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Abstract

Objective: Excitotoxic damage results in cell death in several human neurodegenerative diseases. Epilepsy is one of the most common neurological disorders
and it causes complications. To this end, we examined the protective role of allantoin (AL) in a model of excitotoxic neuronal death induced by intraperitoneal
injection of kainic acid (KA) in mice.

Methods: Two-month-old C57 male mice (n=35) were divided into five groups: control (received 0.9% saline), AL (received 10 mg/kg of AL), KA (received
a single dose of 10 mg/kg of KA), KA+AL10 and KA+AL15 groups (received a single dose of 10 mg/kg of KA then were treated with 10 mg/kg of AL or 15
mg/kg respectively). On the 14" day of the experiment, learning and memory were tested using a shuttle-box. The number of intact neurons and damaged neural
cells in hippocampal CA1 and CA3 were assessed by Nissl staining and Flour-J B immunohistochemistry, respectively.

Results: The results showed that injection of KA decreased the latency time while administration of 10 mg/kg AL improved memory. In addition, there was a
significant difference between KA and KA+AL10 mg/kg groups (p<0.01). The histological results revealed that the use of 10 mg/kg AL significantly increased
the number of intact pyramidal cells in the hippocampal CA1 and CA3 regions compared with the KA group (p<0.01). Moreover, neurodegeneration of the
hippocampal region was significantly decreased in the groups treated with AL compared with the KA group (p<0.05).

Conclusion: This study indicated that AL at a concentration of 10 mg/kg/day improved neurodegenerative complications following temporal lobe epilepsy.
Keywords: Neurotoxicity, kainic acid, allantoin, learning and memory, hippocampus

INTRODUCTION

Excitotoxicity is one of the most important causes of neuronal cell death that occurs in many human neurodegenerative diseases such as
Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, epilepsy, and ischemia.!

Epilepsy is aneurological disorder that is determined by loss of consciousness and seizure.? Seizures result in neuronal death by overactivating
glutamate receptors in the brain. 8Glutamate is activated as a chief excitatory neurotransmitter in the mammalian central nervous system
(CNS), and it plays many roles in neural progress, synaptic plasticity, learning, and memory.> However, the high concentrations of this
neurotransmitter and overactivation of its receptors interrupt calcium homeostasis in neural cells, so it can increase production of nitric oxide
and free radicals.* In addition, high activation of glutamate excites some death signaling pathways through stimulation of metabotropic and
ionotropic receptors, and it, finally, causes extensive neuronal complications.’

Kainic acid (KA)-induced model is one of the experimental models of epileptic status that KA is widely used in temporal lobe epilepsy
(TLE). KA can induce neuronal injuries through the activation of ionotropic glutamate receptor.®” Moreover, KA is a glutamate analog
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that can act similar to patients with TLE.® Although the pyramidal
neurons of the hippocampus region are damaged in TLE,
GABAergic interneurons of the hippocampus and granule cells of
the dentate gyrus are persistent to seizure.’

Despite the progress of many antiepileptic drugs, a number of
patients do not respond to treatment. In addition, antiepileptic
drugs have severe side effects.'

Allantoin (AL) (5-ureidohydantoin) is a heterocyclic derivative
of purine that is found in many plants such as Melaleuca nodosa
roots, comfrey, yam, sugar beet, and leguminous.'"'? In addition, it
is safe to stimulate new tissue development and has a positive effect
on neuronal cell proliferation.”> Moreover, anti-inflammatory,
anti-hypertensive, anti-nociceptive, anti-ulcerogenic, and anti-
asthmatic properties of AL have been AL."

Therefore, we decided to assess the neuroprotective effects of AL on
cell death and neurogenesis following KA-induced excitotoxicity
damage in mice.

METHODS

AL (Sigma Aldrich-05670, 25 g), KA (TOCRIS-0222, 10 mg), and
cresyl violet acetate were purchased from Sigma. Fluoro-Jade B
(FJIB) (Millipore-AG310) was obtained from Abcam. In addition,
phosphate-buffered saline, paraformaldehyde, xylazine, and
ketamine were supplied by Invitrogen.

Animals

Two-month-old C57 male mice (weight 20-25 g) were purchased
from the Animals Care Center of Qom University of Medical
Sciences. The animals were housed under stable conditions with
a suitable temperature (22+1 °C) and a 12/12 h light/dark cycle.
Mice had free access to water and food.'

