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	 Background:	 Epilepsy is a complex neurologic disorder with abnormal electrical impulses in the brain. A crucial role of puri-
nergic signalling in the proper working of the nervous system has been reported but much less is known about 
the modulation of P2X3 purinergic receptors in epilepsy. This study investigated the effect of NF110, a potent 
P2X3 receptor antagonist, in the rat epilepsy model of pentylenetetrazole (PTZ)-induced kindling.

	 Material/Methods:	 The mean kindling score, motor activity, locomotion, emotional tension, anxiety, discrimination ability, learn-
ing, memory, serum neuron-specific enolase (sNSE), hippocampal IL-1b and TNF-a, thiobarbituric acid-reactive 
substance (TBARS), catalase (CAT) and reduced glutathione (GSH), and mitochondrial complex I, II, and IV lev-
els of PTZ-kindling animals were assessed.

	 Results:	 The PTZ-kindling animals have shown impaired motor activity, locomotion, discrimination ability, learning, and 
memory, along with increased emotional tension, anxiety, neuronal damage (increased sNSE), hippocampal pro-
inflammatory mediators (increased IL-1b and TNF-a), oxidative stress (increased TBARS, decreased GSH and 
CAT), and mitochondrial dysfunction. The administration of NF110 in 3 different doses has significantly and 
dose-dependently corrected PTZ-kindling-induced impaired behavior, learning, memory, locomotion, motor ac-
tivity, discrimination ability, neuronal damage, hippocampal inflammation, oxidative stress, and mitochondrial 
dysfunction. These beneficial effects of NF110 in PTZ-kindling animals were significantly abolished by the ad-
ministration of the P2X agonist a, b methylene-ATP.

	 Conclusions:	 P2X3 receptors play a very important role in kindling epilepsy and further research should be done to design 
P2X3 modulators for their possible therapeutic benefits in epileptic disorders.
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Background

Epilepsy is a kind of chronic clinical syndrome of brain func-
tion caused by abnormal discharge of neurons. Epilepsy is 
the most common neurological disorder after stroke and 
Alzheimer’s disease, and more than 1% of the world pop-
ulation has epilepsy [1]. In the clinical manifestations of 
epilepsy, 30~40% patients with epilepsy have memory im-
pairment, attention dispersion, and other cognitive dysfunc-
tions. Several studies suggest a role of oxidative stress and 
mitochondrial dysfunction in the pathophysiology of epi-
lepsy [2]. It is an intractable and sometimes a fatal neuro-
logical disease. Excitotoxicity, oxidative stress, mitochon-
drial damage, and neuronal death have been reported as 
important causes of the sequelae of chronic seizures [3].

Kindling results due to repeated seizures, which induces 
a permanent and progressive enhancement of epilepsy. It 
is an activity-dependent neural circuit plasticity phenom-
enon which involves a permanent structural and function-
al modifications due to induction of various, molecular, 
cellular, and functional alterations in neural circuits [4]. 
Pentylenetetrazol (PTZ) is widely used to induce seizures 
and to assess the effectiveness of antiepileptic drugs [5]. 
Kindling induced by repeated PTZ administration has helped 
researchers to identify the pathophysiological pathways of 
epilepsy. This model has also helped researcher to discov-
er new as well as effective therapeutic options to manage 
this condition [1,5].

P2X receptors are trimeric ligand-gated ion channels, and 
adenosine triphosphate (ATP) is the endogenous ligand 
which activates these receptors. The 3 P2X subunits out of 
7 complements (P2X1-7) get assembled to create homo-
meric or heteromeric forms of these receptors [6]. ATP and 
various P2X receptors have been identified as potential tar-
gets for many diseases. The P2X receptors along with its li-
gand ATP have been reported to play important roles dur-
ing various inflammatory conditions such as nociception 
and neuroinflammation. Much research has been done on 
P2X7 followed by P2X3 subtype of these receptors and they 
are now a mainstay of drug research and development [7].

The P2X3 receptor increases the membrane permeability to 
potassium (K+) and calcium (Ca2+). The P2X3R is a tripoly-
mer that is broadly distributed in the peripheral as well as 
central nervous systems, including the hippocampus, which 
is the main brain region involved in epilepsy, the dorsal root 
ganglion, and other brain regions [8]. Furthermore, these 
purinergic receptors produce a positive current and play key 
roles in neuropathic pain, inflammatory mediation, and in-
creased neuronal excitability [9]. Very recently it has been 
reported that P2X3Rs were located at the cell bodies and 

dendrites of neurons with significantly increased expres-
sion in temporal lobe epilepsy, and P2X3R activation accel-
erated sustained repetitive firing in vitro [10], but not much 
is known about the utility of P2X3 receptors modulators in 
kindling epilepsy-induced behavioral changes, motor activi-
ty, locomotor activity, discrimination, learning, memory, anx-
iety, emotional tension, mitochondrial dysfunction, oxidative 
stress, or inflammation. Thus, we designed this study which 
provides the first proof of concept of the broad-spectrum 
utility of a potential P2X3 antagonist, NF110, in the rat ep-
ilepsy model of pentylenetetrazole (PTZ)-induced kindling.

