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Abstract Pesticide exposure is recognized as a risk factor for
Alzheimer’s disease (AD). We investigated early signs of AD-
like pathology upon exposure to a pyrethroid pesticide,
cypermethrin, reported to impair neurodevelopment. We treat-
ed weanling rats with cypermethrin (10 and 25 mg/kg) and
detected dose-dependent increase in the key proteins of AD,
amyloid beta (Af3), and phospho-tau, in frontal cortex and
hippocampus as early as postnatal day 45. Upregulation of A3
pathway involved an increase in amyloid precursor protein
(APP) and its pro-amyloidogenic processing through beta-
secretase (BACE) and gamma-secretase. Tau pathway
entailed elevation in tau and glycogen-synthase kinase-3-
beta (GSK3{3)-dependent, phospho-tau. GSK3[3 emerged as
a molecular link between the two pathways, evident from
reduction in phospho-tau as well as BACE upon treating
GSK3§ inhibitor, lithium chloride. Exploring the mechanism
revealed an attenuated heparin-binding epidermal growth fac-
tor (HB-EGF) signaling and downstream astrogliosis-
mediated neuroinflammation to be responsible for inducing
A3 and phospho-tau. Cypermethrin caused a proximal reduc-
tion in HB-EGF, which promoted astrocytic nuclear factor
kappa B signaling and astroglial activation close to A3 and
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phospho-tau. Glial activation stimulated generation of
interleukin-1 (IL-1), which upregulated GSK3{3, and APP
and tau as well, resulting in co-localization of A3 and
phospho-tau with IL-1 receptor. Intracerebral insertion of
exogenous HB-EGF restored its own signaling and sup-
pressed neuroinflammation and thereby A3 and phospho-tau
in cypermethrin-exposed rats, proving a central role of re-
duced HB-EGF signaling in cypermethrin-mediated neurode-
generation. Furthermore, cypermethrin stimulated cognitive
impairments, which could be prevented by exogenous HB-
EGF. Our data demonstrate that cypermethrin induces prema-
ture upregulation of GSK3(3-dependent A3 and tau pathways,
where HB-EGF signaling and neuroinflammation serve as
essential regulators.

Keywords Pyrethroid - Growth factor - NF-«kB -
Astrogliosis - Neurodegeneration

Introduction

Alzheimer’s disease (AD) is one of the most common forms
of neurodegenerative disorders [1], and populations residing
in regions with high pesticide usage have an increased likeli-
hood of developing the disease, independent of age [2].
Cypermethrin is a widely used pyrethroid pesticide for agri-
cultural and household purposes, reported to be toxic to the
developing brain [3]. Early-life exposure to cypermethrin
induces neuronal cell dysfunctions [3, 4] that affects synaptic
activity and evokes neurodegeneration [5]. Although a human
population-based study suggests pyrethroid pesticide expo-
sure as a risk for AD [2], the mechanisms are un-clucidated.
Here, we studied the effects of early-life exposure to
cypermethrin on markers of AD in the young rat brain.
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Elevation in amyloid beta (Af) and microtubule-
associated phospho (p)-tau protein in frontal cortex and
hippocampus are the key characteristics of AD [6, 7].
This leads to disruption in neuronal activity that engen-
ders a decline in cognitive performances [8—10]. The
amyloid hypothesis postulates a proteolytic cleavage of
amyloid precursor protein (APP) by beta-secretase
(BACE) to release C-terminal fragment (CTF-f3) that is
then cleaved by gamma (y)-secretase to generate A 4
and less amyloidogenic, AP1_40 [11]. Tau pathology en-
tails an accumulation of tau protein and its abnormally
phosphorylated form [12]. A constitutively active,
proline-directed serine/threonine kinase, glycogen syn-
thase kinase-33 (GSK3f), is the chief inducer of p-tau
[13]. GSK3p3 is reported to regulate the APP
amyloidogenic processing as well, through modulation
of y-secretase functioning [14, 15]. A study also claims
regulation of BACE expression by GSK3f, inducing
modulation in AD-associated phenotypes [16]. Here, we
explored the effects of cypermethrin on APP
amyloidogenic and tau pathways. We further examined
whether GSK3{ regulated the two pathways.

Neuroinflammation, via the nuclear factor kappa B
(NF-kB) signaling, plays an important role in the etiol-
ogy of AD [17, 18]. Activated astrocyte and microglial
cells secrete pro-inflammatory cytokines that accelerate
an amyloid plaque buildup [19] and enhance GSK3f3
activity exacerbating tau pathology [20]. Cypermethrin
is reported to promote the generation of IL-1 in the
striatum of an adult brain [21]; however, whether
cypermethrin stimulates cortical and hippocampal neuro-
inflammation, and its’ relation to AD-like pathology is
unknown.

We reported that cypermethrin induces apoptosis in astro-
cytes through blocking of heparin-binding epidermal growth
factor (HB-EGF)-epidermal growth factor receptor (EGFR)
signaling [22]. HB-EGF functions as an endogenous neuro-
protective agent [23] that regulates memory and cognitive
performance [24, 25]. HB-EGF signaling is also described to
affect progression of neuroinflammatory disorders [26, 27].
However, whether an alteration in HB-EGF signaling regu-
lates inflammation mediated AD pathogenesis remains
unidentified.