All mice were randomly divided into five groups (n=7 for each
group) including control group (receive 0.9% normal saline), AL
group (injection of 10 mg/kg AL), KA group (injection a single
dose of 10 mg/kg KA), treatment groups including injection a
single dose of 10 mg/kg KA and treatment with 10 mg/kg (KA +
AL10)or 15 mg/kg AL (KA +AL15). To induce the epilepsy model,
mice received a single dose of 10 mg/kg KA intraperitoneally
(IP) in which KA was dissolved in 0.9% normal saline. Seizures
were evaluated and graded according to the Racine scale after
administration of KA.'%!7 Seizures were evaluated and divided into
6 grades according to the Racine scale.' The mice were evaluated
approximately 24 h after administration of KA for status epilepticus
(SE). Only animals that reached the fourth stage of the Racine scale
were selected for this study. Each seizure lasted greater than 1-2
min when mice were in the fourth stage and terminated abruptly
following the stopping of abnormal movements. In addition, the

MAIN POINTS

+ The injection of kainic acid decreased the latency time and induced a
model of epilepsy in mice.

* The administration of allantoin (AL) at a concentration of 10 mg/kg
improved neuronal degeneration in an epilepsy model.

* The use of 15 mg/kg AL has a low effect on neuronal injuries.

animals were monitored for behavioral progression of seizure 5 h/
day during the treatment period.

To treatment, two groups of mice were administered AL in
concentrations of 10 or 15 mg/kg as IP on the next day of induction
of epilepsy during 14 days. In addition, AL was solved in 0.9%
normal saline. All procedures of this study were approved by the
Ethics Committee of the Qom University of Medical Sciences
(ethical no: IRMUQ.REC. 1395.161, date: 14.03.2017).

Shuttle-box Test (Passive Avoidance) for Learning and
Memory

The shuttle-box test is used to evaluate CNS disorders in rodent
models. This test was performed 14% days after the start of
treatment for evaluation of the short and long memories based on
previous studies.'® The passive avoidance apparatus has two lighted
and darkened compartments with 20x20x20 cm dimensions (Borj
Sanat Company, Tehran, Iran). A guillotine door is located between
the two compartments. The lighted compartment contained a 40
W bulb, whereas the darkened compartment was composed of 2
mm stainless steel rods spaced 1 cm apart. The avoidance test was
performed in two trials: a training trial and a test trial 24 h later.
Each animal was placed in the lighted compartment and could move
freely to the dark compartment. When animals entered the dark
compartment, an electric shock was received (0.5 mA, 1 s). One
day after the training trial, a testing trial was performed in which
the animals were again placed in the lighted compartment and the
experiment was repeated. To evaluate memory and learning, the
time taken by the animal to enter the dark chamber was recorded as
the step-through latency.

Histological Study of the Hippocampus Region by Nissl
Staining

Evaluation of neurogenesis and survival of hippocampal cells was
performed using Nissl staining.'” The animals were anesthetized
following intraperitoneal injection of xylazine (10 mg/kg) and
ketamine (100 mg/kg). Perfusion was then performed using 4%
paraformaldehyde in 0.1 mol/L phosphate buffer solution (pH:
7.4). Following tissue processing and embedding, coronal sections
(4 pm thickness) were cut using a microtome rotary (LEICA RM
2235, Germany) and stained with Nissl (cresyl violet acetate:
0.01%). Sections were visualized under an optical microscope
(Eclipse E200-LED, Tokyo, Japan). Then, the four sections of each
sample at 400xmagnification were selected to count pyramidal
neurons and measure granular layer thickness in the CA1 and CA3
regions of the hippocampus. Finally, three fields in each section
were evaluated using ImageJ analysis software.

Evaluation of Degeneration of Neurons Using Fluoro-Jade B
Staining

To detect neuronal degeneration, FJB staining was performed
according to previously reported methods. First, the 4 pm sections
were deparaffinize and dehydrated. The samples were immersed
in descending alcohols and 1% sodium hydroxide solution. Then,
they were stained with FIB (0.002%). Finally, the samples were
examined using a fluorescence microscope with blue light and a
FITC filter (450-490 nm).
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Statistical Analysis

The data were presented as meanzstandard deviation and
statistically analyzed using one-way analysis of variance and
Tukey’s post-hoc test using Statistical Package for the Social
Sciences (SPSS) 26 software (SPSS Inc., Chicago, IL, USA).
Statistical significance was determined at p<0.05.

RESULTS

Seizure Activity by Behavior Observation

The animal’s behavior was assessed during the 24 h after KA
administration according to Racine’s standard classification.
There was no seizure status in the control and AL groups, whereas
spontaneous seizures with 4 and 5 stages were observed in 100%
of the mice treated with KA.

The control and AL groups showed no signs of seizure behavior,
whereas 98% of mice had several seizures with 4 and 5 classes based
on the Racine scale during treatment. However, administration
of AL at doses of 10 and 15 mg/kg significantly decreased the
intensity of seizure compared with the AL group during treatment
(p<0.05) (Table 1).