Material and Methods

Animals

Estrogen has been reported to interfere with neuroin-
flammation, microglial activation, learning, and memory. 
Thus, we used male rats to avoid possible estrogen-medi-
ated alterations in higher brain functions [11]. Adult male 
Sprague-Dawley (SD) rats weighing 260 to 300 g were 
maintained in the animal house of Qingdao University, 
where controlled experimental conditions of temperature 
(25°C), light (12 h dark and 12 h light cycle), and humidity 
(50–60%) were monitored, with food and water available 
ad libitum. All the experiments are conducted as per the 
guidelines of the National Institute of Health Guide for the 
Care and Use of Laboratory Animals, and the experimen-
tal protocol was approved by the Animal Experimentation 
Committee. Every possible care was taken to minimize an-
imal use and suffering.

Drugs and chemicals

All the chemicals used in this study were of analytical grade 
(AR) grade and were prepared freshly before use. NF110 and 
a, b methylene-ATP were purchased from Tocris Bioscience, 
China. The enzymatic ELISA kits for Neuron-Specific Enolase 
(NSE), IL-1b, and TNF-a were procured from Biosynthysis 
Company, China. All other chemicals were purchased from 
Sigma-Aldrich, Hong Kong, China.

Surgical procedure

The animals were anesthetized with a 40 mg/kg dose of 
sodium pentobarbital. A steel guide cannula (10 mm) was 
implanted in the right lateral ventricle using a stereotax-
ic apparatus and the Atlas of Paxinos and Watson. A sin-
gle injection of 3% xylocaine and 2% epinephrine was giv-
en and the skull was exposed, the position of cannula was 
implanted 0.9 mm backside to the bregma, 1.6 mm ad-
jacent from midline, and 3.4 mm ventral from the skull’s 
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surface. The dentate acrylate was used to fix the cannula 
to the skull. To avoid obstruction, the cannula was sealed 
with a stainless-steel wire. A 10-day recovery period was 
allowed for each animal.

PTZ-induced kindling

To induce kindling, PTZ (30 mg/kg, i.p.; by dissolving in 
ACSF) was administered to the animals on alternate days 
for a maximum of up to 35 days. Then, animals were ob-
served singly in an isolated transparent box for 30 min. The 
modified Racine scale was used to assess the convulsions 
intensity: 0 was given for no response; 1 was given for ear 
and facial cramping; 2 was given for myoclonic jerk without 
rearing; 3 was given for myoclonic jerk with rearing; 4 was 
given for change into the side position i.e. clonic-tonic sei-
zures; and 5 was given for change into the supine position 
i.e. generalized tonic-clonic convulsions [12]. Once the an-
imal exhibited a seizure score of 4 or 5 on at least 3 con-
secutive trials, it was considered kindled. No further PTZ 
injection is given to those animals and the maximum score 
of 5 is given to such animals for all the remaining trials for 
comparison purpose. During the re-challenge test at the end 
of the study, irrespective of the seizure score, all the kin-
dling animals were again injected with the subconvulsive 
dose of PTZ (30 mg/kg) to confirm the kindling persistence.

Behavioral parameters

Assessment of PTZ-induced kindling

To assess the PTZ-induced kindling, we noted the mean kin-
dling score in relation to the number of days and number 
of days taken for stimulation of each stage in each group. 
The mean kindling score was also calculated on day 42 af-
ter PTZ re-challenge [5].

Motor function and grip strength

The Rotarod apparatus was used to assess motor function 
and grip strength of the rats. The rats were placed individ-
ually on the Rotarod (25 rpm speed) on day 0 (before the 
first injection of PTZ) and on day 35 (on the last day of PTZ 
injection). The rat was exposed to 3 trials with a 5-min gap 
and the cut-off time of 3 min, and the average fall-off time 
was recorded for each rat [13].

The ppen-field test

A wooden box (100L×100W×40H) with its floor divided into 
25 equal squares was used for this test. On day 35, each 
rat was kept in the center of the box and absolute values 
of the following variables for each animal were scored for 

5 min: the total number of crossed squares, the number of 
crossed central squares, rearings, and the total number of 
fecal boli. The floor of the apparatus was cleaned after ev-
ery use and before exposure of the next animal to avoid 
any olfactory clues [14].

