset post
stroke seizures is poorly understood, and a standardized treatment
regimen is yet to be established (Kwan and Wood, 2010).

Decreasing cerebral blood flow during stroke, leads to oxygen
and glucose depletion, a condition generally referred to hypoxia/
ischemia (H/I). This further causes a series of cellular processes,
including adenosine triphosphate (ATP) deprivation, mitochon-
drial dysfunction, reactive oxygen (ROS) and nitrogen species
production, and endogenous opioids levels alteration. These fac-
tors eventually can cause hypoxic/ischemic injury and seizure
(Baskin et al., 1985; Broughton et al., 2009; Dirnagl et al., 1999;
Doehner et al., 2012; Faden, 1983; Kao et al., 2008; Shi and Liu,
2007; Tuttolomondo et al., 2008).

Endogenous opioid peptide family, including dynorphins, enke-
phalins, and β-endorphins are widely distributed throughout the
CNS, mediating several physiological and pathological processes
(Hauser and Mangoura, 1998; Satoh and Minami, 1995). So far,
opioid receptors at least have been divided into three groups
including m, δ, and κ (Satoh and Minami, 1995). Evolving data have
shown neuroprotective and/or neurodestructive properties of
endogenous opioids peptides during CNS related diseases such
as hypoxy/ischemic injury and seizures based on their doses and
models (Foote and Gale, 1984; Frenk, 1983; Lauretti et al., 1994).

Nitric oxide is synthesized by nitric oxide synthase (NOS)
(Bolanos et al., 1997), either constitutive (eNOS, and nNOS) or
inducible isoforms (iNOS) (Moncada and Higgs, 1993). NO has
been regarded as a crucial factor in modulation of some types of
seizures (Gholipour et al., 2008; Homayoun et al., 2002; Nidhi
et al., 1999). In addition, increased CNS NO contents during H/I
might exert neurodestructive effects (Brown and Bal-Price, 2003;
Helps and Sims, 2007). Besides, it is thought to play a role in
opioids anti- and pro-convulsant effects (Homayoun et al., 2002;
Khavandgar et al., 2003).

Regardless of the difference between animal models of stroke,
several similar molecules might be involved in their consequent
H/I and early seizure (Mergenthaler and Meisel, 2012; Small et al.,
2013). This raises the possibility that neuroprotective agents might
be able to prevent the development of post stroke seizure. This
study examined the postulation that ischemic stroke in mice may
change the threshold of early clonic seizure induced by PTZ, acting
as a GABA antagonist and a reliable discriminative stimulus for the
induction of seizure (Payandemehr et al., 2014; Pollack and Shen,
1985). Likewise, involvement of endogenous opioids and NO in
this process was also examined.

2. Materials and methods

2.1. Ethics

The procedures implemented throughout the study were
approved by the Ethics Committee of Tehran University of Medical
Sciences in accordance with the Standards for the Care and Use of
Laboratory Animals.

2.2. Drugs and chemicals

The following compounds were used throughout the study:
Pentylenetetrazole (PTZ) (Sigma, UK); NG-Nitro-L-arginine methyl
ester (L-NAME); naltrexone (NTX); aminoguanidine (AG); cresyl
violet (Sigma, St Louis, MO, USA). All drugs were freshly made in
0.9% saline. All injections were done intraperitoneally in volumes
of not more than 10 ml/kg of the body weight of the mice.

2.3. Experimental animals

108 male NMRI mice (Razi Institute, Karadj, Iran) aging
between 4 and 9 months were used to model ischemic brain
injury and post-ischemic seizures, which may roughly correspond
to a human age range of 20–40 years (Fox et al., 2006). The
animals were housed in standard polycarbonate cages in groups of
4–5 and kept in a temperature-controlled room (221C) with 12 h
light/12 h dark cycle. Animals were acclimated at least 2 days
before experiments with free access to food and water. The
experiments were conducted between 09:00 and 13:00. All
procedures were carried out in accordance with institutional
guidelines for animal care and use. Groups consisted of at least
six animals and each animal was used only once. In addition,
efforts were made to reduce animal suffering and to use only the
number of animals necessary to produce reliable scientific data.

