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Seizures in epilepsy result from excessive neuronal electrical discharges. Imbalances in potassium homeostasis can increase neuronal
excitability and trigger epileptic seizures. Drugs that enhance potassium currents are expected to suppress seizures. Pinacidil, an
ATP-sensitive potassium channel opener, has shown anticonvulsant effects in acute seizure models in rodents. However, its effects
following chronic systemic administration in pentylenetetrazole (PTZ)-kindled rats remain unknown. The aim of this study was to
investigate the impact of long-term pinacidil treatment in the PTZ-kindling model of epilepsy. Male Wistar Hannover rats were treated
intraperitoneally with pinacidil 30 min before each PTZ injection, administered intraperitoneally every other day for 27 days (14 injections).
Behavioral responses were recorded for 30 min immediately after each PTZ injection. Twenty-four hours after the last PTZ injection,
animals underwent the rotarod test and were then euthanized for toxicological analysis of renal and hepatic biochemical markers in
serum. Chronic pinacidil treatment prevented the development of PTZ-induced kindling. Biochemical data showed that chronic pinacidil
did not provoke changes in serum creatinine and urea levels or in aspartate aminotransferase and alanine aminotransferase levels.
These findings suggest that long-term administration of pinacidil impairs the progression of PTZ-induced kindling without causing

nephrotoxic or hepatotoxic effects.
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INTRODUCTION

Epilepsy is a chronic neurological disorder charac-
terized by recurrent seizures caused by abnormal and
excessive synchronous firing of a group of brain cells
(Engel, 2001; England et al., 2012; WHO, 2019). Chang-
es in potassium conductance have been shown to be
involved in the seizure process by increasing or de-
creasing neuronal excitability (Benarroch, 2009; Wang
et al., 2016; Agren et al., 2019). Extracellular ionic
components such as potassium have been shown to be
increased during seizure-like events when compared
to non-seizure states (Kohling et al., 1995; Somjen,
2002). Indeed, preclinical evidence demonstrates that
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impairment of potassium conductance by intracere-
broventricular injections of voltage-gated potassium
channel inhibitors increases neuronal excitability, re-
sulting in seizures (Gandolfo et al., 1989a, b). In con-
trast, drugs that increase potassium currents have
been shown to decrease the frequency of spike waves
(Acar et al., 2016) and acute seizures (Del Pozo et al.,
1990; Zhao et al., 2023, 2024), as well as the expression
of genes related to the pathophysiology of epilepsy
(Kili¢ & Soytiirk, 2022).

In this scenario, the ATP-sensitive potassium chan-
nel opener pinacidil has been a target of preclinical
studies in epilepsy due to its putative neuroprotec-
tive properties (Acar et al., 2016; Duzcu et al., 2022).
However, the literature has shown conflicting results
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regarding the effects of pinacidil on pharmacological-
ly induced acute seizures. Studies performed by Del
Pozo et al. (1990) demonstrated that intracerebroven-
tricular injections of pinacidil failed to reduce pen-
tylenetetrazole (PTZ)-induced seizures exhibited by
mice. Conversely, studies performed by Pereira et al.
(2024) showed that intraperitoneal injections of pinaci-
dil attenuated PTZ-provoked tonic-clonic seizures in
Wistar rats. In line with this latter finding, a study us-
ing electrographic recordings from the somatomotor
cortical area of epileptic rats showed that intraperito-
neal administration of pinacidil was able to decrease
the frequency of spike waves of epileptiform activity
evoked by intracortical injection of penicillin (Acar et
al., 2016).

In addition to the literature presenting divergent
results on the effects of pinacidil in acute seizures, lit-
tle is known about the long-term effects of pinacidil in
experimental chronic epilepsy.

Therefore, aiming to investigate the long-term ef-
fects of pinacidil on chronic seizures, we evaluated the
behavioral responses exhibited by PTZ-kindled rats
that were intraperitoneally pretreated with pinacidil
(10 mg/kg, 30 min before each PTZ injection). The dose
and pretreatment interval were selected based on prior
studies demonstrating anticonvulsant efficacy without
significant toxicity (Pereira et al., 2024) and pharmaco-
kinetic data indicating peak plasma levels within 30-
60 min after intraperitoneal administration in rodents
(e.g., rapid absorption and onset of action for ATP-sen-
sitive potassium channel openers). Furthermore, we
examined the possible side effects of chronic pinacidil
treatment on renal and hepatic marker levels as well as
locomotor integrity.