Elevated plus maze (EPM)

The apparatus was made of wood with 4 arms arranged 
in (2 closed and 2 open) elevated 100 cm from the floor 
with 50 cm length and 10 cm width. The 2 opposite closed 
arms were also provided with walls 40 cm tall, whereas 
the other 2 opposite arms remained open and instead of 
walls, a raised ledge of 1 mm thickness and 5 mm height 
was provided to prevent the rats from falling off the open 
arms. All 4 arms were linked with a central open platform 
of 10×10 cm dimensions. On day 35, each rat was kept in 
the central platform facing an open arm and the number 
of entries and the time spent inside each arm were record-
ed. The amount of time spent in the open arms and num-
ber of open arm entries were interpreted as anti-anxiety 
behavior [14].

Object recognition task (ORT)

The above open-field apparatus was also used for the ob-
ject recognition task on day 36. The objects made of wood 
and plastic and of different shapes, colors, and textures 
were provided to the animals. Initially, animals were allowed 
a 2-min session of exploration for apparatus habituation 
was given to the animals. After 24 h, first sample trial (T1) 
with 2 identical objects (FO1 and FO2) for 3 min was initi-
ated. After 60 min, the second choice trial (T2) with 1 fa-
miliar (FO1) and 1 novel object (NO) was conducted for 3 
min. To prevent potential bias of locations or objects, var-
ious combinations of the 2 were utilized. The floor of the 
apparatus was cleaned after every use and before expo-
sure of the next animal to avoid any olfactory clues. The 
time spent by each animal in exploring 2 given objects in 
each trial was noted. Exploration was considered as the 
touching of the object with the nose or directing the nose 
towards the object at a distance not more than 2 cm. The 
discrimination between the familiar and the novel object 
during T2 was noted by comparing the time spent explor-
ing FO1 and NO [15].

Morris water maze (MWM) test

The MWM apparatus used in this study was a circular wa-
ter tank of 180 cm in diameter and 50 cm in height, filled 
with water maintained at 22±1°C. The pool was consid-
ered to be divided into 4 equal quadrants labelled as N, 
W, S, and E. A colorless escape platform 10 cm in diameter 
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was submerged 2 cm below the surface in the E quadrant, 
which was considered as the target quadrant. The acquisi-
tion trials were performed daily for 4 days (day 37 to day 
40). Each acquisition session consisted of 4 trials with an 
inter-trial interval of 5 min. In each trial, the rat was ran-
domly and gently placed in a quadrant and was allowed to 
find the escape platform. If a rat did not find the platform 
within 120 s (cut-off time), the escape latency was record-
ed as 120 s and the rat was gently guided and placed on 
the platform. The rat was allowed to remain on the plat-
form for 20 s. On the 5th day (day 41), a retrieval trial was 
conducted in which the escape platform was removed and 
the time spent by the animal in the target quadrant and 
the number of crossings over the former platform location 
was noted [16].

Collection of samples

On day 43 (after the PTZ re-challenge on day 42), animals 
were killed and the hippocampus of each rats was carefully 
dissected out of the brain. At the same time, 2 ml of blood 
was also collected from each anesthetized animal by car-
diac puncture prior to decapitation.

Estimation of IL-1b and TNF-a

The dissected hippocampus was homogenized in T-PER buf-
fer containing protease inhibitors (BioSource International, 
Inc, USA). The lysates were centrifuged at 100 000 g, and 
the supernatant was collected and used for ELISA analysis. 
The concentrations of IL-1b and TNF-a were measured by 
ELISA kit (Biosynthysis Company, China) according to the 
manufacturer’s instructions.

Estimation of serum neuron-specific enolase (NSE)

The 2 ml of blood was collected from each anesthetized rat 
by cardiac puncture. Blood coagulation were allowed for 
2 h at room temperature or overnight at 4°C before cen-
trifugation for 15 min at 1000×g. Serum was removed and 
the samples were stored at –20°C or –80° to prevent dam-
age from repeated freeze-thaw cycles. NSE of the samples 
were measured by ELISA kit (Biosynthysis Company, China) 
according to the manufacturer’s instructions.

