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Abstract

This study investigated the neurotoxic effects of permethrin on the cerebellum, hippocampus and prefrontal cortex of
Wistar rats and its effects on some behavioral patterns. Fifteen adult male Wistar rats were grouped into three categories:
Group A received 0.1 mL normal saline (control), and Groups B and C received mixed feed with 500 mg/kg and 1,000
mg/kg of 0.6% permethrin, respectively, for 14 days. The animals were assessed for memory, anxiety and exploratory
locomotion and thereafter anesthetized and transcardially perfused with normal saline and 4% paraformaldehyde
(PFA). Cerebellum, hippocampus and prefrontal cortex were excised from the whole brain and processed for tissue
histology, histochemistry and immunohistochemistry. Oxidative status and lipid peroxidation were also assessed using
catalase, glutathione peroxidase, superoxide dismutase and malondialdehyde as biomarkers. Results revealed dose-
dependent decrease in body weights but increase in cerebellar and prefrontal weights, depletion of endogenous
antioxidant markers, cognitive deficits, reduced locomotor activities, degenerative changes in the microarchitecture at
high doses and presence of chromatolytic cells at both low and high doses of permethrin. Astrocytes were activated
while synaptophysin expression was downregulated. Permethrin causes dose-dependent neurotoxicity on the
morphology, neurochemistry and oxidative status of different brain regions, and these could affect behavioral
performance and other neurologic functions.
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Introduction

Permethrin is a synthetic pyrethroid insecticide derived from natural pyrethrins from the plant Chrysanthemum
cinerariaefolium [1]. They are commonly used for the control of insect pests and disease vectors [2]. Permethrin can be used
in the treatment of lice and scabies, as pet shampoos, in treating wood furniture and can be applied on the surface of clothing
and mosquito nets [3, 4]. Permethrin-treated clothing serves as a form of personal protection to prevent bites from disease
vectors such as mosquitoes and ticks [5, 6] and has been used in the fight against malaria [7]. In the agricultural sector,
permethrin is used in pest control to protect agricultural products such as cotton, wheat and maize [2].

Exposure to permethrin could be via inhalation, topical or by eating contaminated food items, and when in excess,
can cause nausea, headache, muscle weakness, excessive salivation and breathing problems [1, 8, 9]. Although absorption
following topical exposure is minimal compared to other modes of absorption, the side effects vary depending on the nature
of the skin and the dose of permethrin exposed to. Previous studies showed that 0.5% absorption occurred in the first 48
hours [9], and highest amounts of permethrin accumulate in fats and the brain [10]. The lipophilic nature of the permethrin
molecule is a factor in this regard. Permethrin is metabolized in the liver, where it undergoes oxidation by the cytochrome
P450 system, as well as hydrolysis into various metabolites [9].

Pyrethroids share the same mode of action [4] and are capable of crossing the blood-brain barrier to exert their
effects on the brain thereby causing neurotoxicity and motor deficits [11, 12]. Their insecticidal action targets voltage-gated
sodium channels and this mechanism has also been implicated in the neurotoxicity associated with pyrethroids use in
mammals, although other channels such as the voltage-gated calcium and chloride channels are also considered important
[2]. Their action makes the channels stay open much longer than normal, leading to hyper-excitation of the central nervous
system [13]. Insects have more sensitive voltage-gated sodium channels, making them to be much more sensitive to
pyrethroids than higher animals [14].

Permethrin is neurotoxic at elevated doses and its various adverse effects have been associated with its exposure
in animal studies, including tremor, salivation, paresthesia, depressed reflexes and peripheral nerve damage [13, 15]. Early
exposure in life is detrimental to brain development with the likelihood of the occurrence and persistence of a lifelong
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disability. Nasuti et al. [4], observed that neonatal permethrin exposure leads to long-term cognitive impairment and
alteration in synaptic morphology. In view of the risk involved in permethrin exposure and its neurotoxic potential, this
study was embarked upon to ascertain the cellular, molecular and behavioral characterization associated with permethrin
neurotoxicity.