Here, we explored induction of A and p-tau pro-
teins, as well as GSK3f in frontal cortex and hippo-
campus of cypermethrin-exposed young rats. We exam-
ined the association of HB-EGF, NF-kB signaling, and
neuroinflammation with A3 and p-tau. Overall, the im-
portance of this study is twofold, as it provides a
molecular mechanism governing cypermethrin-mediated
early manifestations of AD-like pathology, and points to
a novel role of HB-EGF in regulating Af and p-tau
induction.

Materials and Methods
Reagents and Antibodies

Cypermethrin, Ponceau S stain, Hoechst 33258, lithium chlo-
ride (LiCl), and reagents for Western blotting were from
Sigma Chemical Co. (St. Louis, MO). Sample loading buffer
and protein ladder for Western blotting were from Invitrogen
(Carlsbad, CA). Mouse monoclonal 3-actin (catalog (cat.) no.
AS5441), rabbit monoclonal glial fibrillary acidic protein
(GFAP; cat. no. G9269), rabbit polyclonal Af3;_4, (for
enzyme-linked immunosorbent assay (ELISA); cat. no.
A1976), rabbit polyclonal C-terminal fragment (CTF{; cat.
no. A8717) antibodies, horseradishperoxide (HRP)-conjugat-
ed secondary antibodies, anti-rabbit IgG (cat. no. A0545),
antimouse IgG (cat. no. A9044), and antigoat IgG (cat. no.
A5420) were from Sigma Chemical Co. Rabbit polyclonal
microtubule-associated protein 2 (MAP2; cat. n0.4542S)) (for
co-immunolabeling with p-tau), rabbit monoclonal PS1(cat.
no. 5643S), rabbit polyclonal PS2 (cat. no. 2192S), rabbit
polyclonal EGFR (cat. no. 2232S), rabbit monoclonal
phospho (p)-EGFR (cat. no. 3777S), rabbit monoclonal
GSK3f3 (cat. no. 9315BC), mouse monoclonal phospho-I-
kappa (p-IkB; cat. no. 2859), mouse monoclonal p-tau
(Ser396) (cat. no. 9632BC), and tau (cat. n0.4019S) antibod-
ies were from Cell Signaling Technology (Danvers, MA).
Goat polyclonal HB-EGF (cat. no. sc-1414) antibody, mouse
monoclonal p65-NF-kB (sc-8008) and rabbit polyclonal
interleukin-1 receptor type 1 (IL-1R1; cat. no. sc-689) anti-
body were obtained from Santa Cruz Biotechnology (Dallas,
TX). Rabbit polyclonal IL-1¢ (cat. no. ab7632), rabbit poly-
clonal IL-1{3 (cat. no. ab2105), rabbit polyclonal APP (cat. no.
ab15272), rabbit polyclonal A3; 4, (cat. no. ab10148), mouse
monoclonal Ibal (cat. no. ab15690) and rabbit polyclonal
CD68 (cat. no. ab125047) antibodies, and BACE activity kit
(cat. no. ab65357) were from Abcam (Cambridge, MA).
Mouse monoclonal GFAP (cat. no. MAB360) and mouse
monoclonal Af3;_4 (cat. no. MAB8768) was obtained from
Millipore (Temecula, CA). Super Signal West Femto
Maximum Sensitivity Substrate was from Pierce
Biotechnology (Rockford, IL). Recombinant human HB-
EGF (259-HE) and recombinant rat IL-1 receptor antag-
onist (IL-1Ra cat. no. 1545-RA) were from R&D
Systems (Minneapolis, MN, USA). Af;_4 ELISA kit
(cat. no. 27415) was from Immuno-Biological
Laboratories (Gunma, Japan). Li-COR Odyssey blocking
buffer, IRDye 800CW goat anti-mouse, and IRDye
680CW goat anti-rabbit secondary antibodies were from
LI-COR (Lincoln, NE). Alexa Fluor® 594 goat anti-
chicken, Alexa Fluor® 488 goat anti-mouse (cat. no.
A11003), and Alexa Fluor® 568 goat anti-rabbit (cat.
no. A11010) secondary antibodies were from Invitrogen.
Chicken polyclonal MAP2 (cat. no. 014460) antibody
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was from Stem Cell Technologies Inc. (West Seventh
Avenue, Canada).

Animals and Treatments

The overall treatment timeline is as shown in Suppl. 1.

Regulations of the Institutional Animal Ethical Committee
(CSIR-IITR) were followed for animal handling. Twenty-
four-day-old (postnatal-24) male Wistar rats were housed in
a 12-h day and light cycle environment with the ad libitum
availability of diet and water (R. O.). The postnatal-24 rats
were daily gavage-treated with equal volumes of vehicle (comn
oil) or cypermethrin (dissolved in corn oil) at doses of 10 or
25 mg/kg, i.e., 1/25 and 1/10 of lethal dose 50 (LD-50),
respectively [22, 28], for 2, 3, or 6 weeks (the LD-50 value
is as reported in “Reregistration ability decision for
cypermethrin,” EPA OPP-2005-0293, June 14 2006 (revised
1/14/2008)). To eliminate complicating consequences of the
female reproductive cycle, we selected only male rats for our
study.