Estimation of thiobarbituric acid-reactive substance (TBARS)

According to the method of Ohokawa et al. [17], the extent 
of lipid peroxidation was estimated in homogenate of the 
hippocampus. Tissue homogenate was prepared in a ratio 
of 1g of wet tissue to 9 ml of phosphate buffer (pH 7.2) us-
ing a homogenizer. To 0.1 ml of the homogenate we add-
ed 0.2 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% 

acetic acid solution, and 1.5 ml of a 0.8% aqueous solution 
of thiobarbituric acid. The mixture was finally made up to 
4.0 ml with distilled water, and heated at 95°C for 60 min. 
After cooling, we added 1.0 ml of distilled water and 5.0 ml 
of the mixture of n-butanol and pyridine (15: 1, v/v), and 
the mixture was shaken vigorously. After centrifugation at 
4000 rpm for 10 min, the absorbance of the organic lay-
er (upper layer) was measured at 532 nm in a spectropho-
tometer against a blank containing all the reagents except 
the homogenate. The malondialdehyde (MDA) equivalents 
of the samples were calculated using the extinction coef-
ficient 1.56×105 M–1 cm–1.

Estimation of catalase (CAT) activity

According to the method of Luck [18], the activity of CAT 
was measured. A 10% w/v homogenate of the hippocam-
pus was prepared in phosphate buffer. The homogenate was 
centrifuged and the supernatant was used for the enzyme 
assay. In short, the reaction mixture contained Tris (50 mM) 
– EDTA (5 mM) buffer, pH 7.0, 10 mM H2O2 (in 0.1 M KH2PO4 
buffer, pH 7.0) in a test cuvette. The reference cuvette con-
tained Tris-EDTA solution and distilled water only. The con-
tents of both cuvettes were incubated at 37°C for 10 min. 
The reaction was started by the addition of tissue homog-
enate to the reference and the test cuvettes. The rate of 
elimination of H2O2 by catalase was measured by record-
ing the rate of change of absorbance per min at 240 nm 
for 4 min. Catalase activity was expressed as μmol of H2O2 
consumed/min/mg protein using a molar extinction coef-
ficient of 43.6 mM–1 cm–1.

Estimation of reduced glutathione (GSH)

According to the method of Moron et al. [19], assay of GSH 
was performed in homogenates of hippocampus tissue. We 
added 100 μl of 25% trichloroacetic acid (TCA) to 500 μl 
homogenate. The precipitated proteins were separated by 
centrifugation at 2000×g for 15 min. Supernatants were di-
luted with 0.2 M sodium phosphate buffer, pH 8.0. Then, 
we added 2.0 ml of 0.6 mM 5,5 Dithiobis (2-Nitrobenzoic 
acid). The colored complex formed by DTNB and GSH was 
measured spectrophotometrically at 412 nm against a ref-
erence cuvette containing 0.1 or 0.2 ml of 5% TCA. A stan-
dard curve of GSH was plotted with each assay. All the 
assays were done in duplicate. The levels of GSH were ex-
pressed as μg of GSH/mg protein.

Estimation of mitochondrial complex I, II and IV

The hippocampus regions were homogenized in the isolation 
buffer with EGTA (215 mM Mannitol, 75 mM sucrose, 0.1% 
BSA, 20 mM HEPES, 1 mM EGTA, and pH-7.2). Homogenate 
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was centrifuged at 13 000×g for 5 min at 4°C. Pellets were 
resuspended in the isolation buffer with EGTA and centri-
fuged again at 13 000×g for 5 min. The resulting super-
natant was transferred to new tubes and topped off with 
isolation buffer with EGTA and again spun at 13 000×g for 
10 min. Pellets containing purified mitochondria were re-
suspended in the isolation buffer without EGTA. Lastly, rat 
brain mitochondria were isolated [20].

Assessment of complex I (NADH dehydrogenase) activity

The NADH dehydrogenase was measured spectrophoto-
metrically. The method involves the catalytic oxidation of 
NADH to NAD+ with subsequent reduction of cytochrome-
C. The reaction mixture contained 0.2 M glycyl glycine buf-
fer, pH 8.5, 6 mM NADH in 2 mM glycyl glycine buffer and 
10.5 mM cytochrome-C. The reaction was initiated by the 
addition of a requisite amount of solubilized hippocampal 
mitochondrial sample. The absorbance change at 550 nm 
was followed for 2 min [21].

Assessment of complex II (succinate dehydrogenase-SDH) 
activity

The SDH was measured spectrophotometrically. The meth-
od involves the oxidation of succinate by an artificial elec-
tron acceptor, potassium ferricyanide. The reaction mixture 
contained 0.2 M phosphate buffer pH 7.8, 1% BSA, 0.6 M 
succinic acid, and 0.03 M potassium ferricyanide. The reac-
tion was initiated by the addition of the solubilized hippo-
campal mitochondrial sample, and the absorbance change 
at 420 nm was followed for 2 min [22].