Materials and Methods

Laboratory animals and care

A total of 15 adult male Wistar rats weighing between 130-135 g were used for the study. The study was conducted
in the Animal House of the Central Research Laboratory, University of Ilorin, Nigeria. The animals were allowed to
acclimatize for two weeks prior to commencement of the study, and they had access to feeds and water liberally under
hygienic conditions.

Treatment of animals

Rambo insect powder (Rambo®; Gongoni Co. Ltd, Kano, Nigeria) containing 0.6% Permethrin and 99.4% inert
carriers was procured and used for the study. The animals were divided into three groups (A - C) each consisting of five
rats. Group A received standard rat diet; Group B received standard rat diet mixed with 500 mg/kg permethrin insecticide;
Group C received standard rat diet mixed with 1,000 mg/kg permethrin insecticide [16]. Treatment was for 14 consecutive
days.

Behavioral study
After the last day of treatment, the rats were assessed for memory, learning, exploratory activities, anxiety, and
locomotion.

Morris water maze test

Morris water maze test was carried out to assess spatial learning and memory of the rats [17]. A pool of water in
a container measuring about 100 cm in diameter and 30 cm in depth was used. An escape platform about 2.5 cm deep from
the surface of the water was placed in one of the quadrants and visual cues were provided. The animals were trained 24
hours before the main test was conducted. During the training period, each rat was placed in each of the other three
quadrants for a maximum of 60 seconds to find the escape platform at an interval of 15 minutes between quadrants until
the escape latency period reduced to less than 15 seconds. During the real test, the pool was colored and the animals were
placed in each of the three quadrants different from the escape platform quadrant at an interval of 15 minutes between
quadrants. The time taken to find the escape platform was noted as the escape latency period.

Y-maze test
Y-maze was used to examine the working memory of the rats [18]. The animals were placed in a Y-maze with

arms measuring 75 cm in length and 15 cm in breath with an angle of 120° in between arms. The animals were allowed to

explore the maze for duration of five minutes. The manner of alternation was recorded. The percentage correct alternation
of each rat was estimated as a ratio of the correct alternation to the total alternation multiplied by 100.

Open field test

The open field apparatus was made from plywood (100 cm x 100 cm x 50 cm) [19]. The floor was divided into
square grids each measuring 25 cm in length with a blue marker and a center square of the same length was drawn with a
red marker. During the test, the rats were picked by their tails and dropped in the center square and allowed to explore for
five minutes while the video was captured by a camera. The five behavioral parameters scored were: number of lines crossed,
center square entry, center square duration, rearing frequency and stretch attend posture. The number of lines crossed was
the frequency with which the rats crossed one of the grid lines with all four paws; the center square entry was the frequency
with which the rats crossed one of the red lines with all four paws into the central square while the center square duration
was the total time spent in the center square. The rearing frequency was the number of times the animal stood on its hind
limbs, while the stretch attend postures was the frequency with which the animal demonstrated forward elongation of the
head and shoulders followed by retraction to the original position.

Black and white box test

This is a behavioral paradigm used for testing anxiety [20]. The fine wooden apparatus (75 cm x 30 cm x 30 cm)
was divided into a light chamber (50 cm long) and a dark chamber (25 cm long). The light and dark chambers were connected
by a small passage through which the animal can move freely. The light chamber was illuminated with natural white light
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while the dark chamber was cove and not illuminated. During the test, the rat was placed in the center of the light chamber,
facing the opening of the dark chamber. The animals were allowed an exploration time of 10 minutes; thereafter the
apparatus was cleaned to remove debris that may be left by the previous animal. The total time spent in the dark chamber
was estimated and subjected to statistical analysis.

Negative geotaxis test

The geotaxis test [21] is used to investigate motor coordination and vestibular sensitivity in rodents. The negative
geotaxis is made up of an inclined surface with grids at 45°. The rats were placed on the inclined grid in the head downwards
position. The grid allows for grip and permits the rodent to reorient itself towards an upwards position. The time taken for
the animal to reorient itself to an upward direction was recorded as latency of turning.