To inhibit GSK3{, 24-day-old rats were daily gavage-
treated with 300 mg/kg of LiCl for 3 weeks, as previously
described [29, 30]. As expected, LiCl attenuated the GSK3f3
levels (Suppl. 2A).

To understand the effect of exogenous HB-EGF on HB-
EGF signaling in cypermethrin-treated rats, recombinant HB-
EGF (100 ng in 2 pL phosphate-buffered saline (PBS)) was
injected through intracerebroventricular (i.c.v.) route once in
postnatal-24 rats (the HB-EGF dose was decided after stan-
dardization using 50, 100, and 200 ng treatment doses, where
100 ng showed significant upregulation in cortical and hippo-
campal HB-EGF without inducing toxicity). Briefly, rats were
anesthetized using chloral hydrate (300 mg/kg) and placed in
stereotaxic frames (Stoelting Co., USA), skull exposed, and
disinfected with betadine. An incision was made in the scalp,
drilled and i.c.v. injection with recombinant HB-EGF at a
slow rate (1 puL/min) was performed using 10-puL. Hamilton
syringe. The syringe was held in place for 5 min. The vehicle
control rats were treated with sterile PBS that followed the
same procedure.

To understand the effect of IL-1 on GSK3[3, A3, and p-tau
in cypermethrin-treated rats, we injected IL-1Ra (350 ng in
5 uL PBS) [31] through i.c.v. route as described above for
HB-EGF injection. As expected, IL-1Ra attenuated the IL-
1R1 levels (Suppl. 2B).

Protein Extraction and Western Blotting

Tissues of rat cerebral cortex and hippocampus were harvest-
ed and homogenized in tissue lysis buffer. Homogenates were
centrifuged (30 min, 15,000 rpm, 4 °C) and protein concen-
tration in lysate determined using NanoDrop™
Spectrophotometer (Thermo Scientific, Wilmington, DE).
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SDS-PAGE and Western blotting of lysates were then per-
formed as described previously [32]. Blots were probed with
1:1000 dilutions (in PBS plus 0.2 % Tween 20 (PBST)) of
AB1_4p, APP, CTFf3, PS1, PS2, GSK33, tau, p-tau, HB-EGF,
EGFR, p-EGFR, IL-1«, IL-1p, IL-1R1, GFAP, or {3-actin
primary antibodies, and 1:20,000 dilution of secondary anti-
bodies conjugated to IRDye. Protein was visualized using
Odyssey® CLx Infrared Imaging System (LI-COR). For
HB-EGF, the secondary antibody was HRP-conjugated
(1:2000 dilution) and was visualized through chemilumines-
cence using Supersignal West Femto Maximum Sensitivity
Substrate. Protein expression was quantified using VersaDoc
Gel Imaging System (BioRad, Hercules, CA).

Immunofluorescence

Briefly, rats were anesthetized, perfused with 4 % p-
formaldehyde (PFA) in PBS, and whole brain dissected [33].
The brain was post-fixed in PFA, cryoprotected in 30 %
sucrose, and cryosectioned (5 pm) using cryomicrotome
(Microm HM 520; Labcon, Munich, Germany). The sections
were mounted on 3-aminopropyltriethoxysilane-coated slides,
antigen-retrieved, and blocked with 3 % donkey serum in
PBS. Sections were then probed with 1:200 dilution of A3
42, p-tau, MAP2, Iba-1, CD68, p-IkBx, NF-«B, or IL-1R1
antibody, and 1:400 dilution of GFAP primary antibody.
Sections were then treated with Alexa Fluor secondary anti-
bodies at 1:400 dilution compared to respective primary anti-
bodies, counterstained with Hoechst 33258 (0.2 mM),
mounted in Vectashield media and visualized under a fluores-
cence microscope (Nikon Instech Co. Ltd., Kawasaki,
Kanagawa, Japan) using %10 and x40 objectives. Images were
captured using Image-Pro Plus 5.1 software (Media
Cybernetics Inc., Silver Spring, MD), and imported into
ImageJ 1.42q (http://rsb.info.nih.gov/ij/; Wayne Rasband,
National Institutes of Health, Bethesda, MD) for image
analysis.

ABIJ‘O and ABIJ‘z ELISA

A1 40 levels were determined using its ELISA kit. Briefly,
tissue was homogenized in extraction buffer and centrifuged
(45 min, 40,000 rpm, 4 °C). The supernatant was added to
A1_s0-precoated plates, incubated overnight (4 °C), and
treated with wash buffer. The plates were then incubated with
labeled antibody in dark (1 h, 4 °C), washed, incubated with
chromogen (30 min) and treated with stop solution. Sample
absorbance was read at 450 nm using FLUOstar Omega multi-
mode microplate reader (BMG LABTECH, Ortenberg,
Germany). A3 40 concentration (pg/mL) was calculated by
comparing with standards provided with kit.

For Af3;_45, the protocol [34] was quite similar, except that
the plates were coated with capture antibody (2—10 pg/mL) in
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coating buffer. The samples were added to the plates, incubat-
ed with primary Af3;_4, and then with secondary HRP-
conjugated antibodies with intermediate washes. The plates
were then incubated with 3',5,5'-tetramethylbenzidine sub-
strate, followed by the addition of stop solution. Sample
absorbance was read at 450 nm, and Af3; 4, concentration
was calculated by comparing with standards of rat recombi-
nant A31_4, peptide (Tocris Bioscience, Bristol, UK).