Effect of Kainic Acid and Allantoin on Mouse Weight

The results showed that there was a significant increase in the final
weight compared with the initial weight in the control group, while
a decrease was observed in the final weight of mice in the KA
group (p<0.05) (Table 2).

Passive Avoidance in the Evaluation of Memory

There was a significant increase in latency time in the control
group compared with the KA group (p<0.01), whereas there was
no significant difference between the group treated with 15 mg/kg
of AL and the KA group (p=>0.05). Also, treatment with 10 mg/kg

Table 1. Numbers and percentages of epileptic status in each group

of AL resulted in an increase in latency time compared with the KA
group (p<0.01) (Figure 1).

Preservation of Neuronal Cells in the Seizure-induced
Hippocampal Region by Allantoin Treatment

Nissl staining results indicated that KA decreased the number of
neuronal cells in the CA1 region (Figure 2). The mean number of
intact cells was significantly increased following injection of 10
mg/kg of AL compared with the KA group (p<0.01). There were
no significant differences between the group treated with AL and
the control group (p=>0.05). In addition, treatment with 10 mg/kg of
AL increased the thickness of the granular layer compared with the
KA group (p<0.01), whereas there was no significant difference
between mice receiving 15 mg/kg AL and the KA group (p=>0.05).

Next, the histological results of the CA3 region are shown in
Figure 3A. There was a significant reduction in the mean number
of intact cells in the KA group compared with the other groups
(p<0.05) (Figure 3B). Moreover, the mean of degenerated neurons
significantly increased after induction of epilepsy in the KA group
compared with other groups (p<0.01) (Figure 3C). However,
administration of AL decreased the mean number of degenerated
cells compared with the KA group (p<0.05). The average thickness
of the granular layer of the CA3 region also significantly increased
in mice treated with AL compared with the KA group (p<0.05)
(Figure 3D).

Allantoin Reduces Seizure-induced Hippocampal Neuronal
Death

Degeneration of neurons was evaluated by FJB staining (Figure
4A). In the control and AL groups, no neurons were stained with
FJB in hippocampal CAl. However, the number of degenerated
neurons increased in the CA1 region in mice induced with KA.
The number of FJB-positive cells (degenerated neurons) was rarely
detected in the group treated with 10 mg/kg of AL, whereas there
was more neuronal damage in the group treated with 15 mg/kg of

Groups % of mice that reached the Number of seizures in 24 h % of mice that reached the 4" stage Number of seizures
4 stage in 24 h during treatment during treatment

Control 0 0 0 0

AL 0 0 0 0

KA 100 3.8+1.32 98.2 6.8+2.4

KA+AL10 100 4+0.63 41.6" 5.2+0.74"

KA+ALI15 100 3.4+1.01 52.32" 3.8£1.6"

*P<0.05 compared with the KA group.

KA: Kainic acid, AL: Allantoin

Table 2. Comparison of average initial and final weight mice in different groups

Groups Initial weight Final weight p value

Control 19.87+0.72 21.52+0.86 p=0.042

AL 20.82+1.24 21.29+1.16 p=0.3

KA 19.79+0.73 18.71+0.77 p=0.002

KA+AL10 21.95+0.94 21.62+0.39 p=0.124

KA+ALI15 22.84+0.77 22.36+0.58 p=0.7

KA: Kainic acid, AL: Allantoin
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AL (Figure 4B). Also, there was a significant difference between
the KA group and other groups (p<0.01), except for the group
treated with 15 mg/kg AL (p=>0.05).

DISCUSSION

Epilepsy is a neurological disease with numerous unpredicted
seizures. Due to extensive neuronal damage, continued SE can be
life-threatening.?

KA acts similar to major excitatory neurotransmitters in the
CNS and increases neuronal excitability?!; thus, KA probably
causes brain inflammation by increasing the expression levels
of inflammatory cytokines and oxidative stress.”? Additionally,
administration of KA promotes the release of large amounts
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Figure 1. The comparison between the mean latency time to dark room in
different groups (*p<0.05, **p<0.01 compared with KA group)
KA: Kainic acid, AL: Allantoin
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Figure 2. (A) Photomicrograph show CAl area of hippocampus in control
group with x4 magnification; scale bar is 500 pm in Figure A. (a), control (b),
AL (c), KA (d), KA+AL10 (e), KA+AL1S5 (f) groups with x40 magnification;
scale bar is 50 um in Figures b-f. Intact neurons (black arrow), degenerated
neurons (red arrow) and thickness of granular layer of CA1 (white line). (B)
Mean of the number of intact granular cells of CA1 region of hippocampus
in different groups. (C) The comparison of thickness of granular layer of CAl
among different groups (*p<0.05, **p<0.01 compared with KA group)

KA: Kainic acid, AL: Allantoin
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of neurotoxic substances, leading to the influx of Ca2* and Na*
in the neurons in brain tissue.”> Thus, administration of KA can
induce SE, inducing neuronal death, especially in the hippocampal
CA1l and CA3 regions.* In this study, KA induced a model of
epileptic status in mice, and a significant decrease of memory and
destruction of CA1 and CA3 regions was observed after injection
of a single dose of KA.