Assessment of complex IV (cytochrome oxidase) activity

The cytochrome oxidase activity was assayed in hippo-
campus mitochondria. The assay mixture contained 0.3 
mM reduced cytochrome-C in 75 mM phosphate buffer. 
The reaction was initiated by the addition of the solubi-
lized hippocampal mitochondrial sample, and absorbance 
change at 550 nm was measured spectrophotometrical-
ly for 2 min [23].

Experimental protocol

In total, 8 groups were used in this study and each group 
consisted of 12 (n=12) animals.

Group I – Sham control: The cannula was surgically implant-
ed in the animals as per the procedure and these animals 
were handled daily by the same person who administered 
various treatments to animals of other groups. No treat-
ment was given to these animals and from day 35 onwards 

these animals were assessed for behavioral parameters, 
similar to the animals of other groups.

Group II – Vehicle control (ACSF): 5 μl of artificial cerebro-
spinal fluid was administered to the animals through the 
surgically implanted cannula from day 1 to until the end of 
study (day 42). From day 35 onwards, these animals were 
exposed to the behavioral parameters.

Group III – NF110 per se: 5 μl of NF110 (60 nM prepared 
by dissolving in ACSF, daily) was administered to the ani-
mals through the surgically implanted cannula from day 1 
to until the end of study (day 42). From day 35 onwards, 
these animals were exposed to the behavioral parameters.

Group IV – Pentylene tetrazole (PTZ)-kindling: The animals 
were treated with PTZ (30 mg/Kg, i.p.) on alternate days 
from day 1 until animals showed kindling or for a maxi-
mum of up to 35 days. From day 35 onwards, these animals 
were exposed to the behavioral parameters.

Group V, VI, and VII – NF110 (dose 1, 2 and 3 respectively) + 
PTZ: The PTZ (30 mg/Kg, i.p., on alternate days from day 1 
to until animals have shown kindling or maximum up to 35 
days)-treated animals were administered 5 μl of NF110 in 
3 different doses (20 nM, 40 nM, and 60 nM) daily through 
the surgically implanted cannula from day 1 to until the end 
of the study (day 42). NF110 was administered at least 20 
min before the administration of PTZ. From day 35 onwards, 
these animals were exposed to the behavioral parameters.

Group VIII – a, b methylene-ATP + NF110 (dose 3) + PTZ: PTZ 
and NF110 (60 nM) treatment was the same as in group 
VII above, but these animals were also treated with 5 μl of 
0.5 mM a, b methylene-ATP (by dissolving in ACSF, daily, 
10 min before NF110 dose 3-60 nM treatment), from day 
27 onwards to until the end of the study (day 42). From 
day 35 onwards, these rats were exposed to the behavior-
al parameters.

Statistical analysis

The results are expressed as mean ±S.D. Data were statisti-
cally analyzed using one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple range test. p£0.05 was con-
sidered to be statistically significant.

Results

The sham control, vehicle control, and NF110 did not shown 
any significant effect on the results of any of the parameters.
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Effect of the P2X3 antagonist NF110 on mean kindling 
score of PTZ-kindling animals

The PTZ-kindling animals achieved stage 5 seizure by day 
23 and these showed induction of generalize tonic-clonic 
seizure (GTCS). When compared to the PTZ-kindling group, 
NF110 dose 1 (20 nM)-treated PTZ-kindling animals achieved 
stage 5 seizure by day 35, and NF110 dose 2 (40 nM)-treat-
ed PTZ-kindling animals achieved only stage 4 seizure by 
day 35, whereas NF110 dose 3 (60 nM)-treated PTZ-kindling 
animals did not achieve stage 4 or stage 5 by day 35. NF110 
significantly attenuated the mean kindling score of the PTZ-
kindling group. The PTZ-kindling animals treated with all 3 
doses of NF110 had significantly increased number of days 
required for stimulation for various stages of PTZ-kindling. 
In contrast, treatment with NF110 dose 3 significantly pre-
vented PTZ-induced generalize tonic-clonic seizure, which 
was significantly abolished by the treatment of a, b meth-
ylene-ATP (0.5 mM). Similar results were obtained after re-
challenge test on day 42 (Figure 1).