Tissue processing for histological, histochemical and immunohistochemical demonstration

After termination of study, the animals for qualitative analysis (2 rats per group) were anesthetized
intramuscularly with 0.5 mL/kg-ketamine. They were subjected to transcardial perfusion with 50 mL normal saline,
followed by 4% paraformaldehyde (PFA). After perfusion, the animals were decapitated in the cervical region. The brain
tissues were excised (cerebellum, hippocampus and prefrontal cortex), weighed and fixed in 4% PFA for 48 hours. The
tissues were processed for histology, embedded in paraffin and sectioned at 5 pm thick with the aid of a Rotary microtome.
Tissue staining was carried out using hematoxylin and eosin (H&E) stain for general histology and cresy] fast violet (CFV)
stain for histochemical demonstration of Nissl substances [22, 23]. For the immunohistochemical study, serial sections (10
pum) were taken from paraffin blocks, with protein cross-linkages removed in the sections by applying 0.1% trypsin to
retrieve the antigens. Hydrogen peroxide was used to block endogenous peroxidase, while 5% bovine serum albumin (BSA)
was used to reduce nonspecific protein reactions. Primary antibodies (anti-glial fibrillary acidic protein (GFAP) and anti-
synaptophysin) dilution was done in blocking buffer (10% calf serum with 1% BSA and 0.1% Triton X-100 in 0.1 M PBS
[phosphate buffered saline]): both were diluted at 1:100. Following this, secondary biotinylated antibody was desalted and
diluted in PBS (pH 8.0) prior to its application on tissue sections. Incubation with secondary antibody was done in the
humidity chamber. Inmunogenic reaction was developed using 3,3’-diaminobenzidine and intensified using methenamine
silver kit (used according to the manufacturer’s instruction). The sections were counterstained in hematoxylin and
subsequently treated in 1% acid alcohol to reduce the counterstain intensity [24].

Colorimetric assay for biochemical studies

Rats meant for enzymatic studies (3 rats per group) were sacrificed by cervical dislocation without tissue
perfusion with PFA. Assay kits for superoxide dimustase (SOD; KT-60703), catalase (CAT;, MBS701713), glutathione
peroxidase (GPx; MBS744364) and malondialdehyde (MDA; MBS9389391) were used to assess the cerebellum, hippocampus
and prefrontal cortex of rats using spectrophotometric technique [25]. All reagents and samples were set to room
temperature before starting the procedures. Equal weights of brain tissues were homogenized in ice cold 30% sucrose
solution with an automated homogenizer at 4°C. The homogenate was scooped and poured into a 5 mL plain specimen
bottle and placed in a centrifuging tube containing ice. The homogenate was centrifuged for 15 minutes at 3,000 rpm. The
supernatants were aspirated into plain labeled glass cuvettes placed in ice. Assay was carried out according to the
manufacturer’s instruction on the assay pack.

Light microscopy, cell count and statistical analysis

Histological, histochemical and immunohistochemical sections were captured using Olympus binocular research
microscope (Olympus, New Jersey, USA) which was connected to a 5.0 MP Amscope Camera (Amscope Inc, USA). Protein
expression and histochemical labelling count were determined using Image J (NIH, USA).

Data analysis

Data obtained were analyzed and subjected to statistical analysis using the version 16.0 of the Statistical Package
for Social Sciences (SPSS). Data were presented as mean + SEM (standard error of mean) with determination of level of
significance at p values less than 0.05 or 0.01. The results obtained from the SPSS software were presented in bar charts with
error bars, using the 10.0 version of the GraphPad application.