METHODS
Subjects and ethics

Male Wistar rats (Rattus norvegicus, Rodentia, Muri-
dae) weighing 150-180 g (n=6-8 per group) from the An-
ilab company (Paulinia, SP, Brazil) were studied. They
were housed 4 to a cage (41 x 34 x 17.8 cm), with water
and food ad libitum. The enclosure was maintained un-
der a light/dark cycle of 12/12 h (lights on from 6 a.m.
to 6 p.m.), and at a relative humidity (55 + 10%) and
standard temperature (22°C = 2°C). All effort was made
to minimize animal suffering. Housing and all experi-
mental protocols adhered to the Guide for the Care and
Use of Laboratory Animals (“Guide for the Care and
Use of Laboratory” - Eighth Edition; National Research
Council, 2014) and were performed in accordance with
the recommendations of the Local Ethics Committee
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in Research at UNAERP (no. 0011/2023) rules and le-
gal approval. This manuscript also follows the state-
ments of the ARRIVE guidelines 2.0 (Percie du Sert et
al., 2020).

Drugs

Pinacidil monohydrate (N-Cyano-N"-4-pyr-
idinyl-N"-(1,2,2-trimethylpropyl; CAS: 85371-64-8;
Sigma-Aldrich, cat. no. P1546, St. Louis, MO, USA) at
a dose of 10 mg/kg (Pereira et al., 2024) was intraper-
itoneally administrated before the ionophore GABAer-
gic receptor antagonist Pentylenetetrazole (a,fB-cy-
clopentamethylenetetrazole; CAS Number: 54-95-5;
Sigma-Aldrich, cat. no. P6500, St. Louis, MO, USA) at
a dose of 35 mg/kg (de Oliveira et al., 2024; Dhir, 2012;
Ergul-Erkec et al., 2015).

PTZ-induced kindling

The kindling epilepsy induced by repeated admin-
istrations of subconvulsant doses of PTZ is a chron-
ic animal model of epilepsy used for elucidating the
epileptogenic mechanisms involved in the genesis of
seizures and evaluate the effects of new antiepilep-
tic compounds (Mason & Cooper, 1972; Ergul-Erkec et
al., 2015). Here, rats were randomly assigned to two
groups: a pinacidil (10 mg/kg i.p.)-treated group and
a physiological saline (i.p.)-treated group, 30 minutes
before each systemic administration of PTZ. For the
development of kindling, PTZ was administered in-
traperitoneally at a subconvulsant dose of 35 mg/kg
every other day for 27 days (14 injections). Kindling
was confirmed when the control group that receives
PTZ exhibited convulsive episodes (myoclonus of the
forelimb with or without loss of the righting reflex)
in three consecutive administrations of PTZ (Dhir,
2012). In addition, the duration of the convulsive
seizures was also recorded. Immediately after each
PTZ injection, animals were placed in a circular are-
na with transparent acrylic walls (60 cm in diameter
and 50 cm in height), with 350 Ix fluorescent lighting,
and their behaviors were recorded for 30 min with
a video camera (Handycam, Sony Corporation, Osaki,
Shinagawa-ku, Tokyo, Japan). At the end of each test/
animal, the apparatus was cleaned with 10% alcohol.
The PTZ-induced convulsive reactions were classified
according to the Racine scale, modified by Pinel and
Rovner (1978), as shown in Fig. 1. After behavioral re-
cording, all the animals were submitted to the rotarod
test and then euthanized, and blood was collected for
biochemical analyses.
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Score

Motor convulsive reactions

0 no seizure (exploratory behavior)
1 facial movements

2 head myoclonus

3 hind paw myoclonus

4 rearing

5 rearing and falling

6

7

8

Myoclonus of the head and ears, forelimb clonus, and rearing and falling events
Rotations, violent jumps and vocalization
All stage 7 behaviors followed by periods of hypertonia

Fig. 1. Scale of severity of convulsive reactions according to Racine’s (1972), modified by Pinel and Rovner (1978).

