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Abstract This study is focused on understanding the
mechanism of neurobehavioral toxicity of lambda-cyhaloth-
rin, a new generation type II synthetic pyrethroid in devel-
oping rats following their exposure from post-lactational day
(PLD)22 to PLD49 and investigate whether neurobehavioral
alterations are transient or persistent. Post-lactational expo-
sure to lambda-cyhalothrin (1.0 or 3.0 mg/kg body weight,
p.o.) affected grip strength and learning activity in rats on
PLDS50 and the persistent impairment of grip strength and
learning was observed at 15 days after withdrawal of exposure
on PLD65. A decrease in the binding of muscarinic—cholin-
ergic receptors in frontocortical, hippocampal, and cerebellar
membranes associated with decreased expression of choline
acetyltransferase (ChAT) and acetylcholinesterase (AChE) in
hippocampus was observed following exposure to lambda-
cyhalothrin on PLD50 and PLD65. Exposure to lambda-
cyhalothrin was also found to increase the expression of
growth-associated protein-43 in hippocampus of rats on
PLD50 and PLD65 as compared to controls. A significant
increase in lipid peroxidation and protein carbonyl levels and
decreased levels of reduced glutathione and activity of
superoxide dismutase, catalase, and glutathione peroxidase in
brain regions of lambda-cyhalothrin exposed rats were
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distinctly observed indicating increased oxidative stress.
Inhibition of ChAT and AChE activity may cause down-
regulation of muscarinic—cholinergic receptors consequently
impairing learning activity in developing rats exposed to
lambda-cyhalothrin. The data further indicate that long-term
exposure to lambda-cyhalothrin at low doses may be detri-
mental and changes in selected behavioral and neurochemical
end points may persist if exposure to lambda-cyhalothrin
continues.

Keywords Lambda-cyhalothrin - Rat brain -
Muscarinic—cholinergic receptors - Oxidative stress -
ChAT immunoreactivity

Introduction

Use of synthetic pyrethroids has significantly increased as
compared to organochlorine and organophosphorus insec-
ticides due to their high bioefficacy, easy biodegradability,
and photostability (Kale et al. 1999; Fetoui et al. 2008;
Jurisic et al. 2010). It has been estimated that over 520 ton
of active ingredients of synthetic pyrethroids are used
annually all over the world in the vector control program
alone (Kumar et al. 2009). Based on the differences in the
structure and signs of acute toxicity, pyrethroids are clas-
sified into two classes—type I and type II (Narahashi 1996;
Soderlund et al. 2002; Wolansky et al. 2006; Hossain and
Richardson 2011). Type II pyrethroids unlike type I have
o-cyano group attached to alcohol moiety. Besides, type I
pyrethroids produce T syndrome associated with whole
body tremors, hyperexcitation, convulsions, ataxia, etc. On
the other hand, choreoathetosis, salivation, hyperactivity,
and paralysis are the characteristic symptoms of CS syn-
drome, produced by type II pyrethroids (Narahashi 1996).
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Lambda-cyhalothrin, a new generation type II synthetic
pyrethroid, has extensive uses in controlling a wide range
of insects and pests both in food and in non-food crops
(Mathirajan et al. 2000; Kroeger et al. 2003; Fetoui et al.
2008, 2009; Seenivasan and Muraleedharan 2009). Use of
lambda-cyhalothrin in public health program to control
vectors particularly mosquitoes, cockroaches, flies, etc.,
and also in veterinary practices is quite common (Amweg
et al. 2005; Spurlock and Lee 2008; Fetoui et al. 2008).
Residues of lambda-cyhalothrin have been found to be
present in vegetables and fruits (Amoah et al. 2006;
Mohapatra and Ahuja 2010; Turgut et al. 2011), milk and
blood of dairy cows (Bissacot and Vassilieff 1997), and
also in cattle meat (Muhammad et al. 2010). Placental
transfer of lambda-cyhalothrin has been observed in goats
(Oliveira et al. 2000). Persistence of lambda-cyhalothrin on
different indoor surfaces, especially while using it against
malaria vectors in malaria epidemic-prone areas, has been
reported (Mulambalah et al. 2010). Intense and continuous
usage of pesticides may enhance their levels in the envi-
ronment and thus increases the risk of human exposure
including growing children. Due to high usage of lambda-
cyhalothrin, non-target organisms including mammals and
aquatic invertebrates have been reported to be extremely
sensitive to its neurotoxic effects (Amweg et al. 2006; Gu
et al. 2007; Lawler et al. 2007; Wang et al. 2007).

Of the various organs in the body, the brain is more sen-
sitive to pesticides including synthetic pyrethroids. Under-
standing the mechanisms of neurotoxicity of pyrethroids
therefore has been a subject of interest and reviewed by many
investigators (Narahashi 1996; Bradberry et al. 2005; Shafer
etal. 2005; Hossain and Richardson 2011). Prolonged opening
of voltage sensitive sodium channels by disrupting their gating
characteristics associated with depolarization and repetitive
firing is the primary mechanism of neurotoxicity of pyre-
throids (Narahashi 1996; Hossain and Richardson 2011). It
has been found that type II pyrethroids hold the channel open
for a longer time as compared to type I pyrethroids (Bradberry
et al. 2005). Besides affecting the sodium channels, pyre-
throids may also affect chloride channels, GABA 4 recep-
tors, voltage-gated calcium channels, and mitochondrial
electron transport chain (Narahashi 1996; Breckenridge
et al. 2009). Increased oxidative stress in the brain of rats
exposed to lambda-cyhalothrin has been reported (El-
Demerdash 2007; Fetoui et al. 2008). Numerous studies
have shown that exposure to cyhalothrin may affect the
functioning of the central nervous system by modulating
the neurotransmitters (Hossain et al. 2004, 2005, 2006;
Nasuti et al. 2007; Wolansky and Harrill 2008). However,
the impact of lambda-cyhalothrin on the brain cholinergic
receptors which play an important role in modulating
learning and memory and other behaviors is not understood.
While exposure to lambda-cyhalothrin at low doses is quite

likely to occur, most of these studies on cyhalothrin or
lambda-cyhalothrin have been carried out at a high dose for
a short period (Hossain et al. 2004, 2005, 2006; El-Dem-
erdash 2007). Neurotoxicity of lambda-cyhalothrin in
developing rats is not well understood. Exposure to lambda-
cyhalothrin could occur during early period of brain
development which starts pre-natally and continue till early
post-lactational life. Further, developmental period is
considered vulnerable to neurotoxic insults as it may have
long-lasting neurobehavioral effects (Schroeder 2000; Ju-
lvez and Grandjean 2009; Miodovnik 2011; Landrigan and
Miodovnik 2011).

In view of the increasing usage of lambda-cyhalothrin,
the risk of human exposure is quite imminent. This study,
has therefore, been carried out following post-lactational
exposure of rats to lambda-cyhalothrin from PLD22 to
PLD49 and the effect on brain cholinergic system and
functional alterations associated with them have been
studied on PLDS50. Involvement of oxidative stress in the
neurotoxicity of lambda-cyhalothrin has also been studied.
To further find out whether these changes are transient or
persistent, the effect on selected neurobehavioral end
points was studied 15 days after withdrawal of lambda-
cyhalothrin exposure.