BACE Assay

BACE activity was determined using its assay kit. Briefly,
tissue was homogenized in extraction buffer and centrifuged
(30 min, 14,000 rpm, 4 °C). The supernatant was added to 96-
well dark plates, treated with secretase reaction buffer and
BACE substrate, and incubated for 1 h at 37 °C. Sample
fluorescence was read at excitation 335-355 nm and emission
495-510 nm using microplate reader. BACE activity (relative
fluorescence unit) was calculated by comparing with stan-
dards provided with kit.

Learning Memory Test by Y-Maze

The Y-Maze apparatus had an illuminated safe arm without
foot shock, while the other arms were dark and with electric
foot shock (1-5 mA). Rats were first trained for 30 trials
during learning to discriminate safe and unsafe area, and
running into unsafe area was counted as an error (E) [33].
During the test, the memory retention for discriminating safe
and unsafe area at 24 h, 48 h, and 7 days post-learning was
determined and is expressed as follows: % saving
memory =(Etraining_Etest) x100/ Etraining-

Learning Memory Test by Passive Avoidance Test

Rats were placed in illuminated compartment of a shut-
tle box (Techno, India), separated from the dark com-
partment by a sliding door. After 30-s acclimatization,
rats were allowed to enter the dark compartment where
it received a low intensity foot shock (0.5 mA) for 10 s
(acquisition (aq)). During retention (R), rats were made
to undergo successive trials at 24 h (R1), 48 h (R2),
and 72 h (R3) post-acquisition, and time taken by rats
to move from light to dark compartment was counted as
transfer latency time [35].

Statistical Analysis

Data are presented as means=SE. Statistical analysis
was performed using GraphPad Prism software
(GraphPad Software, Inc., La Jolla, USA), and the data
were analyzed using one-way ANOVA, followed by
Bonferroni’s test.

Results

Effect of Cypermethrin on A3 and p-tau Levels in Young
Rats

We orally fed 24-day-old rats with cypermethrin at 10
and 25 mg/kg doses (reported by us to impair
neurodevelopment [22]), and checked for the two major
protein indicators of AD, viz., Afi_4, and p-tau, in
frontal cortex and hippocampus. We observed a dose-
and time-dependent increase in AR 4, (Fig. l1a) and p-
tau (Fig. 1b). Exposure up to 2 weeks showed a less
significant change, and 3 and 6 weeks demonstrated a
strongly significant effect on Af3;_4, and p-tau levels
(Fig. la, b). Therefore, we continued our study up to
3 weeks, i.e., the earliest time point demonstrating a
prominent effect. Through co-immunostaining with neu-
ronal microtubule-associated protein, MAP2, we verified
enhanced neuronal expression of A4, (Fig. 1¢) and p-
tau (Fig. 1d) in frontal cortex and hippocampus at 3-
week exposure.

We then examined the effect of cypermethrin on the less
amyloidogenic, A4 peptide. Consistent with A3, _4, data,
we observed a dose-dependent increase in A3 49 (Fig. le).
We assessed the A1 _42/Af1_40 ratio that plays a critical role
in AD [36]. For this, we performed ELISA for Af3;_4, and
A1_40, and calculated the ratio. ELISA data corroborated the
Western blot data, showing dose-dependent increase in both
the A3 isoforms (Fig. 11), and their ratio (calculated from the
ELISA data) was >1.0 (Fig. 1g), indicating elevated
amyloidogenicity.

Effect of Cypermethrin on APP Cleavage and tau
Phosphorylation Pathways

We studied whether cypermethrin affected the amyloidogenic
pathway of APP processing. For this, we first looked into the
expression levels of APP and measured BACE activity and
expression levels of y-secretase components, PS1 and PS2.
We detected a cypermethrin-mediated increase in APP
(Fig. 2a), BACE enzymatic activity (Fig. 2b), and PS1 and
PS2 (Fig. 2c). We then assessed the tau phosphorylation
pathway, and found an increase in tau (Fig. 2d), as well as
the major tau kinase, GSK3f3 (Fig. 2e).

To identify any possible link between APP cleavage and
tau phosphorylation pathways, we focused upon GSK3f3,
reported to facilitate A3 production, besides inducing p-tau
[14—16]. We found that the GSK3f3 inhibitor, LiCl, prevented
cypermethrin-mediated induction of A3 (Fig. 2f), besides p-
tau (Fig. 2g). We further screened, using LiCL, for the specific
molecule of the amyloidogenic pathway targeted by GSK3[3.
We observed a LiCl-mediated reduction in BACE (Fig. 2h),
revealing GSK3f3-dependent induction of BACE upon
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Fig. 1 Cypermethrin upregulates A3 and p-tau in young rat frontal
cortex and hippocampus. Representative Western blot and densitometry
showing dose- and time-dependent increase in A3;_4, (15 kDa) (a) and p-
tau (50 kDa) (b) normalized with 3-actin (42 kDa) in cortex (LHS) and
hippocampus (RHS). Representative photomicrograph (x10
magnification) of AP 4, (¢) (green fluorescence) or p-tau (d) (green
Sfluorescence), MAP2 (red fluorescence), nucleus (blue fluorescence), and
the three merged in the same field in cortex (left panel) and hippocampus
(right panel). e Representative Western blot and densitometry showing a