Rotarod test

The rotarod test has been used to evaluate the
balance and motor coordination of rats, enabling in-
vestigation of any possibly side-effects of drugs on
locomotor function integrity (Coimbra et al., 2001;
Dunham & Miya, 1957; Falconi-Sobrinho et al., 2017).
The rotarod apparatus for rats used in our work (Ac-
celer rotarod Ugo-Basile 7750, Comerio, Varese, Italy)
consists of a revolving rod subdivided into four com-
partments (width 8.7 cm). 24 hours after the end of
the kindling (28), rats were subjected to three con-
secutive training sessions on the rotating bar for
5 min each. Then, the animals were subjected to the
rotarod test, which was conducted at a constant speed
of 8 r.p.m. for 60 s. During the test, the latency to fall
from the apparatus was recorded for each animal,
with a maximum latency of 60 s (Falconi-Sobrinho et
al., 2017).

Serum biochemical analysis

The rats were euthanized immediately after the
end of the rotarod test (28™ day). For biochemical
analysis, blood samples were collected by cardiac
puncture into tubes without anticoagulant. Then, the
serum was separated by centrifugation at 2500 rpm
for 15 min and stored at -20°C until use. Serum levels
of creatinine, urea, aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) were analyzed
using an autoanalyzer (Mindray BS-380) according
to standard spectrophotometric methods using a re-
agent kit according to the manufacturer’s instruc-
tions (Labtest, Brazil).

Statistical analysis

Data from the convulsive seizures were submitted to
the D’Agostino-Pearson normality test. Data were report-
ed as mean * S.E.M., and were submitted to a two-way
repeated measures analysis of variance (two-way RM
ANOVA) followed by Bonferroni’s post hoc test. Data from
the locomotor function and biochemical measurements
were submitted to the Shapiro-Wilk normality test. Data
were reported as median with interquartile range, repre-
sented as scatter dot plot and submitted to Mann-Whit-
ney U-test. In all the statistical analyses P values < 0.05
were considered to indicate statistical significance. The
software used for statistical analysis and graph plotting
was GraphPad Prism version 8.0 (San Diego, CA).

RESULTS

Effects of chronic treatment of the pinacidil on
PTZ-induced kindling

According to the two-way RM-ANOVA, there were
significant effects of treatment (F,,,=135.7; p<0.001;
F,1,=792.8; p<0.001) and days/time (F,;,5,=8.501; p<0.001;
F1315=56,55; p<0.001), as well as an interaction between
them (F,, 15,=12.16; p<0.001; F,, 15,=56.84; p<0.001) on kindling
and the seizures duration. Intraperitoneal injections of
a sub-convulsive dose of PTZ every other day preceded by
i.p. injections of the vehicle provoked a gradual increase in
seizures severity (kindling; p<0.001) and duration (p<0.001).
In contrast, chronic treatment with pinacidil suppressed
the progression of kindling by reducing both the severity of
seizures from the 11* day onwards and their duration from
the 5% day onwards (p<0.001, according to Bonferroni’s post
hoc test), as shown in Fig. 2 and Fig. 3, respectively.
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Fig. 2. Effect of chronic administration of either Pinacidil (10 mg/kg) or vehicle (physiological saline) on PTZ-induced kindling. Data are presented as the
mean + standard error of the mean (S.E.M.); * p<0.05 compared with control group (Veh + PTZ at 35 mg/kg i.p.), according to repeated measures two-way
ANOVA followed by followed by Bonferroni”s post-hoc test.

Fig. 3. Effect of chronic administration of either Pinacidil (10 mg/kg) or vehicle (physiological saline) on the duration of seizure in PTZ-induced kindled rats.
Data are presented as the mean + standard error of the mean (S.E.M.); * p<0.05 compared with control group (Veh + PTZ at 35 mg/kg i.p.), according to
repeated measures two-way ANOVA followed by followed by Bonferroni”s post-hoc test.
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Effects of chronic treatment of pinacidil
on locomotor function integrity

According to Mann-Whitney U-test, there were no
significant effects between the pinacidil and saline
treatment on the locomotor functions the PTZ-kin-
dled animals and subjected to the rotarod test (U=28;
p=0.999), as shown in Fig. 4.