Materials and Methods
Animals and Treatment

Female rats of Wistar strain (21 days old, PLD21) weigh-
ing around 24 4 2 g, obtained from the central animal
house of CSIR-Indian Institute of Toxicology Research
(CSIR-IITR), Lucknow were used in the study. Rats were
housed in an air-conditioned room at 25 + 2°C with a 12-h
light/dark cycle under standard hygiene conditions and had
free access to pellet diet (Ashirwad Industries, Chandigarh,
India) and water ad libitum. The experimental protocol was
approved by the institutional animal ethics committee of
CSIR-IITR, Lucknow, and all the experimental procedures
were carried out in accordance with the guidelines laid
down by the committee for the purpose of control and
supervision of experiments on animals, Ministry of Envi-
ronment and Forests (Government of India), New Delhi,
India. Rats were divided into three groups and on PLD22,
rats in two groups were administered lambda-cyhalothrin
(Syngenta, India, 5% EC, suspended in corn oil) daily at
either of the doses (1.0 or 3.0 mg/kg body weight, p.o.) till
PLDA49. The third group of rats was administered corn oil
in an identical manner and served as control. Effect on
behavioral parameters—grip strength and learning abil-
ity—was studied on PLD50. A separate set of rats was
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sacrificed on PLD50 for neurochemical and immunohis-
tochemical assays. Brains were removed and processed for
biochemical assay. To study whether neurobehavioral
changes are transient or persistent, a set of rats was left to
investigate behavioral, neurochemical, and immunohisto-
chemical end points on PLDG65.

Although lambda-cyhalothrin has been found to be
present in shallow ground water in the cotton-growing
areas (Tariq et al. 2004), river sediments (Miranda et al.
2008), and persist in the top layer of the sandy loam soil in
lysimeter studies (Tariq et al. 2006), there is no data of
actual levels of lambda-cyhalothrin in the environment.
High levels detected in the food materials and breast milk
are the chief source of human exposure including devel-
oping children and infants (WHO 1990; Feo et al. 2012).
Acute effects of cyhalothrin/lambda-cyhalothrin have been
studied at doses ranging from 10 to 80 mg/kg body weight
in experimental studies on rats (Hossain et al. 2004, 2005,
2006; Mate et al. 2010) while the effects of repeated
exposure to lambda-cyhalothrin on genotoxicity, neuro-
toxicity, developmental/reproductive toxicity have been
studied at doses from 0.8 to 61.2 mg/kg body weight in rats
(Celik et al. 2003, 2005; Martinez-Larrafiaga et al. 2003;
Ratnasooriya et al. 2003; Fetoui et al. 2008). In this study,
selection of doses (1.0 and 3.0 mg/kg body weight) which
are 1/60th and 1/20th, respectively, of LD50 of lambda-
cyhalothrin was based on the no observable adverse effect
level, reported to be 2.5 mg/kg body weight in a 90-day
oral study on rats (WHO 1990, Pesticide Tolerance 1998).

Behavioral Studies
Grip Strength

Forelimb grip strength was measured in the control and the
treated rats using a computerized grip strength meter (TSE,
Germany) following the standard procedure (Terry et al.
2003). Rats were gently held by the nape of the neck and
base of the tail. The forelimbs of the rat were placed on the
tension bar. Followed by this, the rat was pulled back
gently until it released the bar and the reading was auto-
matically recorded on the computer. Individual animals
were exposed to five successive pulls by a person unaware
of their treatment status. The mean of all the values was
taken and processed for statistical analysis.

Learning Ability

The learning ability of rats was measured by assessing con-
ditioned avoidance response (CAR) using a shuttle box
apparatus (Techno, India) following the standard protocol
(Moreira et al. 2001) with minor modification. Briefly, rats
from the control and the lambda-cyhalothrin-treated groups
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were placed individually in one chamber of the shuttle box
and habituated for 5 min. A conditioned stimulus was given
in the form of a buzzer for 10 s followed by a buzzer and foot
shock (0.5 mA) for 10 s. All the rats in the control and
treated groups were subjected to 20 trials per day for 3 days.
The intertrial interval was 1 min. Assessment of CAR was
started on PLD48 and data of the final day on PLD50 has
been included in the results. Similarly, to asses the effect of
withdrawal of lambda-cyhalothrin exposure on the learning,
assessment of CAR was started on PLD63 and the data of
PLD65 has been included in the results. The CAR represents
the cognitive ability of rats and was considered positive if the
rats jumped to a shock-free chamber to avoid the foot shock
and was calculated in terms of percentage out of 20 trials. Of
the 20 trials per day, the total number of avoidances and the
number of trials for the first avoidance were recorded for
each rat. The percentage of CAR was calculated dividing the
total number of avoidances by the total number of trials (20)
and multiplied by 100 in each case.

Neurochemical Studies

For neurochemical studies, rats were sacrificed by cervical
dislocation and the brains were removed rapidly and placed
on ice. The brain was dissected into specific regions
(frontal cortex, corpus striatum, hippocampus, and cere-
bellum) following the standard procedure (Glowinski and
Iversen 1966). The brain regions were stored at —80°C for
the assay of neurotransmitter receptors and the other set
processed for the assay of oxidative stress parameters.

Assay of Acetylcholinesterase Activity in Selected Brain
Regions

Activity of acetylcholinesterase was assayed following the
method of Ellman et al. (1961) using acetylthiocholine
iodide as a substrate and 5,5’-dithiobis-2 nitrobenzoic acid
(DTNB) as the coloring agent. Briefly, the reaction mixture
in a final volume of 1.0 ml contained phosphate buffer
(0.1 M, pH 7.4), post-mitrochondrial fraction of brain
regions (frontal cortex, hippocampus, and cerebellum) con-
taining around 15-20 pg protein, acetylthiocholine iodide
(ACTI), and DTNB (5 mM). The degradation of acetylthi-
ocholine iodide was measured at 412 nm and the results are
expressed as pmol ACTI hydrolysed/mg protein.

Assay of Muscarinic—Cholinergic Receptors in Selected
Brain Regions

The assay of muscarinic—cholinergic receptors in frontal
cortex, hippocampus, and cerebellum was carried out by
the radioligand receptor binding assay following the stan-
dard procedure (Khanna et al. 1994). Briefly, crude
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synaptic membrane was prepared by homogenizing the
brain regions (frontal cortex, hippocampus, and cerebel-
lum) in 19 volumes of Tris—HCI buffer (5 mM, pH 7.4).
The homogenate was centrifuged at 40,000x g for 15 min
at 4°C. The sedimented pellet was washed twice by
resuspending in homogenization buffer and recentrifuged
at the same speed for 15 min at 4°C. Finally, the pellet was
suspended in Tris—HCI buffer (40 mM, pH 7.4) and stored
at —20°C for binding assays.