2.4. Hypoxia/ischemia

H/I was induced by permanent unilateral double ligation of the
carotid artery (Alberi et al., 2010). Briefly, animals were anesthe-
tized with sodium pentobarbital (45 mg/kg) and supplemented
during surgery as required. The anesthesia time for the animals
lasted an average of 33.040710.089 (mean7STD) min. The right
common carotid artery was isolated and care was taken to avoid
damage to the vagus nerve and other blood vessels. Then, it was
ligated in two sites with 6-0 surgical silk. The first ligature was
placed just proximal to the common carotid artery bifurcation into
the internal and external carotid arteries. The second ligature was
placed approximately 3 mm proximal. Then, to guarantee the
absence of blood flow through the ipsilateral carotid artery, the
common carotid was transected between the ligatures. The outer
skin was closed with 6-0 monofilament nylon. SHOP animals were
treated identically except for the carotid ligation. Prior evaluation
of preoperative temperatures with this protocol found that rectal
temperatures remained at 3770.5 1C and did not vary signifi-
cantly between ligated and SHOP groups. During surgery, a body
temperature of 37 1C was maintained, with the mice on a heating
pad. Mice underwent RCC ligation and sham operation were
observed for the following criteria: maintenance of dilated pupils,
absence of a corneal reflex when exposed to strong light stimula-
tion, and maintenance of rectal temperature at (3770.5 1C). The
animals that did not match these criteria and showed seizures
were excluded from the study (Kadam et al., 2009; Rahimian et al.,
2011; Yager et al., 2002).

2.5. Experimental design

A total number of 108 animals were assigned randomly to 14
groups, each comprising 6–8 mice. Mice were treated according to
following schemas:

In the first step of this study, mice were assigned randomly to
3 groups, including 1) unoperated group (UNOP), 2) sham oper-
ated group (SHOP), and 3) right common carotid ligated group
(RCC ligated).

In order to study the effect of L-NAME, NTX, or AG on the
epileptogenesis properties of right common carotid ligation
mice were randomly assigned to the following groups: 1) NTX
(3 mg/kg, ip), 2) L-NAME (10 mg/kg, ip), 3) AG (100 mg/kg, ip), 4)
NTX Non-ligated, 5) L-NAME Non-ligated, 6) AG Non-ligated, 7)
NTX (1 mg/kg, ip), 8) L-NAME (0.5 mg/kg, ip), 9) AG (5 mg/kg, ip),
10) additive (NTX (1 mg/kg)þL-NAME (0.5 mg/kg), ip), and 11)
additive (NTX (1 mg/kg)þAG (5 mg/kg), ip).

The doses of NTX, L-NAME, and AG, as well as the time interval
between drug injection and stroke induction (30 min for NTX, and
L-NAME and 45 min for AG) were chosen according to a literature
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review (Adabi Mohazab et al., 2012; Cordery et al., 2012;
Shafaroodi et al., 2008).

2.6. Seizure paradigm

4 h after right common carotid ligation clonic seizure threshold
(CST) was determined by inserting a 30-gauge dental needle into
the lateral tail vein of the mouse (Payandemehr et al., 2012, 2014;
Yager et al., 2002). The needle was then secured to the tail by a
narrow piece of adhesive tape. With mouse moving freely, the PTZ
solution (0.5%) was slowly infused into the tail vein at a constant
rate of 1 ml/min using an infusion pump (NE 1000, New Era Pump
System, Inc.), which was connected to the dental needle by
polyethylene tubing. Infusion was halted when general clonus
(forelimb clonus followed by full clonus of the body) was
observed. The minimal dose of PTZ (mg/kg of mice weight) needed
to induce general clonus was recorded as an index of clonic seizure
threshold. As such, the seizure threshold is dependent on PTZ dose
administered and time-related.