Results

Permethrin induced loss of body weight, but increased brain weights

Observation of the body weights of experimental animals revealed that permethrin consumption led to
progressive reduction in weights in a dose-dependent fashion, with rats given the higher dose having the least body weight
change (Table 1). The opposite occurred for the organ weights of prefrontal cortex and cerebellum, where the brain weights
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increased with increasing dose of permethrin. However, hippocampal weight was higher in rats treated with the low dose
compared to those treated with high dose of permethrin. Only cerebellar weight increase in the high dose permethrin group
was statistically significant when compared with the control (p<0.05).

Permethrin differentially affects memory, spatial exploration with no effects on anxiety and locomotion

We subjected rats to five behavioral paradigms to obtain information on the effects of varied doses of permethrin
on spatial memory, working memory, spatial navigation, anxiety and locomotion indices. Extrapolations from the Morris
water maze and Y-maze behavioral paradigms showed that permethrin had differential affectation on the spatial memory
and working memory respectively (Figure 1). We noted that the higher the dose of permethrin the poorer the memory
indices in both behavioral paradigms. However, it was only the high dose permethrin group that had a significantly higher
escape latency period in the Morris water maze (MWM) and significantly lower percentage correct alternation in the Y-maze
relative to the control group (p<0.05). This finding suggests that excessive exposure to permethrin has memory dwindling
effect. In furtherance, spatial navigation indices in the open field behavioral paradigm reduced as permethrin dose increased.
The control rats had a higher frequency of entry into the center square and rearing when compared to the permethrin-
treated rats (p<0.05). Further analysis of data obtained from open field behavioral paradigm, black and white box, and
negative geotaxis showed that permethrin had no locomotory or anxiety-related effects. There was no significant difference
in time spent in dark chamber, freezing duration, latency of turning and number of lines crossed in the permethrin-treated
group relative to the control group (p>0.05).

Effects of permethrin on oxidative stress markers and lipid peroxidation

The activities of SOD, CAT and GPx as markers of oxidative stress were quantified in the prefrontal cortex,
hippocampus and cerebellum. Permethrin consumption decreased the activities of SOD and GPx across the three
aforementioned brain regions despite no significant difference (p>0.05). However, permethrin treatment significantly
altered the activities of catalase in all brain regions; high dose permethrin had significantly lower catalase activities in the
prefrontal cortex and cerebellum relative to the control group (p<0.05). Both low dose and high dose permethrin presented
with significantly reduced catalase activities in the hippocampus relative to the control group (p<0.05). MDA was used as a
marker of lipid peroxidation. The analysis showed that high dose permethrin induced lipid peroxidation in the prefrontal
cortex as the level of MDA in this brain region was significantly higher compared with the control (p<0.05). Although MDA
levels in hippocampal and cerebellar homogenates increased with increasing permethrin dosage, this was not statistically
significant (p>0.05) (Figure 2).

Effects of permethrin exposure on histoarchitecture and Nissl profile of prefrontal cortex, dentate gyrus of hippocampus
and cerebellum

Observation of the prefrontal cortex, hippocampus and cerebellum showed apparently normal histomorphology in
the control rats (Figure 3). The prefrontal cortex showed external granular layer with fine granule cells with intact neuropil
and deeply stained nuclei. Permethrin-treated rats revealed mild cortical alterations with the presence of increased
perinuclear spaces in the low dose group and reduced cellular density in the high dose group. The dentate gyrus of the
control group showed a densely packed granular layer transiting into the outer molecular layer characterized by cellular
paucity. Despite the striking similarities between the histoarchitectural presentations of the dentate gyrus of the permethrin-
treated groups with that of the control, there were fragmentations in the histology of the permethrin-treated groups. The
cerebellar cortex of the control and low dose group showed that the granular and molecular layers were well delineated by
the Purkinje layer. However, the Purkinje layer of the cerebellar cortex of rats treated with high permethrin dose was almost
completely obliterated, with marked degeneration of Purkinje cells, leaving a widened space between the granular and