Binding incubations in a final volume of 1.0 ml were
carried out in triplicate. For the assay of muscarinic—cho-
linergic receptors, 3H-QNB (42 Ci/mmol, Perkin Elmer,
USA) was used as a radioligand. To assess the extent of
non-specific binding, atropine sulfate (1 x 107° M) was
used as a competitor. The reaction mixture in a final vol-
ume of 1 ml containing buffer (40 mM Tris—HCI, pH 7.4),
together with membrane protein (300400 pg) and
*H-QNB (1 x 107 M) radioligand was incubated for
15 min at 37°C in the presence or in the absence of atropine
sulfate. At the end of incubation, contents of the binding
tubes were immediately filtered on glass fiber discs (25 mm
diameter, 1.0 um pore size, Whatman GF/B) and washed
twice rapidly with 5 ml chilled Tris—HCI buffer (40 mM,
pH 7.4). Filters were dried and transferred into vials and
scintillation mixture containing 2,5-diphenyl oxazole; 1,4-
bis-5, phenyloxazolyl-benzene; naphthalene; toluene;
methanol; and 1,4-dioxane added to it. The radioactivity was
counted on f-scintillation counter (Packard, USA) at an
efficiency of 30-40% for *H to determine membrane bound
radioactivity. The specific binding was calculated by sub-
tracting the non-specific binding (in the presence of atropine
sulfate) from the total binding (in the absence of atropine
sulfate). Specific binding has been expressed as picomoles
ligand bound/g protein. Scatchard analysis was carried out at
varying concentrations of radioligands (generally 1/10 to 10
times of the affinity) to ascertain whether change in the
binding is due to alteration in the affinity (K4) or number of
receptor binding sites (Bpax)-

Oxidative Stress

To assess the extent of oxidative stress following exposure
to lambda-cyhalothrin, estimation of lipid peroxidation,
protein carbonyl, and reduced glutathione levels and assay
of activity of superoxide dismutase, catalase, and gluta-
thione peroxidase was carried out in brain regions.

Assay of Lipid Peroxidation, Protein Carbonyl,
and Reduced Glutathione Levels in Selected Brain Regions
of Rats

As a measure of malondialdehyde (MDA) formation, levels
of thiobarbituric acid reactive substances (TBARS) were

estimated following the method of Ohkawa et al. (1979).
Briefly, homogenate of brain regions in 0.1 M phosphate-
buffered saline (10% w/v) was incubated with 8.1%
sodium dodecyl sulfate (SDS, w/v) for 10 min at room
temperature followed by the addition of 20% acetic acid.
Thiobarbituric acid (TBA, 0.8%, w/v) was added in the
reaction mixture after vortexing the contents of the tube.
The tubes were kept in a boiling water bath for 1 h and the
intensity of pink color (chromogen) formed during the
reaction was read at 532 nm. The amount of TBARS was
calculated using a molar extinction -coefficient of
1.56 x 10° m ecm™".

Protein carbonyl content in brain regions was measured
following the method of Levine et al. (1990) using
2,4-dinitrophenylhydrazine (DNPH) as a substrate. The
difference in absorbance between the DNPH-treated and
the HCl-treated samples was determined spectrophoto-
metrically at 375 nm and the amount of carbonyl contents
(C) was calculated using a molar extinction coefficient (¢)
of 22.0 mM ™' cm™" for aliphatic hydrazones.

Levels of reduced glutathione were measured in brain
regions (frontal cortex, corpus striatum, hippocampus, and
cerebellum) following the method of Hasan and Haider
(1989). Briefly, 10% homogenate was deproteinized with
an equal volume of trichloroacetic acid (TCA, 10%) and
allowed to stand at 4°C for 1 h. The contents were cen-
trifuged at 3,000xg for 15 min. The supernatant (0.5 ml)
was added to 2 ml of Tris buffer (0.4 mM, pH 8.9) con-
taining EDTA (0.02 M) followed by the addition of DTNB
(0.01 M). The volume was made up to 3 ml by addition of
0.5 ml of distilled water and absorbance of yellow color
read on a spectrophotometer at 412 nm. The results are
expressed as g GSH/g tissue.

Assay of Superoxide Dismutase, Catalase, and Glutathione
Peroxidase Activity in Selected Brain Regions of Rats

Rat brain mitochondria were isolated following the pro-
cedure as described by Stahl et al. (1963). Briefly, the
dissected brain regions were homogenized (10% w/v) in
ice-cold buffer containing Tris—HCl (10 mM, pH 7.4),
sucrose (320 mM), EDTA (5 mM), and BSA (0.1%). The
homogenate was centrifuged at 1,000x g for 15 min at 4°C.
The pellets were discarded and the supernatant was further
centrifuged at 14,000x g for 15 min at 4°C. The superna-
tant, post-mitochondrial fraction was separated and pre-
served. Crude mitochondrial pellets were separated and
washed with buffer and resuspended in Tris—HCI buffer
(10 mM, pH 7.4) containing sucrose (0.44 M) and used for
the assay of the activity of superoxide dismutase. Activity
of superoxide dismutase was measured in the mitochon-
drial fraction using NADH as a substrate, following the
method of Kakkar et al. (1984). The superoxide dismutase
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activity has been expressed in units/mg protein. One unit of
the enzyme is the amount required to inhibit the rate of
chromogen formation by 50%.

The activity of catalase in brain regions was measured
spectrophotometrically in post-mitochondrial fraction using
hydrogen peroxide (H,O,) as substrate following the
method of Aebi (1984). The activity is expressed in Lmol/mg
protein.

The activity of glutathione peroxidase in brain regions
was measured by the method of Flohe and Gunzler (1984).
Briefly, 5% homogenate of brain regions (prepared in
phosphate buffer, 0.1 M, pH 7.4) was centrifuged at
1,500x g for 10 min at 4°C. The supernatant was trans-
ferred in another tube and centrifuged at 10,000xg for
30 min at 4°C. The supernatant thus obtained was used for
the assay of glutathione peroxidase activity. Reaction
mixture in a final volume of 1 ml containing phosphate
buffer (0.1 M, pH 7.4), reduced glutathione (2 mM),
sodium azide (10 mM), H,O, (1 mM), and enzyme prep-
aration was incubated at 37°C for 15 min. The reaction was
stopped by the addition of 0.5 ml TCA. The tubes were
centrifuged at 1,500x g for 5 min for the protein to settle.
Following this the supernatant was added into another tube
containing 0.2 ml of phosphate buffer (0.1 M, pH 7.4) and
0.7 ml of DTNB (0.4 mg/ml). The reaction mixture was
vortexed and absorbance was recorded at 420 nm. The
values are expressed as nmol GSH oxidised/mg protein.