cypermethrin exposure. We verified this by checking the
levels of BACE-derived cleavage product, CTF(3 [11]. We
observed a reduction in cypermethrin-induced CTF[3 upon
LiCl treatment (Fig. 2i).
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Thus, cypermethrin stimulated GSK3 3, which increased p-
tau expression and upregulated BACE activity. Therefore,
GSK3f3 served as the molecular link between cypermethrin-
induced neuronal p-tau and Af3.
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Fig.2 Cypermethrin upregulates APP amyloidogenic processing and tau A1 4, (f) and p-tau (g) normalized with (-actin in cortex (LHS) and

phosphorylation. a Representative Western blot and densitometry
showing dose-dependent increase in APP (87 kDa) normalized with (3-
actin in cortex (LHS) and hippocampus (RHS). b Relative increase in
BACE activity in cortex (LHS) and hippocampus (RHS). ¢
Representative Western blot and densitometry showing dose-dependent
increase in PS1 (22 kDa, upper panel) and PS2 (23 kDa, lower panel) in
cortex (LHS) and hippocampus (RHS). Representative western blot and
densitometry showing dose-dependent increase in tau (50 kDa) (d) and
GSK3{ (46 kDa) (e) normalized with (-actin in cortex (LHS) and
hippocampus (RHS). Representative Western blot and densitometry of

hippocampus (RHS) of rats treated with cypermethrin and/or LiCl (V=
vehicle treated, Vi =LiCl+vehicle treated, Cyp=cypermethrin treated,
and Cypp=LiCl+cypermethrin treated). h Relative BACE activity in
cortex (LHS) and hippocampus (RHS) of rats treated with cypermethrin
and/or LiCL i Representative Western blot and densitometry of CTFf3
normalized with {3-actin in cortex (LHS) and hippocampus (RHS) of rats
treated with cypermethrin and/or LiCl. Data represent means+SE of five
rats. ¥*¥*P<(.001, **P<0.01, and *P<0.05 compared to vehicle (V) or
as indicated
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Effect of Cypermethrin on HB-EGF Signaling,
and Regulation of A3 and p-tau by HB-EGF

We next assessed the mechanism stimulating GSK3[3-
mediated AP and p-tau induction upon cypermethrin expo-
sure. We had earlier reported that cypermethrin reduced the
levels of HB-EGF, EGFR, and p-EGFR in the rat astrocyes
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Fig.3 Cypermethrin reduces HB-EGF signaling, which induces A3 and
p-tau induction. Representative Western blot and densitometry of HB-
EGF (22 kDa) (a), EGFR (170 kDa) (b), and p-EGFR (175 kDa) (¢)
normalized with 3-actin in cortex (LHS) and hippocampus (RHS) of rats
treated with cypermethrin and/or HB-EGF (V=vehicle treated, Vi;=HB-
EGF +vehicle treated, Cyp=cypermethrin treated, and Cypy=HB-EGF+
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[22]. Here, we investigated whether cypermethrin affected
the HB-EGF-EGFR signaling in rat frontal cortical and
hippocampal tissues. We observed that cypermethrin
caused dose-dependent reduction in HB-EGF levels in
the tissues, which could be restored by treating exoge-
nous HB-EGF (through intracerebral insertion of
recombinant HB-EGF) (Fig. 3a), verifying self-regulated
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cypermethrin treated). Representative Western blot and densitometry of
APy 4 (d), p-tau (e), and GSK3f3 (f) normalized with (3-actin in cortex
(LHS) and hippocampus (RHS) of rats treated with cypermethrin and/or
HB-EGF. Data represent means+SE of five rats. ***P<0.001,
**P<0.01, and *P<0.05 compared to vehicle (V) or as indicated
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Fig. 4 Cypermethrin promotes NF-«kB signaling and induces
astrogliosis. a Representative photomicrograph (x40 magnification) of
p-IkBo (red fluorescence), GFAP (green fluorescence), nucleus (blue
fluorescence), and the three merged in the same field in cortex (LHS)
and hippocampus (RHS) of rats treated with cypermethrin and/or HB-
EGE. b Representative photomicrograph (x40 magnification) of NF-xB
(green fluorescence), GFAP (red fluorescence), nucleus (blue
fluorescence), and the three merged in the same field in cortex (LHS)
and hippocampus (RHS). Magnified image shows magnification of the
inset area from merged image, where the arrow indicates nuclear
localization. ¢ Representative Western blot and densitometry of GFAP
(52 kDa) normalized with 3-actin in rats treated with cypermethrin and/or

HB-EGF expression in the rat brain. Extrapolating our
previous in vitro observations [22], cypermethrin

HB-EGF (V=vehicle treated, Vy=HB-EGF+vehicle treated, Cyp=
cypermethrin treated, and Cypy=HB-EGF+cypermethrin treated).
Representative photomicrograph (x40 magnification) of GFAP (red
fluorescence), Af1_42 (green fluorescence) (d) or p-tau (green
Sfluorescence) (e), nucleus (blue fluorescence), and the three merged in
the same field. Magnified image shows magnification of the inset area
from merged image, where the arrow and arrowhead indicate GFAP and
A 4, or p-tau, respectively. Western blot data represent means=SE of
five rats. ***P<0.001 and **P<0.01 compared to vehicle (V) or as
indicated. The sections for immunofluorescence are representatives of
five different rats

suppressed tissue levels of EGFR (Fig. 3b) and p-
EGFR (Fig. 3c) which could be restored by the
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exogenous HB-EGF, confirming an HB-EGF-dependent
EGFR signaling in the rat brain.