Effects of chronic treatment with pinacidil
on plasma levels in the kidney and liver
biomarkers of kindled rats

According to Mann-Whitney U-test, there were no
significant effects between the pinacidil and saline
treatment on levels of creatinine (Mann-Whitney U=15;
p=0.338) urea (Mann-Whitney U=10; p=0.1158), AST
(Mann-Whitney U=13.5; p=0.254) and ALT (Mann-Whit-
ney U=15; p=0.349) the PTZ-kindled animals, as shown
in Fig. 5A-D.

DISCUSSION

This study sought to investigate the effects of
long-term intraperitoneal administration of pinacid-
il, an activator of ATP-sensitive potassium channels,
against the development of kindling epilepsy induced
by injections of the ionophore antagonist to block
GABA, receptor-mediated Cl- influx (PTZ). When PTZ
at a dose of 35 mg/kg was preceded by intraperitone-
al injections of vehicle, it induced kindling epilepsy,
which was characterized by myoclonic movements of
the paws and the head, with loss of postural control,
but without rotations, violent jumps and vocalization.
Our data are in line with previous studies that demon-
strated that subconvulsant doses of PTZ over a longer
period can cause progressive and permanent convul-
sive reactions (Ergul-Erkec & Arihan, 2015; Singh et
al., 2021; Thapliyal et al., 2023; Pereira et al., 2024).
Furthermore, we demonstrated that chronic pretreat-
ment with pinacidil reduced both the severity and du-
ration of seizures displayed by the PTZ-kindled rats.

It is known that abnormal electrical discharges
during seizures promote a massive opening of ion
channels, including voltage-gated potassium chan-
nels, substantially increasing the extracellular con-
centration of potassium. The accumulation of potas-
sium in the extracellular fluid can reach a threshold
level, promoting an increase in neuronal excitability,
which in turn increases the extracellular concentra-
tion of potassium, establishing a positive feedback
mechanism that facilitates the triggering of seizures

Chronic pinacidil reduces PTZ-kindling

Fig. 4. Lack of effect of chronic administration of either pinacidil (10 mg/kg)
or vehicle (physiological saline) on the locomotor integrity, expressed
by the latency to fall from the revolving rod during the rotarod test, in
PTZ-kindled rats. Data were reported as median with interquartile range
and represented as scatter dot plot. p > 0.05 compared with control group
(Veh + PTZ at 35 mg/kg i.p.), according to Mann-Whitney U-test.

(Fertziger & Ranck, 1970; Frohlich et al., 2008; Cress-
man et al., 2009). Furthermore, an increase in potas-
sium also produces depolarizing changes in the re-
versal potential of the cationic current, which is ac-
tivated by hyperpolarization, as reported elsewhere
(Timofeev et al., 2002). As a result, prolonged activa-
tion of cationic channels would result in long-term
depolarizations, facilitating neuronal excitability. In
fact, the interface between excessive neuronal depo-
larization and extracellular potassium accumulation
is closely linked to the genesis of epilepsy. In turn,
pinacidil acts by opening potassium channels in neu-
ronal membranes. The efflux of potassium ions out of
the cell makes the inside of the neuron more negative
(hyperpolarization), resulting in a reduction in neu-
ral excitability (Del Pozo et al., 1990; Acar et al., 2016;
Kili¢ & Soytiirk, 2022; Zhao et al., 2023, 2024). In this
context, evidence from studies with genetically engi-
neered rodents has demonstrated that ATP-sensitive
potassium channels play a relevant role in prevent-
ing triggering and reducing the duration of seizures,
mainly through their sulfonylurea receptor 1 (SUR 1)
and Kir subunits (Herndndez-Sdnchez et al., 2001;
Yamada et al., 2001; Kili¢ & Soytiirk, 2022). A study
performed by Herndndez-Sdnchez et al. (2001) found
that mice with brain-specific overexpression of SUR
1 were resistant to kainic acid-induced seizures. Con-
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currently, Yamada et al. (2001) using knockout mice
lacking the Kir subunit, showed that these animals
were susceptible to hypoxia-induced generalized
seizures. Later, corroborating these latter findings,
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Kili¢ and Soytiirk (2022) demonstrated that both the
SUR 1 and Kir6.1 subunits of ATP-sensitive potassium
channels are involved in the genesis of penicillin-pro-
voked seizures, because their expression levels were