Western Blotting

Expression of choline acetyltransferase in hippocampus
was assayed following the method of Jamal et al. (2007).
Briefly, the brain regions were homogenized in RIPA
buffer containing Tris—=HCl (50 mM, pH 6.8), NaCl
(150 mM), sodium deoxycholate (0.5%), SDS (0.1%),
protease inhibitor, and triton-100X (1%) and centrifuged at
12,000x g for 15 min at 4°C to remove insoluble material.
The pellets were discarded and supernatant further mixed
with loading buffer containing Tris—HCI (60 mM, pH 6.8),
SDS (2%), glycerol (10%), f-mercaptoethanol (5%), bro-
mophenol blue (0.01%) and boiled for 5-7 min. The pre-
pared samples (30 pg protein/lane) were electrophoresed
on 12% SDS-PAGE, electroblotted on to nitrocellulose
membranes (Millipore, USA) and blocked with blocking
buffer (Western blocker solution”" Sigma, USA). After
subsequent washing, the blots were incubated with primary
antibody (Anti-ChAT, Sigma, USA, 1:2000) for 24 h at
4°C followed by incubation with horseradish peroxidase-
linked secondary antibody (anti-mouse IgG, 1:4,000) at
room temperature for 60 min. After the incubation, blots
were washed and developed using an immobilon western
chemiluminescent HRP substrate (Millipore, USA) fol-
lowing the recommended procedure. f-actin was probed as
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an internal control and used to confirm that an equal
amount of protein was loaded in each lane. A digital gel
image analysis system (VersaDoc, Model 1000, Bio Rad,
Quantity 1) was used for semi-quantification of ChAT
immunoreactivity.

Protein Estimation

Protein concentration in sample homogenates was mea-
sured following the method of Lowry et al. (1951) using
bovine serum albumin (BSA) as the reference standard.

Immunohistochemistry

Immunohistochemical studies were carried out following the
method of Goslin et al. (1990). Briefly, rats were anesthetized
using ketamine/xylazine (37.5 mg/kg/5 mg/kg body weight,
i.p.) and perfused with 150 ml of phosphate-buffered saline
(PBS, 0.1 M, pH 7.4) followed by 250 ml of ice-cold 4%
paraformaldehyde in PBS for fixation of tissues. Brains were
removed and post-fixed in 10% paraformaldehyde in PBS and
samples were kept in 10, 20, and 30% (w/v) sucrose in PBS.
Serial coronal sections of 20-um thickness were cut on a
cryomicrotome (Microm HM 520, Labcon, Germany), incu-
bated with primary [anti-choline acetyltransferase, anti-acet-
ylcholinesterase, anti-growth-associated protein (anti-GAP)-
43, Sigma, USA, 1:200] and secondary antibodies (biotinyl-
ated peroxidase linked, Sigma USA, 1:400) and processed as
per protocol. The intensity of choline acetyltransferase, ace-
tylcholinesterase, and GAP-43 positive neurons in the hip-
pocampal region of the brain was determined using a
computerized image analysis system (Leica Qwin 500 image
analysis software) as described by Shingo et al. (2002).

Statistical Analysis

The data have been analyzed using one-way analysis of
variance followed by Newman—Keuls test for multiple pair
wise comparisons among various groups. All values have
been expressed as mean == SEM. Value up to p < 0.05 has
been considered significant.

Results

No apparent signs and symptoms of toxicity were observed
in rats during their exposure to lambda-cyhalothrin.
Behavioral, neurochemical, and immunohistochemical
studies in lambda-cyhalothrin exposed and control rats
were carried out on PLD50 and PLD65 and the results are
presented below,
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Behavioral Studies

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Grip Strength of Rats

Fore limb grip strength was monitored following exposure
of rats from PLD22 to PLD49 to lambda-cyhalothrin (1.0
or 3.0 mg/kg body weight) to assess the effect on muscle
weakness and results are presented in Fig. 1. A significant
decrease in the forelimb grip strength (26%, p < 0.05) was
observed in rats on PLD50 following exposure to lambda-
cyhalothrin at the higher dose (3.0 mg/kg body weight) as
compared to controls (Fig. 1A). The decrease (15%,
p < 0.05) in the grip strength due to lambda-cyhalothrin
exposure was found to persist for 15 days after withdrawal
of exposure on PLD65 in comparison to respective con-
trols. No significant change in grip strength was observed
in rats exposed to lambda-cyhalothrin at the lower dose
(1.0 mg/kg body weight) both on PLD50 and PLD65 as
compared to respective controls (Fig. 1B).

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Learning of Rats

A significant impairment in the learning (23%, p < 0.01;
43%, p < 0.001) was observed in rats exposed to lambda-
cyhalothrin on PLDS50 (Fig. 2A). The decrease in the
learning was more marked in rats exposed to lambda-cy-
halothrin at the higher dose and remained persistent (26%,
p < 0.05) in these rats even 15 days after withdrawal of
exposure on PLD65 (Fig. 2B). No significant effect in
the learning was observed in rats exposed to lambda-

Control
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400 -

Pound

300 -

200 -

100 -

[ LCT 1.0 mg/kg
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Fig. 1 Effect on grip strength following post-lactational exposure of
rats to lambda-cyhalothrin. Rats were exposed to lambda-cyhalothrin
(1.0 or 3.0 mg/kg body weight/day, p.o.) from PLD22 to PLD49.
Effect on grip strength studied 28 days after exposure to lambda-
cyhalothrin on PLD50 (at end of treatment) (A). To assess whether
changes are transient or persistent, effect on grip strength was also

cyhalothrin at the lower dose (1.0 mg/kg body weight) on
PLD65 in comparison to respective controls (Fig. 2B).

Neurochemical Studies

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Acetylcholinesterase Activity in Selected
Brain Regions of Rats

Exposure of rats to lambda-cyhalothrin caused a significant
decrease in the activity of acetylcholinesterase, an enzyme
involved in the metabolism of acetylcholine in frontal
cortex (17%, p < 0.05; 38%, p < 0.001), hippocampus
(24%, p < 0.05; 51%, p < 0.001), and cerebellum (15%,
p > 0.05; 26%, p < 0.05) on PLD50 as compared to con-
trols (Fig. 3). The decrease in the activity of acetylcho-
linesterase was more marked in rats exposed to lambda-
cyhalothrin at the higher dose. Although a trend of
recovery in the activity of acetylcholinesterase in lambda-
cyhalothrin-treated rats was observed 15 days after with-
drawal of exposure, it remained decreased in the frontal
cortex (14%, p > 0.05; 25%, p > 0.05), hippocampus
(17%, p > 0.05; 31%, p < 0.05), and cerebellum (9%,
p > 0.05; 16%, p > 0.05) on PLD65 as compared to
respective controls (Fig. 3).