Table 1. Body and brain weights

G Final body Initial body Body weight Prefrontal cortical Hippocampal Cerebellar
roups
P weight (g) weight (g) difference (g) weight (g) weight (g) weight (g)
Control 159.6+0.4 134.6+0.4 25.0 0.253+0.028 0.426+0.054 0.20+0.1725
Permethrin 156.2+0.2 136.2+0.2 200 0.281:0.075 0.506+0.031 0.39:0.0876
(500 mg/kg)
Permethrin
153.440.4 135.0+0.4 18.4 0.355+0.072 0.438+0.077 0.49+0.0296*
(1000 mg/kg)

*Statistically significant increase in cerebellar weight compared with control (p<0.05). Data express as mean + standard error (SEM) (n=5).
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molecular layers. Furthermore, Nissl profiling of the three brain areas was assessed. Permethrin induced chromatolytic
changes in all the three brain regions examined. High dose permethrin led to the development of central chromatolysis in
the pyramidal cells of the prefrontal cortex, granule cells of the dentate gyrus and the Purkinje cells of the cerebellum (Figure
4). This finding suggested that high dose permethrin treatment has chromatolytic effects which may progress to cell death
and neurodegeneration if the neurotoxicant was not withdrawn (Figure 5 and Figure 6A).
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Figure 1. Outcome of behavioral analyses of animals after being exposed. Behavioral paradigm of memory (Al:
escape latency period, and A2: % correct alternation), spatial exploration (Bl: centered square entry, and B2:
rearing frequency), anxiety (C1: time spent in the dark chamber, and C2: freezing duration) and locomotion (D1:
latency of turning, and D2: number of lines crossed). High dose of permethrin (1000 mg/kg) significantly
increased the escape latency period and reduced the % correct alternation relative to the control group in the

Morris water maze and Y maze, respectively.
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Figure 2. Activities of superoxide dismutase (SOD; A1-A3), catalase (CAT; B1-B3), glutathione peroxidase (GPx;
C1-C3) and lipid peroxidation using malon-dialdehyde (MDA; D1-D3) in the prefrontal cortex, hippo-campus
and cerebellum. Permethrin showed dose-dependent affectation of the activities of these enzymes in almost all
parts of the brain. Permethrin significantly depleted the levels of CAT in all three brain regions when compared
to the control while increasing MDA in the prefrontal cortex.

*p<0.05, **p <0.01.
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Figure 3. Representative photomicrographs of the cerebellum, prefrontal cortex and hippocampus of animals
that received standard diet (control), low dose permethrin diet (500 mg/kg) and high dose permethrin diet (1000
mg/kg). The control presented with the typical histomorphology of the three brain regions. The cerebellar cortex
showed densely packed internal granular layer separated from the external molecular layer by a single-celled
layer of Purkinje cells (black arrow) in the control section, while the low dose group revealed a reduced staining
intensity of Purkinje cells. The Purkinje layer was markedly destroyed in the high dose group, with possible
absence of Purkinje cells (red arrows), and the cellular density in the molecular layer was reduced. The prefrontal
cortex showed external granular layer made up of fine granule cells (black arrow), with increased perinuclear
spaces in the low dose group and reduction in cell population in the high dose group. The dentate gyrus of the
hippocampus revealed densely and finely packed granule cells (control; black arrow), however, cellular density
reduced in permethrin-treated rats with increased intercellular spaces, and cellular arrangement was
disorganized especially in the high dose group (Hematoxylin and Eosin; Scale bar: 25 um).
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Figure 4. Representative photomicrographs of Nissl profile of cerebellum, prefrontal cortex and dentate gyrus of
experimental animals treated with standard diet (control), low dose permethrin (500 mg/kg) and high dose
permethrin (1000 mg/kg). The control animals presented with typical Nissl staining intensity across the three
brain regions. The neurons were deeply stained (black arrows) and well situated in their respective neuropils.
The low dose and high dose treated groups presented with chromatolytic cells (red arrows). The dentate gyrus
of the high dose group particularly appeared poorly stained (Cresyl fast violet; Scale bar is 25 um).
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Figure 5. Representative photomicrographs of the cerebellum, prefrontal cortex and hippocampus of
experimental animals treated with standard diet (control), low dose permethrin (500 mg/kg) and high dose
permethrin (1000 mg/kg) showing anti-GFAP immunopositivity (red arrow) and nuclei of inherent neurons as
counterstained by hematoxylin (black arrow) (scale bar: 25 um).