2.7. Histology

4 h after right common carotid ligation (see above), all animals
from different groups were killed by an overdose of ether inhala-
tion. The brains were kept at 4% PFA for at least 1 week and then
were processed for histological studies as follows. Three series of
10-μm thick coronal sections were cut every 100-μm from 2.3 to
4.3 mm posterior to the bregma. Sections were stained with 1.0%
cresyl violet. Slides were examined with a light microscope and
digital photographs were taken from the hippocampal CA1 area of
both hemispheres. Quantitative analysis of dark neurons at �100
and �400 magnification by the light microscope, was done by a
blinded investigator (Karimzadeh et al., 2012; Ooigawa et al.,
2006). On the other hand, The thickness of the pyramidal cell
layer of the hippocampus was measured. Three measurements
per section, for 3 sections, were averaged for CA1 region per
mouse to calculate group means. All sections represented the same
level along the longitudinal axis, and measurements were per-
formed by two blinded investigators (Alvarez et al., 2014).

2.8. Statistical analysis

Data are expressed as the mean7S.E.M of CST for each
experimental group. One-way analysis of variance (ANOVA) fol-
lowed by a Tukey–Kramer multiple comparison test was used to
analyze the data. Po0.05 was considered the significance level
between groups.

3. Results

4 h after RCC ligation, we assessed the animals matching study
criteria (see above). The mortality rate was less than 10%.

3.1. Histological assessment of H/I in brain injury after RCC ligation

There are several criteria for recognizing dark neurons, includ-
ing neuronal shrinkage, cytoplasmic esoinophilia, nuclear pykno-
sis, and surrounding spongiosis.

Dark neurons were revealed by cresyl violet staining in the CA1
region in different groups (Table 1 and Fig. 1). The mean number of
dark neurons in the hippocampal CA1 area was 25.25 in RCC ligated,
4.25 in UNOP, 3.00 in SHOP, 20.50 in L-NAME (0.5 mg/kg), 11.50 in L-
NAME (10 mg/kg), 20.25 in NTX (1 mg/kg), 10.75 in NTX (3 mg/kg),
21.00 in AG (5 mg/kg), 10.50 in AG (100 mg/kg), 3.00 in NTX Non-
ligated, 3.00 in L-NAME Non-ligated, 5.50 in AG Non-ligated, 9.14 in

additive (NTX (1 mg/kg)þAG (5 mg/kg)), and 11.75 in additive (NTX
(1 mg/kg)þL-NAME (0.5 mg/kg)) groups. As shown in our table there
was no significant alteration in the dark neuron density between
SHOP saline group and UNOP group (P40.05), whilst a significant
increase was observed in right common carotid ligated (RCC ligated)
group in comparison to SHOP and UNOP (Po0.001). Pretreatment
with NTX (3 mg/kg), L-NAME (10 mg/kg), and AG (100 mg/kg)
significantly decreases dark neuron density in comparison to RCC
ligated group (Po0.001). On the other hand, administration of NTX
(3 mg/kg) in NTX Non-ligated group, L-NAME (10 mg/kg) in L-NAME
Non-ligated, and AG (100 mg/kg) in AG Non-ligated, had no sig-
nificant effect on dark neuron density in comparison to SHOP saline
group (P40.05). Pretreatment with a low dose of L-NAME (0.5 mg/
kg) and NTX (1 mg/kg), and AG(5 mg/kg) had no significant effect on
dark neuron density in comparison to RCC ligated group (P40.05).
However, a combination of low dose of NTX and L-NAME as an
additive group had a significant effect on dark neuron density in
comparison to RCC ligated (Po0.001). Likewise, a combination of
low dose of NTX and AG as an additive group had a significant effect
on dark neuron density in comparison to RCC ligated (Po0.001).

The mean thickness of the pyramidal cell layer of CA1 in
different groups was calculated as below: 363.788 μm in RCC
ligated, 361.438 μm in UNOP, 409.51 μm in SHOP, 474.386 μm in L-
NAME (0.5 mg/kg), 273.837 μm in L-NAME (10 mg/kg),
369.536 μm in NTX (1 mg/kg), 262.12 μm in NTX (3 mg/kg),
327.982 μm in AG (5 mg/kg), 281.132 μm in AG (100 mg/kg),
389.927 μm in NTX Non-ligated, 419.942 μm in L-NAME Non-
ligated and 263.688 μm in AG Non-ligated groups, 253.947 μm
in Additive (NTX (1 mg/kg)þAG (5 mg/kg)), and 327.492 μm in
additive (NTX (1 mg/kg)þL-NAME (0.5 mg/kg)) groups.