We next determined whether the disrupted HB-EGF sig-
naling correlated with A3 and p-tau induction. Treatment with
exogenous HB-EGF caused a reduction in cypermethrin-
induced AP 4, (Fig. 3d) and p-tau (Fig. 3¢), suggesting an
inverse dependence of A 4, and p-tau on HB-EGF levels.
We examined whether the disrupted HB-EGF signaling af-
fected GSK33. We found that the exogenous HB-EGF
inhibited cypermethrin-mediated increase in GSK3f
(Fig. 3f), verifying the inverse dependence of GSK3[3 on
HB-EGF levels. Thus, cypermethrin caused a reduction in
HB-EGF signaling that leads to an increase in GSK3f3-
mediated A3 and p-tau induction.

Effect of Cypermethrin on NF-kB Signaling and Glial
Activation

We reported that cypermethrin-mediated reduction in HB-
EGF signaling evoked astrocyte apoptosis in the young rat
brain [22]. Enhanced NF-kB signaling and astroglial activa-
tion associates with astrocyte atrophy in the AD brain [37, 38].
Therefore, we hypothesized an NF-«B signaling and astroglial
activation to be contributing toward A3 and p-tau induction in
cypermethrin-exposed rats. We first examined NF-kB signal-
ing and detected a cypermethrin-mediated increase in p-IkB
(Fig. 4a) and NF-kB (Fig. 4b), and nuclear localization of the
latter (Fig. 4b, the arrow indicating nuclear localization of
NF-«kB in the magnified image) in GFAP-expressing astro-
cytes indicating enhanced NF-kB activation in the astrocytes.
To know whether increase in NF-kB signaling was related to
the attenuated HB-EGF, we measured p-IkB and NF-«B in the
presence of exogenous HB-EGF. Exogenous HB-EGF sup-
pressed astrocytic p-IkB (Fig. 4a) and NF-kB (Fig. 4b) and
reduced nuclear localization of the latter (Fig. 4b), suggesting
an inverse dependence of astrocytic NF-kB on HB-EGF. We
then checked for the astroglial activation marker, GFAP [39,
40], and found that cypermethrin promoted GFAP expression,
which could also be suppressed by exogenous HB-EGF
(Fig. 4c). Thus, cypermethrin reduced HB-EGF signaling,
which stimulated astrocytic NF-kB signaling and astroglial
activation in the rat frontal cortex and hippocampus. Because
reactive astrogliosis contributes to AD [41], we assessed any
association between the activated astroglial cells and A3 and
p-tau. Co-immunolabeling with GFAP and A or p-tau re-
vealed an increase in the localization of GFAP in close prox-
imity of Af3 (Fig. 4d) and p-tau (Fig. 4e) (the arrow and
arrowheads showing GFAP and A( or p-tau respectively),
indicating astroglial activation to be associated with A3 and
p-tau.

Thus, a reduction in HB-EGF stimulates NF-«B signaling
and induces astroglial activation that closely associates with
increased A3 and p-tau. Microglial activation close to A3 1_4»

@ Springer

and p-tau (Suppl. 3) supported the concept of glial activation-
associated AD-like pathology upon cypermethrin exposure.

Effect of Cypermethrin on Neuroinflammation

NF-«kB signaling and glial activation generate inflammatory
mediators that drive AD-like pathology [18]. Therefore, to
verify inflammation, we checked for the expression levels of
the inflammatory mediators, IL-1c and IL-1f3, and their re-
ceptor IL-1R1 in the frontal cortex and hippocampus. We
observed an increase in both the isoforms of IL-1 (Fig. Sa,
b), as well as IL-1R1 (Fig. 5¢) upon cypermethrin exposure.
We then checked whether the attenuation in HB-EGF affected
IL-1. We found that the exogenous HB-EGF suppressed IL-
lx (Fig. 5a), IL-13 (Fig. 5b), and IL-1R1 (Fig. 5c), verifying
an inverse dependence of IL-1 on HB-EGF. The inability of
IL-1Ra to alter HB-EGF (data not shown) proved the attenu-
ation of HB-EGF to be upstream of neuroinflammation.

We further verified involvement of IL-1 in A and p-tau
induction, by co-immunolabeling IL-1R1 with Af3_4, or p-
tau. We detected an increased merging of IL-1R1 with both
AP (Fig. 5d) and p-tau (Fig. 5e). We then examined whether
IL-1 was linked to GSK3f by co-treating cypermethrin-ex-
posed rats with the exogenous IL-1 receptor antagonist, IL-
1Ra (through intracerebral insertion), and measuring GSK3f3
levels. IL-1Ra suppressed GSK3 (3 (Fig. 5f) and thereby AP _
42 and p-tau (Suppl. 4), indicating an IL-1-mediated induction
of GSK3 that led to A3 and p-tau. We then checked whether
IL-1 affected the precursor molecules of A} and p-tau, i.c.,
APP and tau. We detected that IL-1Ra suppressed APP
(Fig. 5g) and tau (Fig. 5h), indicating their IL-1-dependent
induction.