A, B

@ &

B 6. 1

% .

N :

E s
o

c 15 .

@l Control
ié. @@ S00mgkg
£ £ 104 B8 1000mgkg
1
c
Zg 5
gE

04
Cerebelum PFC Hppocampus

Figure 6. Cell counting using Image-] software. A, B and C represented Nissl profile, anti-GFAP
immunopositivity and anti-synaptophysin immune-positivity, respectively.

*.

p<0.05.

Glial activation and reduced expression of the synaptic vesicular protein in the prefrontal cortex, hippocampus and

cerebellum following permethrin exposure

To further elucidate the possible effects of permethrin on the aforementioned three brain regions, we characterized
activated astroglia and synaptophysin. High dose permethrin significantly increased the expression of activated astroglial
cells. The hypertrophied immunopositive cells were well expressed in the molecular layer of the cerebellum as well as the
external pyramidal layer of the prefrontal cortex. Following automated cell counting, anti-GFAP immunopositivity in the
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Figure 7. Representative photomicrographs of the cerebellum, prefrontal cortex and hippocampus of
experimental animals treated with standard diet (control), low dose permethrin (500 mg/kg) and high dose
permethrin (1000 mg/kg) showing anti-synaptophysin immunopositivity (red arrow) and nuclei of other
neuronal cells as counterstained by hematoxylin (black arrow). (Scale bar: 25 um)

hippocampus of permethrin-treated rats was not significantly high, unlike in the prefrontal and cerebellar cortices where
there was a significant increase in the expression of these cells (Figure 5 and Figure 6B). Synaptophysin is a structural protein
expressed by vesicles at synaptic terminals; hence, a pathological modification or downregulation of this protein will result
in the compromise of structural and functional integrity of synaptic transport vesicles. Analysis of expression of this synaptic
protein showed an inverse relationship between synaptophysin and dose of permethrin such that the cellular
immunopositivity reduced as the dose increased. However, following automated synaptophysin polarity, there was dose-
dependent reduction in immunopositive cells across the groups, but this was not statistically significant (p>0.05) (Figure 6C
and Figure 7).

Discussion

The increase in the use of permethrin as a pesticide to manage household insects that constitute nuisance and pose
health risk such as malaria is alarming [26, 27]. Despite being a very effective insecticide/pesticide [28, 29], there are
increasing evidences on the toxicity tendency of permethrin [30-32]. Several studies have noted the health hazard associated
with uncontrolled exposure to permethrin ranging from lymphocyte toxicity to teratogenesis [33, 34]. However, there is
paucity of information on its neurotoxicity and behavioral manifestation following exposure to permethrin. This study
characterized the effects of permethrin on body weight changes, oxidative stress, lipid peroxidation, histomorphology and
Nissl profile of the hippocampus, prefrontal and cerebellar cortices.

Permethrin exposure induced a dose-dependent reduction in body weight in experimental animals. Although the
exact mechanism through which permethrin causes weight loss is not fully clear, it has been suggested that the weight loss
can possibly be associated with increase basal metabolic rate in the animals [35]. However, in the current study, there was
increase in the weights of the brain areas assessed in the treated animals. Due to the insult on the brain following permethrin
neurotoxicity, there is an increase in the metabolic activity of astrocytes which normally respond to brain injury as a form
of defense mechanism [36]. Astrocytes become activated and undergo morphological changes, including increased cellular
proliferation and hypertrophy (reactive astrogliosis). This increase in cell mass and size in the brain regions could contribute
to the weight increase observed in the brain.