3.2. The effect of RCC ligation on CST

As shown in Fig. 2 there was no significant alteration in the CST
between SHOP group and UNOP group (P40.05), whilst a sig-
nificant reduction was observed in right common carotid ligated
(RCC ligated) group in comparison to SHOP and UNOP (Po0.01).

Table 1
Effect of right common carotid ligation in dark neuron number. The seizure
threshold was measured 4 h after right common carotid ligation. Data represent
mean7S.E.M from 6 to 8 animals and were analyzed using a multivariate analysis
of variance (ANOVA) for exploration time and the percentage of arm entries, and
one-way ANOVA for locomotor activity, followed by Tukey's post-hoc test.

Groups Mean7S.E.M

UNOP (4.2570.95)

Sham operated (SHOP)
Saline (3.0071.41)
NTX (3 mg/kg) (3.0070.40)
L-NAME (10 mg/kg) (3.0070.40)
AG (100 mg/kg) (5.5070.64)

Right common carotid ligated (RCC ligated)
Saline (25.2571.03)bbb, cc

NTX (3 mg/kg) (10.7570.85)aaa

L-NAME (10 mg/kg) (11.5070.64)aaa

AG (100 mg/kg) (10.5071.25)aaa

NTX (1 mg/kg) (20.2572.09)
L-NAME (0.5 mg/kg) (20.5071.04)
AG (5 mg/kg) (21.0070.97)

Additive (NTX (1 mg/kg)þL-NAME (0.5 mg/kg)) (11.7571.75)aaa

Additive (NTX (1 mg/kg)þAG (5 mg/kg)) (9.1471.76)aaa

aPo0.05, aaPo0.01, and aaaPo0.001 compared to RCC ligated group, bPo0.05,
bbPo0.01, and bbbPo0.001 versus the corresponding SHOP group; cPo0.05,
ccPo0.01, and cccPo0.001 versus the corresponding SHOP group.
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3.3. The effect of NTX pretreatment in H/I after RCC ligation on CST

As shown in Fig. 3, a complete reversal was observed using high
dose of NTX (3 mg/kg) (Po0.001). Low dose administration of
NTX (1 mg/kg) had no significant effect on CST in comparison to
RCC ligated (P40.05). However, administration of NTX (3 mg/kg)
in NTX Non-ligated group had no significant effect on CST in
comparison to SHOP group (P40.05).

3.4. The effect of L-NAME pretreatment in H/I after RCC ligation on
CST

As shown in Fig. 4, in high dose pretreatment with L-NAME
(10 mg/kg), a complete reversal was observed in comparison to
RCC ligated (Po0.001). Administration of low doses of L-NAME
(0.5 mg/kg) had no significant effect on CST in comparison to RCC
ligated (P40.05). Moreover, administration of L-NAME (10 mg/kg)

UNOP SHOP Saline              RCC ligated NTX (3mg/kg)

L-NAME (10mg/kg)         AG (100mg/kg)                NTX non-ligated         L-NAME non-ligated

AG non-ligated         NTX (1mg/kg)        L-NAME (0.5mg/kg) AG (5 mg/kg)

Additive (NTX                       
(1mg/kg)+AG (5 mg/kg))

Additive (NTX                       
(1mg/kg)+ L-NAME 

(0.5 mg/kg))

Fig. 1. Micrographs of cresyl-violet stained cells. Representative micrographs of cresyl-violet stained cells in the hippocampal CA1 region from different groups at 4 h after right
common carotid ligation. Scale bars in different groups include: UNOP: 73.52 μm, SHOP: 108.17 μm, RCC ligated: 110.65 μm, NTX (3 mg/kg): 75.84 μm, L-NAME (10 mg/kg):
83.30 μm, AG (100 mg/kg): 83.30 μm, NTX Non-ligated: 78.33 μm, L-NAME Non-ligated: 80.81 μm, AG Non-ligated: 80.81 μm, NTX (1 mg/kg): 108.17 μm, L-NAME (0.5 mg/kg):
72.11 μm, additive (NTX (1 mg/kg)þAG (5 mg/kg)): 110.77, and additive (NTX (1 mg/kg)þ L-NAME (0.5 mg/kg)): 78.37.