Thus, cypermethrin disrupts HB-EGF signaling, which
promotes the generation of IL-1. IL-1 upregulates APP and
tau as well as GSK33, resulting in an increase in A3 and p-tau
in young rat frontal cortex and hippocampus.

Effect of Cypermethrin and HB-EGF on Learning-Memory
Performance

Increase in A3 and p-tau in the rat frontal cortex and hippo-
campus is known to affect cognitive functions [8, 10], and
therefore, we investigated whether cypermethrin had any ef-
fect on rat learning-memory performances by carrying out Y-
Maze and passive avoidance tests. We also examined the
effect of exogenous HB-EGF on learning-memory perfor-
mances in cypermethrin-exposed rats. We observed that with
cypermethrin alone, the rats exhibited dose-dependent errors
during training (learning), and a reduction in memory (post-
learning) performance at 24 h, 48 h, and 7 days post-learning
in Y-Maze test (Fig. 6a). In passive avoidance test, the rats
showed a less significant increase in transfer latency time of
retention trials against acquisition trials (Fig. 6b), confirming
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Fig. 5 Cypermethrin induces neuroinflammation. Representative
Western blot and densitometry of IL-1x (17 kDa) (a), IL-1(3 (17 kDa)
(b), and IL-1R1(80 kDa) (¢) normalized with 3-actin in cortex (LHS) and
hippocampus (RHS) of rats treated with cypermethrin and/or HB-EGF
(V=vehicle treated, Vi;=HB-EGF+vehicle treated, Cyp=cypermethrin
treated, and Cypy=HB-EGF+cypermethrin treated). Representative
photomicrograph (x10 magnification) of IL-1R1 (red fluorescence),
APy 42 (green fluorescence) (d) or p-tau (green fluorescence) (e),
nucleus (blue fluorescence), and the three merged in the same field in

reduction in learning-memory performance. Exogenous HB-
EGF inhibited cypermethrin-mediated changes in learning-
memory performance in Y-Maze (Fig. 6¢) and passive avoid-
ance tests (Fig. 6d), indicating an HB-EGF-dependent regula-
tion of learning-memory performances.

cortex (LHS) and hippocampus (RHS). Representative Western blot and
densitometry of GSK3{ (f), APP (g), and tau (h) normalized with (3-actin
in cortex (LHS) and hippocampus (RHS) of rats treated with
cypermethrin and/or IL-1Ra (V=vehicle treated, Vgr,=IL-1Ra+vehicle
treated, Cyp=cypermethrin treated, and Cypg,=IL-1Ra+cypermethrin
treated). Data represent means+SE of five rats. ***P<0.001,
**P<(.01, and *P<0.05 compared to vehicle (V) or as indicated. The
sections for immunofluorescence are representatives of five different rats

Schematic Representation of the Effect of Cypermethrin
on AD-Like Pathology in Young Rats

Cypermethrin suppresses HB-EGF-signaling, which acti-
vates astroglial NF-kB signaling in rat frontal cortex
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Fig. 6 Cypermethrin reduces
learning-memory performance,
which is prevented by exogenous
HB-EGF. a Dose-dependent
increase in the number of errors
(%) during learning and fall in
memory retained (% saving
memory) at 24 h, 48 h, and 7 days
post-learning in Y-Maze test. b
Acquisition trial and dose-
dependent fall in transfer latency
time at first, second, and third
retention trials in passive
avoidance test. ¢ Number of
errors (%) during learning and
memory retained (% saving
memory) at 24 h, 48 h, and 7 days
post-learning in Y-Maze test for
rats treated with cypermethrin
and/or HB-EGF. d Acquisition
trial and transfer latency time at
first, second, and third retention
trials in passive avoidance test for
rats treated with cypermethrin
(25 mg/kg) and/or HB-EGF. Data
represent means+SE of 20 rats.
*#xP<0.001, **P<0.01, and
*P<0.05 compared to vehicle (V)
or as indicated
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and hippocampus. Activated astroglia stimulate the gen-
eration of IL-1 and overexpression of neuronal IL-1R1
(Suppl. 5A, showing the expression of IL-1R1 in neu-
rons) that directly associates with neuronal A3 and p-
tau. An increase in the pro-amyloidogenic cleavage
pathway of APP, characterized by enhanced APP,
BACE activity, CTF, and PS results in elevated Af,
and increase in tau and its GSK3[{-mediated phosphor-
ylation generates p-tau. Neuronal GSK3{3 (Suppl. 5B,
showing the expression of GSK3f in neurons), via
regulation of BACE activity, serves as the convergence
point of amyloid and tau pathways, leading to increase
in neuronal A and p-tau. Eventually, the A3 and p-tau
accumulation in frontal cortex and hippocampus culmi-
nates in cognitive impairments in the young rats, which
may be prevented by exogenous HB-EGF treatment

(Fig. 7).
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Discussion

Our data support the hypothesis that exposure to pesticides is
an important risk factor for AD-like pathology. The findings
are important because they reveal that cypermethrin evokes
premature induction of neuronal A3 and p-tau proteins, in-
ducing cognitive impairments in young rats. The sequential
event discerned is a reduction in HB-EGF signaling, which
induces astroglial-NF-«kB activation and neuroinflammation,
resulting in GSK33-dependent upregulation of amyloid and
tau pathways in frontal cortex and hippocampus. Furthermore,
our data reveal that a normal HB-EGF signaling prevents
generation of the early manifestations of AD-like pathology
(Fig. 7).