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Muscarinic—Cholinergic Receptors
in Selected Brain Regions of Rats

A decrease in the binding of *H-QNB to frontocortical
(24%, p > 0.05; 42%, p < 0.05), hippocampal (41%,

LCT 3.0 mg/kg

B so0 -
700 - -
600 -
500 -
400 -
300 -
200 -
100 1

0

Pound

studied 15 days after withdrawal of lambda-cyhalothrin exposure on
PLD65 (B). Data have been analyzed by one-way analysis of variance
followed by Newman—Keuls test. Values are mean = SEM of five
animals in each group. *Significantly differs from control group
(p < 0.05)
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Fig. 2 Effect on CAR following post-lactational exposure of rats to
lambda-cyhalothrin. Rats were exposed to lambda-cyhalothrin (1.0 or
3.0 mg/kg body weight/day, p.o.) from PLD22 to PLD49. Effect on
CAR studied 28 days after exposure to lambda-cyhalothrin on PLD50
(at end of treatment) (A). To assess whether changes are transient or

Control

pmol ACTI hydrolysed/mg
protein

Cerebellum

Frontal cortex Hippocampus

Fig. 3 Effect on acetylcholinesterase activity following post-lactational
exposure of rats to lambda-cyhalothrin. Rats were exposed to lambda-
cyhalothrin (1.0 or 3.0 mg/kg body weight/day, p.o.) from PLD22 to
PLD49. Effect on acetylcholinesterase activity studied 28 days after
exposure on PLD50 (at end of treatment) (A). To assess whether changes
are transient or persistent effect on acetylcholinesterase activity was also

p < 0.01; 44%, p < 0.01), and cerebellar (21%, p < 0.01;
54%, p < 0.001) membranes, known to label muscarinic—
cholinergic receptors was observed in lambda-cyhalothrin-
treated rats on PLD50 as compared to controls (Fig. 4).
Scatchard analysis revealed that decrease in the binding of
*H-QNB to frontocortical, hippocampal, and cerebellar
membranes was due to decreased number of receptor
binding sites (Table 1). The decrease in the binding of *H-
QNB to hippocampal (12%, p > 0.05; 29%, p > 0.05) and
cerebellar (11%, p > 0.05; 47%, p < 0.001) membranes
was found to persist even after withdrawal of exposure
while a trend of recovery was observed in the binding of
*H-QNB to frontocortical membranes in lambda-cyhalo-
thrin-treated rats on PLD65 as compared to respective
controls (Fig. 4).
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persistent, effect on CAR was also studied 15 days after withdrawal
of lambda-cyhalothrin exposure on PLD65 (B). Data have been
analyzed by one-way analysis of variance followed by Newman—
Keuls test. Values are mean == SEM of five animals in each group.
*Significantly differs from control group (p < 0.05)
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studied 15 days after withdrawal of lambda-cyhalothrin exposure on
PLD65 (B). Data have been analyzed by one-way analysis of variance
followed by Newman—Keuls test. Values are mean + SEM of five
animals in each group. *Significantly differs from control group
(p <0.05)

Oxidative Stress

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on Lipid Peroxidation, Protein Carbonyl,

and Reduced Glutathione Levels in Selected Brain Regions
of Rats

Levels of TBARS were increased in frontal cortex (15%,
p > 0.05; 38%, p < 0.01), corpus striatum (80%, p < 0.05;
88%, p < 0.05), hippocampus (64%, p < 0.01; 73%,
p < 0.01), and cerebellum (20%, p < 0.05; 33%, p < 0.01)
of rats exposed to lambda-cyhalothrin on PLD50 as com-
pared to controls (Fig. 5A). Increase in TBARS levels was
more marked in rats exposed to lambda-cyhalothrin at the
higher dose and suggests increased oxidative stress in
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Fig. 4 Effect on muscarinic—cholinergic receptors following post-
lactational exposure of rats to lambda-cyhalothrin. Rats were exposed
to lambda-cyhalothrin (1.0 or 3.0 mg/kg body weight/day, p.o.) from
PLD22 to PLD49. Effect on muscarinic—cholinergic receptors was
studied 28 days after exposure to lambda-cyhalothrin on PLD50 (at

end of treatment) (A). To assess whether changes are transient or

Table 1 Scatchard analysis of *H-QNB to frontocortical, hippo-
campal, and cerebellar membranes in rats post-lactationally exposed
to lambda-cyhalothrin on post-natal day 50

Brain region Treatment groups

Control LCTI LCT I
(1.0 mg/kg) (3.0 mg/kg)

Frontal cortex

K4 1.11 £ 0.12 1.15 £ 0.12 1.20 £ 0.14

Binax 1856 + 163 1578 £ 152 1346 + 121*
Hippocampus

Ky 1.17 £ 0.12 091 + 0.12 1.25 £ 0.14

Biax 1707 £+ 153 1424 + 134 1344 £+ 129*
Cerebellum

Ky 1.07 £ 0.12 1.13 £ 0.12 1.17 £ 0.14

Binax 1437 + 131 1541 + 152 1613 + 157

Values are mean + SEM of five animals in each group

K4 is the dissociation constant expressed in nM, By, is the maximum
number of binding sites expressed in picomoles *H-QNB bound/g
protein

* Significantly differs from control group (p < 0.05)

brain. Further, the TBARS levels remained increased in
frontal cortex (13%, p < 0.05; 21%, p < 0.05) and hippo-
campus (25%, p > 0.05; 18%, p > 0.05) and exhibited a
trend of recovery in corpus striatum (6%, p > 0.05; 13%,
p > 0.05) and cerebellum (4%, p > 0.05; 19%, p < 0.05),
15 days after withdrawal of exposure on PLD65 as com-
pared to respective controls (Fig. 5B).

Protein carbonyl levels in frontal cortex (11%, p > 0.05;
48%, p < 0.05), corpus striatum (21%, p < 0.01; 86%,
p < 0.01), hippocampus (23%, p > 0.05; 58%, p < 0.01),

pmoles *H-QNB bound/g protein
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persistent, effect on muscarinic—cholinergic receptors was also
studied 15 days after withdrawal of lambda-cyhalothrin exposure on
PLDG65 (B). Data have been analyzed by one-way analysis of variance
followed by Newman—Keuls test. Values are mean = SEM of five
animals in each group. *Significantly differs from control group
(p < 0.05)

and cerebellum (59%, p <0.01; 71%, p <0.01) in
lambda-cyhalothrin-treated rats were found to be increased
on PLDS50 as compared to controls (Fig. 5A). Increase in
the levels of protein carbonyl was more in rats exposed to
lambda-cyhalothrin at the higher dose. Levels of protein
carbonyls remained increased in corpus striatum (18%,
p < 0.01; 36%, p < 0.01) while a trend of recovery was
observed in frontal cortex (2%, p > 0.05; 3%, p > 0.05),
hippocampus (21%, p > 0.05; 30%, p < 0.05), and cere-
bellum (11%, p > 0.05; 21%, p > 0.05) in lambda-cyha-
lothrin-treated rats 15 days after withdrawal of exposure on
PLDG65 as compared to respective controls (Fig. 5B).

A decrease in the levels of reduced glutathione in frontal
cortex (18%, p < 0.05; 21%, p < 0.05), corpus striatum
(19%, p <0.01; 11%, p <0.01), hippocampus (7%,
p > 0.05; 7%, p > 0.05), and cerebellum (9%, p < 0.05;
22%, p < 0.001) was observed in rats exposed to lambda-
cyhalothrin (1.0 or 3.0 mg/kg body weight) from PLD22 to
PLD49 on PLD50 as compared to controls (Fig. 5SA). No
significant change in the levels of reduced glutathione was
observed in any of the brain regions in rats treated with
lambda-cyhalothrin, 15 days after withdrawal of exposure
on PLD65 in comparison to respective controls suggesting
a trend of recovery (Fig. 5B).