Exposure to permethrin perturbed the normal working and spatial memory indices in a differential manner.
Animals exposed to permethrin presented with lower percentage correct alternation in the Y-maze and higher escape
latency period in the Morris water maze. Furthermore, permethrin presented with anxiogenic properties. We deduced this
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from the poor open field exploration and spending of longer time in the dark hole in the black and white box by animals
exposed to permethrin. Locomotory activities of the permethrin-treated animals were not significantly altered, however,
animals exposed to higher dose of permethrin had poorer locomotory index in the negative geotaxis behavioral paradigm.
All these changes in the behavioral manifestation revealed that the key brain areas involved in processing and execution
may have been compromised neurochemically or structurally, thereby affecting their normal physiology. There is a striking
evidence that permethrin induces neuroinflammation in brain areas involved in memory processing, formation and
consolidation [26]. An earlier study also established the ability of permethrin to induce inflammation, thereby affecting the
normal physiology [31]. There is a direct link between neuroinflammation and cognitive decline [37-39]. This explains one
of the likely mechanisms through which permethrin affects behavior.

Aside from neuroinflammation, oxidative stress has a direct association with cognitive decline [40, 41]. Hence,
this study further investigated the neurotoxic tendencies of permethrin on the antioxidant status of brain regions using SOD,
GPx and CAT as biomarkers. These enzymes are in the frontline of antioxidant defense system [42, 43]. Findings showed
that permethrin affected the activities of these enzymes in a dose-dependent pattern across the three brain regions, such
that the higher the dose of permethrin, the lower the enzyme activities. The implication of this is that permethrin induces
oxidative stress thereby exacerbating the levels of reactive singlet and triplet oxygen species [42, 44-46]. This finding
suggests that permethrin mediated its neurotoxicity by enhancing the generation of these reactive oxygen species to a point
where the intrinsic antioxidant defense system becomes overwhelmed and ultimately compromised [47-49]. Several studies
have previously underlined the toxicity of permethrin through oxidative stress [50-54]. As stated by Gargouri et al. [26],
permethrin induces neuronal damage, changes redox state, and causes neuroinflammation in the hippocampus. One of the
resultant effects of excessive reactive oxygen species (ROS) generation is lipid peroxidation [55]. The assessment of MDA, a
by-product of lipid peroxidation, revealed an increase in the level of this metabolite in all three brain regions. Excess reactive
species scavenge electrons from the polyunsaturated lipid bilayer of the neuronal membrane thereby compromising the
structural integrity of cells within the brain and consequently initiates a cascade of chemical events that result into cell death
and ultimately neurodegeneration [56, 57].

Although permethrin was administered for a 14-day period in this study, morphological alterations were

observed in the hippocampus and prefrontal and cerebellar cortices. Some of these changes, including the degenerative and
chromatolytic changes, were the consequence of assaults to cells and tissues of different brain regions arising from
neurochemical and oxidative disruptions. The compromised structural integrity of the prefrontal cortex, hippocampus and
cerebellum is capable of affecting vital neurologic functions of these brain regions leading to behavioral deficits.
Reactive astrocytosis is an expected phenomenon following brain injury [36]. All brain regions assessed demonstrated
significant astrocytic reactivity with high dose permethrin, but of note is the marked immunoreactivity recorded in the
prefrontal and cerebellar cortices. Deterioration in cognitive functions is a hallmark of synaptic pathology seen in several
neurologic disorders, such as Alzheimer’s disease, amyotrophic lateral sclerosis and Parkinson's disease [58-60], and
oxidative stress and lipid peroxidation have been identified as part of a common pathophysiology of these
neurodegenerative conditions [11, 59]. The findings above correlated well with the depressed endogenous oxidative status
that followed permethrin toxicity, and the oxidative stress has been suggested to be part of the pathophysiology of
neurologic conditions associated with neurotoxicity [59].

Conclusions

Permethrin toxicity causes cognitive deficits and remarkable alteration in brain morphology and neurochemistry
by inducing oxidative damage and lipid peroxidation. Hence, much caution should be exercised when used for any purpose
to avoid contact.
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