Because regeneration of neuronal cells is extremely limited®
and there is drug resistance during treatment for traumatic and
degenerative brain injuries, the use of neuroprotective agents can
prevent neuronal damage during the seizure process.”® AL as a
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Figure 3. (A) Photomicrograph show CA3 area of hippocampus in control group
with x4 magnification; scale bar is 500 um in Figure A. (a), control (b), AL (c),
KA (d), KA+AL10 (e), KA+AL15 (f) groups with x40 magnification; scale
bar is 50 um in Figures b-f. Intact neurons (black arrow), degenerated neurons
(red arrow) and thickness of granular layer of CA3 (white line). (B) Mean of
the number of intact cells of CA3 region of hippocampus in different groups.
(C) Mean of the number of degenerated cells of CA3 region of hippocampus
in different groups. (D) The comparison of thickness of granular layer of CA3
among different groups (*p<0.05, **p<0.01 compared with KA group)

KA: Kainic acid, AL: Allantoin

>

The numbers of degenerated neurons

Figure 4. (A) Effect of AL on neurodegeneration in the CAl area of
hippocampus in different groups: control (a), AL (b), KA (c), KA+AL10 (d),
KA+ALI1S5 (e). The FIB positive cells exposed with green color. (B) The mean
of the number of the degenerated neurons of CA1 region of hippocampus in
different groups (*p<0.05, **p<0.01 compared with KA group)

KA: Kainic acid, AL: Allantoin
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neuroprotective agent may recover faults of motor nerve conduction
velocity and can defend against cisplatin-induced neuropathy.?’

Many studies have indicated that the level of uric acid significantly
increases in epilepsy patients.”®* Untreated epilepsy may
chronically raise the level of uric acid in patients. In addition, it
was proved that administration of KA can increase the level of uric
acid in the brain in animal models for epilepsy.”® Therefore, uric
acid can be used as a biomarker in the prognosis and treatment of
epilepsy. In fact, a reduction in uric acid levels can be valuable in
suppressing clinical symptoms of epilepsy, such as seizure severity
and frequency.’! However, AL acts as a mediator in uric acid
metabolism. It can pass through the blood-brain barrier and plays
an essential role in the treatment of different neurodegenerative
diseases.” Also, it may decrease the epileptic attacks through a
decrease in uric acid levels.

A study showed that AL suppresses neuronal apoptosis by inhibiting
the mitochondrial apoptotic pathway and decreasing the levels of
oxidative stress and inflammatory cytokines. Therefore, it plays a
high therapeutic role in brain injury.’* AL has a high affinity to bind
to the imidazoline receptors, and this property appears to prevent
KA-induced seizures by preventing neuronal cell apoptosis.** In
addition, another study showed that imidazoline agonists can be
a valuable tool in the treatment of neurodegenerative disorders.*

This study showed that injection of 10 mg/kg AL improved
memory and the thickness of hippocampus regions (CAl and
CA3), whereas the use of 15 mg/kg AL had a low effect on
neuronal injuries. In addition, a study demonstrated the effect of
different concentrations of AL on gastritis and determined that 12.5
mg/kg of AL provides better results on treatment.’® Another study
showed that intraperitoneal injection of AL may reduce Tau protein
phosphorylation by activating the PI3K/Akt/GSK-3f signaling
pathway in a rat model of Alzheimer disease. In addition, it was
reported that administration of AL at 10 mg/kg concentration had a
beneficial effect on improving memory impairment compared with
other concentrations.’” Therefore, the function of AL is probably
dose-dependent.

Generally, 10 mg/kg AL presented better results compared with 15
mg/kg concentration, and this is a main issue that low dose has
fewer side effects.

Study Limitations

The aim of this study was to investigate the effects of AL
on an epilepsy model in mice that accessed the memory and
histopathology of the hippocampal region. However, due to lack of
budget, the limitations of this study were the failure to investigate
the many genes involved in epilepsy in real time and the inability to
stain many protein markers in the tissue by immunohistochemistry.

CONCLUSION

This study demonstrated that injection of KA can induce a model
of TLE and that administration of AL at a specified dose had
positive effects on memorial functions and the improvement of
neurodegeneration in the hippocampal region following neuronal

injury.
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