Fig. 2. Comparison of CST between right common carotid ligated group (RCC
ligated) with that of SHOP and UNOP controls. The seizure threshold was measured
4 h after right common carotid ligation. Data represent means7S.E.M from 6 to
8 animals and were analyzed using a multivariate analysis of variance (ANOVA) for
exploration time and the percentage of arm entries, and one-way ANOVA for
locomotor activity, followed by Tukey's post-hoc test. nPo0.05, nnPo0.01,
nnnPo0.001 compared to RCC ligated group; ♯Po0.05, ♯♯Po0.01, ♯♯♯Po0.001
versus the corresponding SHOP group; &Po0.05, &&Po0.01, &&&Po0.001 versus
the corresponding SHOP group.

Fig. 3. The effect of administration of different doses of NTX (1 and 3 mg/kg, i.p.
30 min before testing) on right common carotid ligation induced decrement of CST.
The seizure threshold was measured 4 h after right common carotid ligation. Data
represent means7S.E.M from 6 to 8 animals and were analyzed using a multi-
variate analysis of variance (ANOVA) for exploration time and the percentage of
arm entries, and one-way ANOVA for locomotor activity, followed by Tukey's post-
hoc test. nPo0.05, nnPo0.01, nnnPo0.001 compared to RCC ligated group;
♯Po0.05, ♯♯Po0.01, ♯♯♯Po0.001 versus the corresponding SHOP group.
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in L-NAME Non-ligated had no significant effect on CST in
comparison to SHOP group (P40.05).

3.5. The effect of AG pretreatment in H/I after RCC ligation on CST

As shown in Fig. 5, in high dose pretreatment with AG (100mg/kg),
a complete reversal was observed in comparison to RCC ligated
(Po0.001). Administration of low doses of AG (5 mg/kg) had no
significant effect on CST in comparison to RCC ligated (P40.05).
Moreover, administration of AG (10 mg/kg) in AG Non-ligated had no
significant effect on CST in comparison to SHOP group (P40.05).

3.6. The effect of additive L-NAME and NTX pretreatment in H/I after
RCC ligation on CST

As shown in Fig. 6, pretreatment with low doses of L-NAME
(0.5 mg/kg) and NTX (1 mg/kg) had no significant effect on CST in
comparison to RCC ligated group (P40.05). However, the combi-
nation of low doses of NTX and L-NAME as additive group had a
significant effect on CST in comparison to RCC ligated (Po0.001).

3.7. The effect of additive AG and NTX pretreatment in H/I after RCC
ligation on CST

As shown in Fig. 7, pretreatment with low doses of AG (10 mg/kg)
and NTX (1 mg/kg) had no significant effect on CST in comparison to
RCC ligated group (P40.05). However, the combination of low doses
of NTX and AG as additive group had a significant effect on CST in
comparison to RCC ligated (Po0.001).

4. Discussion

In this study, we demonstrated that opioidergic, nitrergic
systems and their additive effects mediate the pro-convulsant
effect of H/I following right common carotid ligation. Our results
showed that in H/I induced mice, the threshold of PTZ-induced
clonic seizure decreased dramatically (Fig. 2). Furthermore, the

Fig. 4. The effect of administration of different doses of L-NAME (0.5, and 10 mg/kg,
i.p. 30 min before testing) on right common carotid ligation induced decrement of
CST. The seizure threshold was measured 4 h after right common carotid ligation.
Data represent means7S.E.M from 6 to 8 animals and were analyzed using a
multivariate analysis of variance (ANOVA) for exploration time and the percentage
of arm entries, and one-way ANOVA for locomotor activity, followed by Tukey's
post-hoc test. nPo0.05, nnPo0.01, nnnPo0.001 compared to RCC ligated group;
♯Po0.05, ♯♯Po0.01, ♯♯♯Po0.001 versus the corresponding SHOP group.