Effect of P2X3 antagonist, NF110, on motor performance 
of PTZ-kindling animals, as assessed on Rotarod test

The PTZ-kindling animals showed significant reduction of 
motor activity when compared to sham control animals. The 
daily administration of NF110 significantly increased the mo-
tor activity of PTZ-kindling animals, which was significantly 
abolished by the treatment of a, b methylene-ATP (Figure 2A)

Effect of P2X3 antagonist, NF110, on locomotion and 
emotional tension of PTZ-kindling animals, as assessed on 
open-field test

The PTZ-kindling animals showed a significant reduction of 
locomotor activity (noted as reduction in number of cross-
ings of central and other squares) and an increase of emo-
tional tension (noted as increase in defecations) when com-
pared to sham control animals. The daily administration of 
NF110 significantly increased the locomotor activity and re-
duced the emotional tension of PTZ-kindling animals, which 
was significantly abolished by the treatment of a, b meth-
ylene-ATP (Figure 2B).
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Effect of the P2X3 antagonist NF110 on anxiety activity of 
PTZ-kindling animals, as assessed by elevated plus maze

The PTZ-kindling animals showed a significant reduction 
in open arm time spent and open arm entries along with 
a significant increase in closed arm time spent and closed 
arm entries when compared to sham control animals, sug-
gesting anxiety activity of PTZ-kindling animals. The dai-
ly administration of NF110 has significantly increased the 
open arm time spent and open arm entries along with re-
duction in the closed arm time spent and closed arm entries 

of PTZ-kindling animals, which was significantly abolished 
by the treatment of a, b methylene-ATP (Figure 3).

Effect of P2X3 antagonist, NF110, on discrimination ability 
of PTZ-kindling animals, as assessed on object recognition 
task

In test 1 (T1), in which both objects were similar or famil-
iar (FO1 and FO2), the exploration time was similar in all 
groups. On the other hand, in test 2 (T2), when animals 
were exposed to a familiar object (FO1) and a novel object 
(NO), then discrimination was observed. The PTZ-kindling 
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animals were not able to discriminate between the FO1 
and NO as they have spent almost the same amount of 
time with both objects, when compared to sham control 
animals. The daily administration of NF110 significantly in-
creased the discrimination between FO1 and NO and more 
time was spent with the novel objects by these NF110 PTZ-
kindling animals, which was significantly abolished by the 
treatment of a, b methylene-ATP (Figure 4).

Effect of P2X3 antagonist, NF110, on learning and memory 
of PTZ-kindling animals, as assessed on Morris water maze

The sham control animals showed a significant reduction of 
day 4 (day 40 of the study) escape latency time (ELT) when 
compared to day 1 (day 37 of the study) ELT, which suggests 
normal learning. The PTZ-kindling animals showed a signifi-
cant increase in day 4 ELT when compared to the day 4 ELT 
of control animals, which suggests the impairment of learn-
ing. The daily administration of NF110 significantly reduced 
the day 4 ELT of PTZ-kindling animals, which was significant-
ly abolished by the treatment of a, b methylene-ATP (Figure 
5A). Furthermore, the sham control animals showed signif-
icantly higher day 5 (day 41 of the study) mean time spent 
in the target quadrant (TSTQ) when compared to the other 
quadrants, which suggests normal memory. The PTZ-kindling 
animals showed a significant reduction in day 5 TSTQ and 
number of crossings in the platform area when compared to 
the control animals, which suggests the impairment of mem-
ory. The daily administration of NF110 significantly increased 
the day 5 TSTQ and number of crossings in the platform area 
of PTZ-kindling animals, which was significantly abolished by 
the treatment of a, b methylene-ATP (Figure 5B, 5C).

Effect of the P2X3 antagonist NF110 on hippocampal IL-1b 
and TNF-a levels of PTZ-kindling animals

The PTZ-kindling animals showed a significant increase in 
hippocampal IL-1b and TNF-a levels when compared to 
sham control animals. The daily administration of NF110 
significantly reduced the hippocampal IL-1b and TNF-a lev-
els of PTZ-kindling animals, which were significantly abol-
ished by the treatment of a, b methylene-ATP (Figure 6).

Effect of the P2X3 antagonist NF110 on hippocampal 
serum neuron-specific enolase (sNSE), thiobarbituric acid-
reactive substance (TBARS), catalase (CAT), and reduced 
glutathione (GSH) levels of PTZ-kindling animals

The PTZ-kindling animals showed a significant increase in 
sNSE and hippocampal TBARS along with significant re-
duction in hippocampal CAT and GSH when compared to 
sham control animals. The daily administration of NF110 
significantly reduced the sNSE and hippocampal TBARS lev-
els along with significant increase in hippocampal CAT and 
GSH of PTZ-kindling animals, which were significantly abol-
ished by the treatment of a, b methylene-ATP (Figure 7).