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Activity of Superoxide Dismutase, Catalase,
and Glutathione Peroxidase in Selected Brain Regions
of Rats

Activity of superoxide dismutase, an enzyme involved in
the dismutation of superoxide radicals, was found to be
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Fig. 5 Effect on lipid peroxidation, protein carbonyl, and reduced
glutathione levels in brain regions (frontal cortex, corpus striatum,
hippocampus, and cerebellum) following post-lactational exposure of
rats to lambda-cyhalothrin. Rats were exposed to lambda-cyhalothrin
(1.0 or 3.0 mg/kg body weight/day, p.o.) from PLD22 to PLDA49.
Effect on lipid peroxidation, protein carbonyl levels, and reduced
glutathione levels in brain regions was studied 28 days after exposure

decreased in frontal cortex (32%, p < 0.05; 39%,
p < 0.05), corpus striatum (11%, p > 0.05; 44%, p <
0.05), hippocampus (44%, p < 0.05; 55%, p < 0.01), and
cerebellum (55%, p < 0.01; 67%, p < 0.01) following
post-lactational exposure of rats to lambda-cyhalothrin (1.0
or 3.0 mg/kg body weight) on PLD50 in comparison to
controls (Fig. 6A). A trend of recovery in the activity of
superoxide dismutase was observed in frontal cortex (1%,
p > 0.05; 5%, p > 0.05), corpus striatum (11%, p > 0.05;
12%, p > 0.05), hippocampus (16%, p > 0.05; 16%,
p > 0.05), and cerebellum (10, p > 0.05; 29%, p < 0.05)
of lambda-cyhalothrin-treated rats 15 days after with-
drawal of exposure as compared to respective controls
(Fig. 6B).
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on PLD50 (at end of treatment) (A). To assess whether changes are
transient or persistent, effect on lipid peroxidation, protein carbonyl,
and reduced glutathione levels was also studied 15 days after
withdrawal of lambda-cyhalothrin exposure on PLD65 (B). Data
have been analyzed by one-way analysis of variance followed by
Newman—Keuls test. Values are mean £ SEM of five animals in each
group. *Significantly differs from control group (p < 0.05)

The activity of catalase was found to be decreased in
frontal cortex (20%, p > 0.05; 35%, p < 0.05), corpus
striatum (35%, p < 0.01; 72%, p < 0.001), hippocampus
(32%, p < 0.001; 37%, p < 0.01), and cerebellum (18%,
p > 0.05; 20%, p > 0.05) in rats exposed to lambda-cy-
halothrin (1.0 or 3.0 mg/kg body weight) from PLD22 to
PLDA49 on PLD50 as compared to controls (Fig. 6A). The
activity of catalase in these brain regions remained
decreased in lambda-cyhalothrin-treated rats even after
withdrawal of exposure for 15 days on PLD65 while
changes were not significant as compared to respective
controls (Fig. 6B).

A decrease in the activity of glutathione peroxidase was
observed in frontal cortex (11%, p > 0.05; 28%, p < 0.01),
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Fig. 6 Effect on the activity of superoxide dismutase, catalase, and
glutathione peroxidase in brain regions (frontal cortex, corpus
striatum, hippocampus, and cerebellum) following post-lactational
exposure of rats to lambda-cyhalothrin. Rats were exposed to lambda-
cyhalothrin (1.0 or 3.0 mg/kg body weight/day, p.o.) from PLD22 to
PLD49. Effect on the activity of superoxide dismutase, catalase, and
glutathione peroxidase in brain regions was studied 28 days after
exposure on PLD50 (at end of treatment) (A). To assess whether

corpus striatum (8%, p > 0.05; 21%, p < 0.01), hippo-
campus (11%, p < 0.05; 22%, p < 0.001), and cerebellum
(11%, p < 0.05; 20%, p < 0.01) of rats following their
exposure from PLD22 to PLD49 to lambda-cyhalothrin
(1.0 or 3.0 mg/kg body weight) on PLD50 as compared to
controls (Fig. 6A). The activity of glutathione peroxidase
in lambda-cyhalothrin-treated rats exhibited a trend of
recovery in hippocampus (1%, p > 0.05; 12%, p > 0.05),
corpus striatum (1%, p > 0.05; 8%, p > 0.05), and cere-
bellum (1%, p > 0.05; 11%, p > 0.05) while it remained
decreased in the frontal cortex (13%, p < 0.05; 13%,
p < 0.05) 15 days after withdrawal of exposure on PLD65
in lambda-cyhalothrin-treated rats as compared to respec-
tive controls (Fig. 6B).
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changes are transient or persistent, effect on the activity of superoxide
dismutase, catalase and glutathione peroxidase was also studied
15 days after withdrawal of lambda-cyhalothrin exposure on PLD65
(B). Data have been analyzed by one-way analysis of variance
followed by Newman—Keuls test. Values are mean = SEM of five
animals in each group. *Significantly differs from control group
(p < 0.05)

Western Blotting

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Expression of Choline Acetyltransferase
in Hippocampus

A significant decrease in the expression of ChAT protein in
hippocampus (3.2 fold, p < 0.05 and 4.2 fold, p < 0.05)
was observed in lambda-cyhalothrin exposed rats on
PLD50 as compared to rats in the control group (Fig. 7). A
trend of recovery was observed in the expression of ChAT
protein (0.6-fold) in rats exposed to lambda-cyhalothrin at
a low dose (1.0 mg/kg) while the expression of ChAT
remained decreased (2.7-fold, p < 0.05) in those exposed
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Fig. 7 Effect on the expression of choline acetyltransferase protein in
hippocampus following post-lactational exposure of rats to lambda-
cyhalothrin. Rats were exposed to lambda-cyhalothrin (1.0 or 3.0 mg/
kg body weight/day, p.o.) from PLD22 to PLD49. Effect on the
expression of choline acetyltransferase protein was studied 28 days
after exposure of lambda-cyhalothrin on PLD50 (at end of treatment)
(A). To assess whether changes are transient or persistent, effect on

to the higher dose (3.0 mg/kg) even after withdrawal of
exposure on PLD65 as compared to respective controls
(Fig. 7).