Fig. 5. The effect of administration of AG (5 and 100 mg/kg, i.p. 45 min before
testing) on right common carotid ligation induced decrement of CST. The seizure
threshold was measured 4 h after right common carotid ligation. Data represent
means7S.E.M from 6 to 8 animals and were analyzed using a multivariate analysis
of variance (ANOVA) for exploration time and the percentage of arm entries, and
one-way ANOVA for locomotor activity, followed by Tukey's post-hoc test.
nPo0.05, nnPo0.01, nnnPo0.001 compared to RCC ligated group; ♯Po0.05,
♯♯Po0.01, ♯♯♯Po0.001 versus the corresponding SHOP group.

Fig. 6. The effect of concurrent administration of L-NAME (0.5 mg/kg i.p. 30 min
before testing) and NTX (1 mg/kg, i.p. 30 min before testing) on right common
carotid ligation induced decrement of CST. The seizure threshold was measured 4 h
after right common carotid ligation. Data represent means7S.E.M from 6 to
8 animals and were analyzed using a multivariate analysis of variance (ANOVA)
for exploration time and the percentage of arm entries, and one-way ANOVA for
locomotor activity, followed by Tukey's post-hoc test. nPo0.05, nnPo0.01,
nnnPo0.001 compared to RCC ligated group; ♯Po0.05, ♯♯Po0.01, ♯♯♯Po0.001
versus the corresponding SHOP group.

Fig. 7. The effect of concurrent administration of AG (5 mg/kg i.p. 45 min before
testing) and NTX (1 mg/kg, i.p. 30 min before testing) on right common carotid
ligation induced decrement of CST. The seizure threshold was measured 4 h after
right common carotid ligation. Data represent means7S.E.M from 6 to 8 animals
and were analyzed using a multivariate analysis of variance (ANOVA) for explora-
tion time and the percentage of arm entries, and one-way ANOVA for locomotor
activity, followed by Tukey's post-hoc test. nPo0.05, nnPo0.01, nnnPo0.001
compared to RCC ligated group; ♯Po0.05, ♯♯Po0.01, ♯♯♯Po0.001 versus the
corresponding SHOP group.
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histological studies performed on mice exposed to H/I, revealed
that tissue damage is associated with pro-convulsive effect of RCC
ligation (Table 1, and Fig. 1).

Our data demonstrated that both opioidergic and nitrergic
systems were involved in pro-convulsive effect of ischemic stroke.
Since, opioid receptors antagonist (NTX) and/or NOS inhibitors
(L-NAME & AG) were able to restore the seizure threshold to the
normal level (Figs. 3–5).

Several animal models are used to study the central nervous
system (CNS) responses to stroke. Although, the most common
method for inducing stroke in mice is the middle cerebral artery
occlusion (MCAO) model, but our model investigates more speci-
fically H/I rather than the other aspects of stroke. On the other
hand, it provides several advantages, including inducing global
ischemia instead of focal ischemia, modeling early seizure after
stroke, excluding the effects of long term pathological changes and
reperfusion, as well as clinical relevance to situations in which the
brain is deprived of both oxygen tension and blood flow, such as
coronary bypass surgery, cardiac arrest, and neurovascular sur-
geries (El-Hayek et al., 2011).

To examine the seizure susceptibility, PTZ a prototypical con-
vulsant drug and GABAA receptor antagonist, has been used. It has
been extensively utilized in animal models of seizures and
produces a reliable discriminative stimulus. Also, it is a rapid and
efficient measure of both seizure susceptibility and screening of
new drugs (Loscher, 2009; Payandemehr et al., 2014; Pollack and
Shen, 1985).

4.1. The role of H/I in the pathogenesis of early post stroke seizures

To investigate the role of H/I in the pathogenesis of post stroke
seizure we recruited right common carotid ligation as a model of H/I.
Generally, our observations demonstrated tissue damage as a conse-
quence of H/I insults after right common carotid ligation. Intrestingly,
decreasing PTZ induced seizure threshold following right common
carotid ligation coincided with this tissue damage. Thus, the decrease
in PTZ induced seizure threshold might be a consequence of H/I
induced neuronal death and associated morphological and physiolo-
gical changes that are only partly elucidated.

Stroke like other neurogolical conditions leads to several
morphological and physiological changes, causing subsequent
complications such as paralysis, memory impairement, and sei-
zures (Lim and Alexander, 2009; Ring and Weingarden, 2007).
Indeed, there are evolving evidences suggesting that neural
damages regadless of their etiologies can cause seizures (Haas
et al., 2001).