Effect of the P2X3 antagonist NF110 on hippocampal 
mitochondrial complex I, II, and IV levels of PTZ-kindling 
animals

The PTZ-kindling animals showed a significant reduction 
in hippocampal mitochondrial complex I, II, and IV levels 
when compared to sham control animals. The daily admin-
istration of NF110 significantly increased the hippocampal 
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mitochondrial complex I, II, and IV levels of PTZ-kindling an-
imals, which were significantly abolished by the treatment 
of a, b methylene-ATP (Figure 8).

Discussion

In this study, PTZ (30 mg/kg i.p., on alternate days) signifi-
cantly impaired motor activity, locomotion, discrimination 
ability, learning, and memory along with increased emo-
tional tension, anxiety, neuronal damage (increased sNSE), 
hippocampal pro-inflammatory mediators (increased TNF-a 
and IL-1b), oxidative stress (increased TBARS, decreased 
GSH and CAT), and mitochondrial dysfunction, which is in 
line with previous studies [1,4,5,24]. The administration of 
NF110 in 3 different doses significantly and dose-depend-
ently corrected PTZ-kindling-induced impaired behavior, 

learning, memory, locomotion, motor activity, discrimina-
tion ability, neuronal damage, hippocampal inflammation, 
oxidative stress, and mitochondrial dysfunction. These ben-
eficial effects of NF110 in PTZ-kindling animals were sig-
nificantly abolished by the administration of P2X agonist, 
a, b methylene-ATP.

For the assessment of progression of kindling, mean kin-
dling score was assessed. Our results suggest that PTZ ad-
ministration induced GTCS (stage 5) in 23 days, which is in 
line with the previous findings that PTZ administration in-
duced kindling at 23-27 days (5, 24). PTZ-kindling is widely 
used for induction of epilepsy similar to clinical symptoms 
of generalized epilepsy. Administration of a potent antag-
onist of P2X3 receptors such as NF110 has significantly in-
creased the time of induction of kindling in PTZ-treated rats. 
The dose 3 (60 nM, the highest dose of NF110 used in this 
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study) of NF110 prevented kindling induction, even after 
35 days. The beneficial effect of NF110 on mean kindling 
score was significantly abolished by the administration of 
P2X agonist, a, b methylene-ATP, which further emphasiz-
es that NF110 may provide benefits specifically through 
P2X types of receptors. It is also reported that, for NF110, 
the Ki values are 36, 82 and 4144 nM for P2X3, P2X1, and 
P2X2 receptors, respectively [25], suggesting that the dos-
es of NF110 used in this study may have preferential ac-
tion on P2X3 receptors. Zhou et al. [10] reported that P2X3 
receptors were located at the cell bodies and dendrites of 
neurons with significantly increased expression in tempo-
ral lobe epilepsy. They also found that P2X3 receptors acti-
vation accelerated sustained repetitive firing, whereas their 
inhibition led to relatively low-frequency discharges in ep-
ilepsy. They suggested that with upregulated P2X3 recep-
tors, expression exists in both epileptic humans and rats 
and may aggravate the epileptic state. Our study clearly sup-
ports the notion of Zhou et al. [10], as the central admin-
istration of the potent inhibitor of P2X3 receptor, NF110, 
significantly attenuated the PTZ-kindling.

The Rotarod test have been performed in many studies to as-
sess the motor function and grip strength of rats [13]. Open-
field tests have been utilized for the assessment of locomo-
tion and emotional tension of animals [14]. Elevated plus 
maze has been utilized by many researchers for assessment 
of anxiety in animals [14]. Morris water maze has been used 
for assessment of learning and memory of animals [16]. The 
administration of NF110 corrected the PTS-kindling impaired 
motor function, grip strength, locomotion, emotional status, 
anxiety, learning, and memory of the animals in this study.

Little is known about the effect of P2X3 receptor modulators 
on the motor function, grip strength, locomotion, emotional 
status, anxiety, learning, and memory of rats. P2X receptors 
are widely expressed and distributed throughout the differ-
ent brain regions. These receptors are involved in synaptic 
co-transmission, trophic signalling, and neuromodulation. 
Purinergic signalling utilizes these receptors and controls 
learning, memory, sleep, arousal, locomotion, and feeding 
activities. P2X receptors have been reported to be involved 
in various conditions like injury, inflammation, neuropathic 
pain, Alzheimer’s disease, depression, anxiety, Parkinson’s 
diseases, multiple sclerosis, and amyotrophic lateral scle-
rosis [8]. To the best of our knowledge, the present study 
is the first to assess the effect of a P2X3 receptor modula-
tor, NF110, on motor function, grip strength, locomotion, 
emotional status, anxiety, learning, and memory of rats.