Immunohistochemical Studies

Post-lactational Exposure to Lambda-Cyhalothrin and Its
Effect on the Expression of Choline Acetyltransferase,
Acetylcholinesterase, and GAP-43 in Specific Brain Region
of Rats

Post-lactational exposure to lambda-cyhalothrin in rats
caused a significant decrease in the immunoreactivity of
ChAT and AChE in hippocampal granular and pyramidal
cells as compared to controls (Figs. 8, 9). Quantification of
immunoreactivity revealed a decrease in percent area in
ChAT (57%, p < 0.01; 77%, p < 0.001) and AChE (17%,
p <0.05; 58%, p < 0.01) expression, respectively, in
lambda-cyhalothrin-treated rats on PLD50 as compared to
controls (Figs. 8, 9). Although percent area in ChAT (27%,
p < 0.05; 66%, p < 0.01) and AChE (14%, p > 0.05; 36%,
p < 0.05) exhibited a trend of recovery, the expression
remained decreased in the hippocampal sections in lambda-
cyhalothrin treated rats at both the doses on PLD65
(Figs. 8, 9).

A significant increase in the expression of GAP-43 was
observed in brain following post-lactational exposure of
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the expression of choline acetyltransferase protein was also studied
15 days after withdrawal of lambda-cyhalothrin exposure on PLD65
(B). Data have been analyzed by one-way analysis of variance
followed by Newman—Keuls test. Values are mean = SEM of five
animals in each group. *Significantly differs from control group
(p < 0.05)

rats to lambda-cyhalothrin (1.0 or 3.0 mg/kg) for 28 days
as compared to controls (Fig. 10). Quantification of
immunoreactivity exhibited an increase in percent area in
GAP-43 to several fold in hippocampal pyramidal granular
cells treated with lambda-cyhalothrin at both the doses
(Fig. 10). The changes were more marked in rats treated
with lambda-cyhalothrin at the higher dose. The immuno-
reactivity of GAP-43 remained increased in rats treated
with lambda-cyhalothrin at the higher dose even 15 days
after withdrawal of exposure on PLD65 as compared to
respective controls (Fig. 10).

Discussion

The primary site of action of pyrethroids is voltage sensi-
tive sodium channels (Narahashi 1996; Shafer et al. 2005).
It has been found that pyrethroids affect the gating char-
acteristics of voltage sensitive sodium channels and disrupt
the nerve functions both in insects and in mammals
(Narahashi 1996; Hossain and Richardson 2011). Several
other mechanisms including their action on voltage
sensitive chloride channels associated with increased
excitability in the CNS, GABA, receptors have been
suggested in the neurotoxicity of pyrethroids (Narahashi
1996; Breckenridge et al. 2009). In experimental studies,
modulation in the release of neurotransmitters following
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Fig. 8 Photomicrographs of rat hippocampal sections illustrating
effect on the choline acetyltransferase immunoreactivity following
post-lactational exposure of rats to lambda-cyhalothrin. Rats were
exposed to lambda-cyhalothrin (1.0 or 3.0 mg/kg body weight/day,
p-o.) from PLD22 to PLD49. Effect on choline acetyltransferase
immunoreactivity was studied 28 days after exposure to lambda-
cyhalothrin on PLD50 (at end of treatment) (A). Exposed rats (b,
c¢) showed diminished choline acetyltransferase immunoreactivity as
compared to control (a). To assess whether changes are transient or

pyrethroid exposure largely by their action on voltage
sensitive calcium channels has been reported (Soderlund
et al. 2002; Shafer et al. 2005; Ray and Fry 2006; Brown
et al. 2006; Nasuti et al. 2007). Differential effects on

persistent, effect on the choline acetyltransferase immunoreactivity
was also studied 15 days after withdrawal of lambda-cyhalothrin
exposure on PLD65 (B). A significant impairment in the expression of
hippocampal choline acetyltransferase was evident 15 days after
withdrawal of exposure in rats exposed to lambda-cyhalothrin at both
the doses (e, f) as compared to control (d). Arrow indicates
immunoreactivity for choline acetyltransferase. Scale bar 300 pm.
*Significantly differs from control group (p < 0.05)

cholinergic neuro-transmission in the hippocampus of
freely moving rats were observed both by type I and 11
classes of pyrethroids (Hossain et al. 2004). Cyhalothrin, a
type II pyrethroid, inhibited the release of acetylcholine;
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Fig. 9 Photomicrographs of rat hippocampal sections illustrating
effect on the acetylcholinesterase immunoreactivity following post-
lactational exposure of rats to lambda-cyhalothrin. Rats were exposed
to lambda-cyhalothrin (1.0 or 3.0 mg/kg body weight/day, p.o.) from
PLD22 to PLDA49. Effect on acetylcholinesterase immunoreactivity
was studied 28 days after exposure to lambda-cyhalothrin on PLD50
(at end of treatment) (A). Exposed rats (b, ¢) showed diminished
acetylcholinesterase immunoreactivity as compared to control (a). To
assess whether changes are transient or persistent, effect on the

however, deltamethrin another type II pyrethroid increased
the release of acetylcholine from hippocampus. It was
interesting that allethrin, a type I pyrethroid, had a dual
effect since acetylcholine release from hippocampus was
found to be increased at a low dose and decreased at a high
dose. In another study, Hossain et al. (2005) found that
choline acetyltransferase activity and high affinity choline
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acetylcholinesterase immunoreactivity was also studied 15 days
after withdrawal of lambda-cyhalothrin exposure on PLD65 (B). A
significant impairment was evident 15 days after withdrawal of
exposure at the higher dose (f) when compared to respective control
(d) whereas rats exposed at 1.0 mg/kg dose (e¢) showed restoration in
acetylcholinesterase expression. Arrow indicates immunoreactivity
for acetylcholinesterase. Scale bar 300 um. *Significantly differs
from control group (p < 0.05)

uptake were differentially regulated by type I and II
pyrethroids, while none of the pyrethroids affected the
acetylcholinesterase activity. In this study, decrease in the
binding of muscarinic—cholinergic receptors associated
with decreased acetylcholinesterase activity in the frontal
cortex, hippocampus, and cerebellum of lambda-cyhaloth-
rin exposed rats indicate alterations in the cholinergic
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Fig. 10 Photomicrographs of rat hippocampal sections illustrating
effect on the GAP immunoreactivity following post-lactational
exposure of rats to lambda-cyhalothrin. Rats were exposed to
lambda-cyhalothrin (1.0 or 3.0 mg/kg bodyweight/day, p.o.) from
PLD22 to PLDA49. Effect on GAP immunoreactivity was studied
28 days after exposure to lambda-cyhalothrin on PLD50 (at end of
treatment) (A). Exposed rats (b, ¢) showed higher GAP immunore-
activity as compared to control (a). To assess whether changes are

neurotransmission. Interestingly, decrease in the expression
of acetylcholinesterase immunoreactivity also observed in
lambda-cyhalothrin-treated rats is consistent with the
decreased activity of brain acetylcholinesterase. Down-
regulation of brain muscarinic—cholinergic receptors

transient or persistent, effect on the GAP immunoreactivity was also
studied 15 days after withdrawal of lambda-cyhalothrin exposure on
PLD65 (B). A trend of recovery was evident 15 days after withdrawal
of exposure in rats exposed to lambda-cyhalothrin at the lower dose
(e) while significant change was observed in rats exposed at a higher
dose (f) as compared to respective control (d). Arrow indicates
immunoreactivity for GAP. Scale bar 300 pm. *Significantly differs
from control group (p < 0.05)