H/I, as an integral part of stroke, results in disruption of
neuronal metabolism and leads to depolarization of membrane
potential that can promote excitotoxicity (Baskin et al., 1985;
Broughton et al., 2009; Dirnagl et al., 1999; Doehner et al., 2012;
Faden, 1983; Kao et al., 2008; Shi and Liu, 2007; Tuttolomondo
et al., 2008). On the other hand, H/I is further assosciated with
other cellular changes including nuclear fragmentation, chromatin
condensation, cell body shrinkage, and consequently resultant
cellular death (Kovesdi et al., 2007). These concepts surmise that
H/I during stroke might have a part to play in hyperexcitability and
seizure genesis.

4.2. The role of opioidergic pathway in the pathogenesis of early post
stroke seizures

On the one hand, endogenous opioid peptide family mediate
several physiological processes, including nociception/analgesia,
respiration, ion channel activity and immune responses, exerted
by interaction with G-protein linked membrane receptors (Hauser
and Mangoura, 1998; Roy and Loh, 1996; Satoh and Minami, 1995).

On the other hand, they are involved in several CNS related
pathological conditions such as Hypoxic/ischemic insults and
seizures (Doehner et al., 2012; Faden, 1983; Hong et al., 2002;
Panuccio et al., 2009; Rocha et al., 2009).

Opioidergic system plays controversial role in pathogenesis of
stroke, since both ameliorative and detrimental effects have been
reported. Opioid receptor stimulation ameliorates the disease
course (He et al., 2013; Kao et al., 2008; Maslov et al., 2013),
whereas worsening of symptoms, and increasing ischemic injury is
observed when plasma levels of endogenous opioids are elevated
(Doehner et al., 2012; Faden, 1983; Hong et al., 2002). Indeed, it
has been demonstrated that misadministration of exogenous
opioids and drug abuse can cause brain ischemia (Xu et al.,
2006). Therefore, administration of opioid receptor antagonists
might have a protective effect in brain H/I (Baskin and Hosobuchi,
1981; Huang et al., 2008; Liao et al., 2003; Sareen, 2002).

Furthermore, the role of opioid system in epileptic seizures is
still controversial. For example, it has been demonstrated that
opioidergic system mediates anti-convulsive effect of hypoxic
preconditioning (Feng et al., 2012; Rubaj et al., 2000). Controver-
sially, increased endogenous opioids (e.g. enkephalin and dynor-
phin) production, and also opioid receptors up-regulation has
been reported in the brain during epileptic seizures (Panuccio
et al., 2009; Rocha et al., 2009).

Concluding remarks, raise the possibility of involvement of
endogenous opioids over-production during H/I. Therefore, to
examine the probable contribution of the opioidergic system in
the pathogenesis of post stroke seizure, we used NTX, a non-
selective opioid receptors antagonist (Fig. 3).

Our findings indicated that NTX reverses pro-convulsant effect
of H/I following RCC ligation (3 mg/kg, ip). These data imply that
increased opioidergic tone in stroke has serious effects on the CNS.
Also, NTX, at the doses used, did not alter the seizure threshold in
UNOP and SHOP control animals.

4.3. The role of iNOS/NO pathway in the pathogenesis of early post
stroke seizures

Nitric oxide is an important brain messenger, which has been
accredited with both pro-oxidant and anti-oxidant actions (Lipton,
1993; Wink et al., 1999). NO has also been implicated in several
neurological and cellular cascades and compromises cellular
energy metabolism by inhibiting components of the mitochondrial
respiratory chain (Brown and Bal-Price, 2003).

Although, NO generation may lead to vasodilation, enhance-
ment of blood flow, and hypoxic injury alleviation in endothelial
cells, it causes neuronal free radical-induced injury by peroxyni-
trite formation, and glutamate excitotoxicity (Brown and Bal-Price,
2003; Helps and Sims, 2007). Multiple and distinct changes in
cerebral NO content and signaling are an acute characteristics of
ischemic stroke (Kader et al., 1993; Kumral et al., 2004; Malinski et
al., 1993). It is most likely caused through increased calcium
availability and activation of nNOS (Huang et al., 2008). Although,
within the first few minutes after H/I insult, eNOS and nNOS
activity increases simultaneously with NO level changes, it
decreases significantly thereafter (Kader et al., 1993).