Fig. 5. Lack of effect of chronic administration of either pinacidil (10 mg/kg) vehicle (physiological saline) on renal levels of creatinine (A) and urea
(B) and on hepatic levels of aspartate aminotransferase-AST (C) and alanine aminotransferase-ALT (D) in PTZ-kindled rats. Data were reported as
median with interquartile range and represented as scatter dot plot. p>0.05 compared with control group (Veh + PTZ at 35 mg/kg i.p.), according to

Mann-Whitney U-test.
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increased in both cortex and hippocampus of epilep-
tic rats. Most notably, these latter authors demon-
strated that the expression levels of the SUR1 and
Kir6.1 gene in epileptic animals were considerably
lower when these animals received pinacidil treat-
ment. Considering that Kir6.1 and SUR1 expression is
increased in response to seizures, it would be expect-
ed that the decrease in seizure activity by pinacidil
would reduce the expression of these ATP-sensitive
potassium channel subunits.

Electrophysiological findings by Acar et al. (2016)
had already demonstrated that pinacidil reduces ep-
ileptiform activity by decreasing the frequency of
spike waves in a penicillin-induced epilepsy model. In
turn, our team recently demonstrated an anticonvul-
sant action of pinacidil, however, against acute sei-
zures provoked by a higher dose of the GABA receptor
antagonist PTZ, as pinacidil was able to increase sei-
zure latencies, while decreasing their severity (Perei-
ra et al.,, 2024). Indeed, collectively, these studies
demonstrate a relevant effect of pinacidil in differ-
ent models of chemically induced epileptic seizures,
highlighting in some cases the involvement of specif-
ic subunits of ATP-sensitive potassium channels.

The fact that an ATP-sensitive potassium channel
opener, commonly used as a long-term cardiopro-
tective drug, can also provide neuroprotective ef-
fects against chronic PTZ-induced seizures has been
documented elsewhere (Zhao et al., 2023). As a re-
sult, these authors demonstrated that nicorandil, an
ATP-sensitive potassium channel opening agent sim-
ilar to pinacidil, reversed the increase in firing fre-
quency and decreased the magnitude of spikes caused
by chronic intraperitoneal injections of PTZ, suggest-
ing that nicorandil can open ATP-sensitive potassium
channels of CA1 pyramidal neurons and reduce neu-
ronal excitability, thereby protecting neurons.

Although increasing evidence demonstrates
the neuroprotective effects of pinacidil and other
ATP-sensitive potassium channel opener similar to it,
such as nicorandil, in animal models of epilepsy, to
our knowledge, the present study demonstrates the
first evidence of the anticonvulsant effects of pinaci-
dil in a chronic animal model of PTZ-induced epilepsy.
Intriguingly, the fact that pinacidil was administered
30 min before each PTZ injection, raising the possi-
bility that the observed reduction in seizure severi-
ty reflects acute anticonvulsant effects rather than
a true disease-modifying (anti-kindling) action. Fu-
ture studies could address this issue by incorporating
either PTZ without the use of drugs after a wash-out
period, interim probe sessions without pretreatment
and treatment arms initiated after kindling establish-
ment, or by using other animal models that exhibit
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chronic spontaneous epileptic seizures (e.g., pilocar-
pine or kainate). Additionally, the lack of EEG record-
ings precludes detailed analysis of electrographic ep-
ileptiform activity.

In this work we also evaluated the hepatic and re-
nal function of PTZ-kindled rats that were pretreat-
ed with pinacidil. Our biochemical data showed that
systemic administration of pinacidil on alternate days
for 27 days did not cause significant changes in AST,
ALT, creatinine and urea levels. Furthermore, pinaci-
dil also did not cause locomotor impairment in ani-
mals subjected to the rotarod. These data indicate that
long-term intraperitoneal administration of pinacidil
produced neither nephrotoxic, hepatotoxic effects,
nor motor impairment in PTZ-kindled rats. The ab-
sence of toxic effects of pinacidil on the liver and kid-
neys, as well as on motor integrity, was also recently
reported by our team in a study that analyzed the pro-
tective effects of single administration of this agent
against acute minimal and generalized tonic-clonic
seizures induced by high doses of PTZ in rats.

In summary, our findings provide novel evidence
of the anticonvulsant effects of chronic pinacidil ad-
ministration in a PTZ-kindling model of epilepsy.
Long-term pinacidil treatment reduces both the sever-
ity and duration of seizures without inducing motor
impairment or renal/hepatic toxicity in kindled rats.
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