following chronic treatment with oxotremorine, a cholin-
ergic agonist has been reported (Wehner and Upchurch
1989). As levels of acetylcholine could not be measured, it
is difficult to comment whether alteration in acetylcholine
levels is associated with decrease in the muscarinic—
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cholinergic receptors in brain regions. Since decrease in the
muscarinic—cholinergic receptors has been found to be
agonist induced and a key mechanism of adaptation
(Hoskins and Ho 1992), alterations in acetylcholine levels
in the brains of lambda-cyhalothrin exposed rats appear to
be quite convincing. It is possible that the decreased
activity of AChE may increase the acetylcholine levels
associated with the down-regulation of muscarinic—cho-
linergic receptors. Further, decrease in the expression of
ChAT, an enzyme responsible for the synthesis of acetyl-
choline in hippocampus indicates alteration in the cholin-
ergic circuitry following exposure to lambda-cyhalothrin.
The decrease in the expression of hippocampal ChAT
protein and immunoreactivity and acetylcholinesterase
activity could be due to the auto feedback control to
compensate intracellular ACh homeostasis.

Involvement of free radicals in neurological and neuro-
toxicological disorders has been a subject of study (Andersen
2004; Halliwell 2006; Sayre et al. 2001, 2008). As the brain is
the primary target of synthetic pyrethroids, incidences of
pyrethroid-induced neurotoxicity have increased (Wolansky
and Harrill 2008). Increased vulnerability of brain to toxic
insults by free radicals is well recognized as the brain has
high levels of polyunsaturated fatty acids. Increased oxygen
consumption associated with low levels of antioxidant
defense in the brain increases the risk of oxidative damage.
Pyrethroids are more hydrophobic as compared to other
classes of insecticides and thus biological membranes are
their easy target (Michelangeli et al. 1990). Further, because
of the presence of alpha-cyano moiety in lambda-cyhaloth-
rin, there is release of cyanohydrins which are degraded to
cyanide and aldehydes, the potential source of free radicals
(Fetoui et al. 2008). Exposure of adult rats to lambda-cy-
halothrin has been found to enhance oxidative stress in the
brain and these effects were attenuated by vitamin C (Fetoui
et al. 2008). However, these effects have been observed at a
very high dose of lambda-cyhalothrin. Consistent with this,
low level exposure to lambda-cyhalothrin decreased GSH
levels in the brain in this study which could be due to either
high utilization of GSH for conjugation or its involvement as
an antioxidant in neutralizing the free radicals. Further, the
decrease in the activity of superoxide dismutase, catalase,
and glutathione peroxidase in the brain indicates impairment
in the antioxidant defense. Decrease in the activity of
superoxide dismutase, an enzyme involved in the dismuta-
tion of superoxide to hydrogen peroxide, could enhance the
generation of superoxide radicals in the brain. At the same
time, the decrease in the activity of catalase and glutathione
peroxidase involved in the degradation of hydrogen peroxide
to water and oxygen could be attributed to more of the
hydrogen peroxide in the brain. Therefore, increased levels
of superoxide and hydrogen peroxide may enhance peroxi-
dation of lipids in membrane and could be linked to increased
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lipid peroxidation and protein carbonyl levels as observed in
this study.

Role of GAP-43 (B-50 or neuromodulin) in modulating
the growth of axon terminals and experience-dependent
plasticity is well recognized (Benowitz and Routtenberg
1997). It has been found that GAP-43 phosphorylation site is
a unique target and genetic over expression of GAP-43
increased learning and long-term potentiation in transgenic
mice (Routtenberg et al. 2000). Expression of GAP-43 has
been found to play a crucial and dual role in a classical study
(Holahan et al. 2007). Moderate expression of GAP-43 in
hippocampus enhanced memory, while excessive expression
of GAP-43 produced neuroplasticity burden leading to
degenerative and hypertrophic events culminating in mem-
ory dysfunctions in transgenic mice (Holahan et al. 2007).
Interestingly, increased GAP-43 levels in hippocampus were
found to affect the memory circuits in Alzheimer’s patients
(Rekart et al. 2004). Impairment both in learning capacity
and in memory associated with upregulation of GAP-43
mRNA in rat hippocampus has also been observed following
chronic cerebral hypoperfusion concomitant with increased
duration of occlusion of bilateral common carotid arteries
(Liu et al. 2005). Further, increased expression of GAP-43 in
hippocampus of developing rats pre-natally exposed to del-
tamethrin, a type II synthetic pyrethroid has been reported
earlier (Aziz et al. 2001). Consistent with these reports,
decrease in learning in lambda-cyhalothrin-treated rats as
observed in this study could be due to excessive expression
of GAP-43. Impairment in learning in lambda-cyhalothrin-
treated rats could also be accounted due to other reasons. As
the role of central cholinergic system is well recognized in
learning, memory, and cognition, it is possible that the
decrease in the binding of muscarinic—cholinergic receptors
in hippocampus of lambda-cyhalothrin-treated rats may
significantly affect the learning. Decrease in the expression
of hippocampal AChE could also be associated with
decreased learning response in lambda-cyhalothrin-treated
rats as anti-cholinesterases have been found to affect learn-
ing (Farage-Elawar 1989; Sarin and Gill 1998). Age-related
impairment in learning and memory has been attributed to
oxidative protein damage in the brain (Forster et al. 1996).
Liuetal. (2003) found that decline in learning and memory is
associated with increased oxidative stress in the brain and
chronic treatment with superoxide dismutase and catalase
mimetics at low doses reversed the behavioral and bio-
chemical changes in mice. The involvement of free radicals
in the deterioration of motor activity and learning in aged
mice was demonstrated and sub-chronic treatment with
alpha-phenyl-tert-butyl nitrate, the free radical spin trapping
agent was found to reverse the impairment (Fredriksson and
Archer 1996). Impairment in learning in lambda-cyhalo-
thrin-treated rats in this study could also be attributed to
increased oxidative stress.



Neurotox Res (2012) 22:292-309

307

Further, impairment in grip strength following exposure
to neurotoxicants, including pesticide has been reported
(Shafer et al. 2005; Wolansky and Harrill 2008). In this
study, the decrease in the grip strength was observed in rats
exposed to lambda-cyhalothrin at the higher dose which
persisted even after the withdrawal of exposure. The
decrease in grip strength indicates muscle weakness and
could be associated with cholinergic alterations.

The results indicate that inhibition of ChAT and AChE
activity may cause down-regulation of brain muscarinic—
cholinergic receptors consequently impairing learning activ-
ity in developing rats exposed to lambda-cyhalothrin. The data
also indicates that brain cholinergic receptors are easy target
of lambda-cyhalothrin. Enhanced oxidative stress in the brain
appears to be an important reason for disruption of cholinergic
functions following lambda-cyhalothrin exposure. The results
further suggest that exposure to lambda-cyhalothrin at low
doses during early period of life in rats may cause neurobe-
havioral modifications and such changes may persistin case of
continued exposure to lambda-cyhalothrin.
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