There are ample evidences that NO pathway could contribute
to the pathogenesis of seizure. Excessive NO production has been
found in different animal models of convulsion such as PTZ
induced seizure (Itoh et al., 2004), and kaineic acid induced
seizure (Bolanos et al., 1997; Lipton, 1993). Furthermore, excessive
NO can cause neuronal necrosis or apoptosis by conversion into
peroxynitrite, a potent free radical (Bolanos et al., 1997; Leist and
Nicotera, 1998; Lipton, 1993). NO pathway plays controversial role
in seizure; while higher doses of L-arginine as a NO precursor
decreased the PTZ-induced seizure threshold (Nidhi et al., 1999),
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NOS inhibitors attenuated PTZ-induced convulsion (Gholipour
et al., 2008; Homayoun et al., 2002; Riazi et al., 2006). Therefore,
NO activation may act as “double edged sword” playing both anti-
convulsive and pro-convulsive role.

Taking all these data together, post stroke NO overproduction
might increase PTZ induced seizure susceptibility. In our study,
nonselective inhibition of NOS by L-NAME increased seizure
threshold approximately up to control level (10 mg/kg, ip)
(Fig. 4). Therefore, it appears that NO overproduction is, in part,
involved in epileptogenic properties of stroke in mice. Whilst,
L-NAME, at the doses used, had no significant effect on seizure
susceptibility in UNOP and SHOP control animals.

Administration of AG, a specific inhibitor of iNOS, might have a
protective effect on seizures induced by kianic acid, but, interest-
ingly, nonspecific inhibitors of NO have pro-convulsive effect. On
the other hand, pathological production of NO from iNOS plays a
detrimental role, while production of NO from eNOS and/or nNOS
might have ameliorative effects depending on the magnitude of
inhibition (Byun et al., 2009). Moreover, evidences suggest that
expression of iNOS during H/I increases significantly (Hewett et al.,
1996; Wang et al., 2011).

Thus, to examine the probable contribution of iNOS in the
pathogenesis of post stroke seizure, we used AG, which is an
irreversible specific inhibitor of iNOS (Nilsson, 1999) (Fig. 5).

Our data indicated, iNOS might be involved in epileptogenic
properties of H/I in mice. In our study, selective inhibition of iNOS
by AG (100 mg/kg, ip), exerts anti-convulsant effects after RCC
ligation. On the other hand, it appears iNOS/NO pathway mediate
pro-convulsant effects of stroke. While, effective dose of AG
(100 mg/kg), had not significantly alter CST in UNOP and SHOP
control animals.

4.4. Interaction of opioidergic and iNOS/NO pathways in the
pathogenesis of early post stroke seizures

There are ample evidences supporting the interaction of
nitrergic and opioidergic systems (Toda et al., 2009). Indeed,
increasing NO production as a result of increased expression of
iNOS is implicated in the enhanced effects of morphine (Merighi
et al., 2013; Pol et al., 2005). Interestingly, sub-effective doses of
NTX, L-NAME, and AG (1, 0.5, and 5 mg/kg, respectively), each
alone had no significant alleviating effect on H/I injury and its pro-
convulsive effects, while sub-effective co-administration of NTX
and L-NAME (Fig. 6) or NTX and AG (Fig. 7) completely reversed it,
down to the control level. A similar additive effect between two
agents has been recently reported in our previous publications
(Gholipour et al., 2008; Homayoun et al., 2002; Shafaroodi et al.,
2011), and may imply a functional interaction between opioider-
gic, and iNOS/NO systems.

Association between the severity of H/I injury and PTZ induced
seizure threshold alterations, highlights the notion that H/I might
be an etiological factor in the pathogenesis of early post stroke
seizure. Altogether, our results have demonstrated that acute H/I
during stroke and its consequent hyper-susceptibility to PTZ
induced seizure is mediated by the interaction of opioidergic,
and iNOS/NO pathways.
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