The pro-inflammatory cytokines TNF-a and IL-1b are known 
to participate in the induction and maintenance of epilep-
sy [26,27]. The inflammatory mediators have pro-epilepto-
genic potential as they have the ability to reduce the sei-
zure threshold and thus have been linked with the sporadic 
spontaneous epilepsy condition [27]. It has been previously 
reported that activation of P2X3 receptors stimulate inflam-
matory mechanisms which involve bradykinin, prostaglan-
dins, sympathetic amines, the pro-inflammatory cytokines 
TNF-a-a and IL-1b, and neutrophil migration [28]. This sug-
gests that NF110 significantly inhibits PTZ-induced hip-
pocampal inflammation by inhibiting the P2X3 receptors.

It has been reported that neuron-specific enolase generally 
increases in various neuronal damage conditions like brain 
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Figure 7. �Effect of the P2X3 antagonist NF110 on hippocampal serum neuron-specific enolase (sNSE), thiobarbituric acid-reactive 
substance (TBARS), catalase (CAT) and reduced glutathione (GSH) levels of PTZ-kindling animals. (A) sNSE levels in each 
group. (B) Hippocampal TBARS levels in each group. (C) GSH levels in each group. (D) CAT levels in each group.

injury, cerebral hypoxia, and epilepsy and thus it is a sensi-
tive marker of these conditions [29]. It has been reported 
that PTZ kindling increases the levels of sNSE in PTZ-kindling 
rats [30]. Our study also shows that PTZ-kindling rats have 
higher levels of sNSE, which suggests PTZ induced neuro-
nal damage. Chen et al. [31] reported that during nocicep-
tion and neuronal damage, P2X3 receptors are uploaded 
and the inhibitory control of P2X3 receptors was sufficient 
for reduction of neuronal damage. In our study, NF110 re-
duced the sNSE level, which suggests the reduction of neu-
ronal damage in PTZ-kindled rats and shows that NF110 
provided neuroprotection.

Free radicals have been considered as the products of nor-
mal cellular metabolism and they have been found to be 
involved in the development of seizures [32]. The increase 

in the production of free radicals and the decrease in the 
endogenous antioxidant systems of the body may attack 
phospholipids of the cellular membrane, thereby induc-
ing lipid peroxidation and cellular dysfunction. In the pres-
ent study, PTZ kindling increased the level of MDA and 
decreased the level of GSH as well as CAT in the rat hippo-
campus. PTZ thus caused an imbalance between antioxi-
dant and oxidant defense systems, which may be respon-
sible for seizures and cognitive impairment [24].

In previous studies, a significant decrease in mitochondri-
al complex I, II, and IV was observed in PTZ-treated ani-
mals. It has been suggested that mitochondrial complex-
es are inhibited due to the generation of reactive oxygen 
species following PTZ treatment [33]. The inhibition of the 
components of the mitochondrial cascade contributes to 
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the incomplete electron transport and reduction in the in-
tracellular ATP production. This alteration may disturb calci-
um homeostasis, thereby affecting neuronal excitability and 
synaptic transmission [34]. The administration of NF110 sig-
nificantly reduced the lipid peroxidation in the hippocampus 
of the PTZ-kindling rats, which suggest the anti-oxidative 
stress property of P2X3 inhibitor, due to which NF110 also 
provides a protective effect in PTZ-kindling-induced mito-
chondrial dysfunction. Thus, in this study, NF110, a potent 
P2X3 antagonist, provided behavioral as well as biochemi-
cal benefits in PTZ-kindling epilepsy due to its anti-inflam-
matory, anti-oxidative stress, neuroprotective, and mito-
chondrial-protective effects.

Conclusions

Our results show that PTZ kindling significantly impaired 
motor activity, locomotion, discrimination ability, learning, 
and memory, and increased emotional tension, anxiety, 
neuronal damage, hippocampal pro-inflammatory media-
tors, oxidative stress, and mitochondrial dysfunction. The 
administration of NF110, a potent P2X3 antagonist, in 3 

different doses significantly and dose-dependently correct-
ed PTZ-kindling-induced impaired behavior, learning, mem-
ory, locomotion, motor activity, discrimination ability, neu-
ronal damage, hippocampal inflammation, oxidative stress, 
and mitochondrial dysfunction. These beneficial effects of 
NF110 in PTZ-kindling animals were significantly abolished 
by the administration of a P2X agonist, a, b methylene-ATP. 
Thus, P2X3Rs may represent a novel therapeutic target for 
antiepileptic drugs. Further research should be targeted to-
wards understanding the various pharmacological mecha-
nisms that may be involved in the antiepileptic effects of 
P2X3 modulators.
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