Early-life pesticide exposure is suggested playing a critical
role in the onset of neurodegeneration at adulthood [42].
Supporting the concept, Parkinson’s disease-like nigrostriatal
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Fig. 7 Proposed schematic
showing cypermethrin-induced
early A} and p-tau induction,
which is prevented by normal
HB-EGF signaling. Cypermethrin

Cypermethrin exposure in young rats
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dopaminergic neurodegeneration is observed in adult rats that
have been exposed postnatally or re-challenged with
cypermethrin during adulthood [5, 21]. However, the studies
do not cite features of early-onset neurodegeneration upon
developmental exposure to the pyrethroid. Here, our data
demonstrate that cypermethrin elicits upregulation in both
the major indicator protein molecules of AD, A3, and p-tau,
even in adolescents (P-45), implying a strong neurodegener-
ative feature that appears to be independent of age. Though
exposure to the pyrethroid, deltamethrin, is identified to in-
duce tau hyperphorylation [43], to the best of knowledge, the
effect of pyrethroids on the amyloid pathway is still unex-
plored. Our findings for the first time illustrate stimulation of
both the major pathways of AD by a pyrethroid.

Our data reveal that cypermethrin stimulated a typical pro-
amyloidogenic processing of APP through sequential activa-
tion of BACE and PS, elevating both the isoforms of Af3.
Nonetheless, a greater increase in Af3;_4, leading to an A3,
42/ AP 1_40 ratio >1.0 speculates increased stability of neuronal

and synaptic toxic oligomers formed by the more aggregation
prone AP_4 [36].

The current investigation uncovers that cypermethrin
upregulates total tau and p-tau, suggestive of microtubule
destabilization in the young rat brain [44]. Enhanced p-tau,
with an ability to sequester normal tau and MAPs and dereg-
ulate tubulin assembling and axonal transport [45, 46], may
account for cypermethrin-mediated neuronal dysfunctions.
Consistent with earlier reports, the major tau kinase, GSK3f3
[47], played a key role in tau hyperphosphorylation. However,
rather than its increased activity during aging [48], an aug-
mented expression of GSK3[3 at an early-age facilitated pre-
mature neurodegeneration by cypermethrin.

Besides p-tau synthesis, GSK3f3 stimulated A3 production
as well, and therefore, appeared as a common molecular link
between the two major pathways of AD-like pathology.
Unlike earlier studies claiming a GSK3f-dependent direct
modulation of PS [14, 15, 49], our finding demonstrates
GSK3f-dependent BACE activation, i.e., a step prior to PS.
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This is the second study after the one of Ly et al. [16]
suggesting a direct link between BACE and GSK3f3. An
increase in NF-kB signaling by cypermethrin may justify this
GSK3f-dependent activation of BACE, known to be regulat-
ed by NF-kB-p65-binding elements existing on BACE pro-
moter [16].

The current investigation extends the results of our previ-
ous in vitro study in astrocytes [22], and demonstrates, in vivo,
that cypermethrin inhibits HB-EGF-EGFR signaling in tissues
of frontal cortex and hippocampus. Contrary to these obser-
vations, a direct association of A3 toxicity with enhanced
EGFR activation has been reported [50]. In addition, HB-
EGF neutralizing antibody and pharmacological modulation
of EGFR transactivation is identified abrogating neurodegen-
eration, including AD [26]. Conversely, it is also acknowl-
edged that endogenous HB-EGF, via PI3K/AKT and MEK/
ERK pathways [51, 52], promotes wound healing and tissue
repair [53] and prevents seizure-induced neural injury [23].
Our earlier report that suggests contribution of astrocytic
ERK1/2 and AKT activations, downstream of exogenous
HB-EGF, in preventing cypermethrin-induced apoptosis [22]
lends support to the HB-EGF-mediated protective viewpoint.
However, it needs confirmation, whether these endogenous
HB-EGF-activated MAPK and PI3K pathways participate in
preventing AD.

While investigating the mechanism downstream of reduced
HB-EGF, we identify an enhanced astrocytic NF-«B signaling
and astrogliosis, which induced A {3 and p-tau in close vicinity
of the astrocytes. HB-EGF, via blocking of NF-kB-activation,
induces anti-inflammatory reaction in macrophages [54] and
epithelial cells of the intestine [55, 56]. Nevertheless, there are
no studies linking HB-EGF and NF-«kB signaling in the brain.
The current study, for the first time, demonstrates an inverse
dependence of NF-kB signaling on HB-EGF in the astrocytes.
As demonstrated earlier in intestinal epithelial cells [56], the
cell-penetrating heparin-binding peptide domain from HB-
EGF may be responsible for blocking phosphorylation of
IkB and subsequent nuclear translocation of p65-NF-kB and
thereby restricting NF-kB-dependent inflammatory responses
in normal astrocytes. Cypermethrin, via suppression of HB-
EGF, probably reduces penetration of the heparin-binding
peptide domain in astrocytes, inducing neuroinflammation.
Therefore, our findings help inferring that inhibition of
astroglial NF-kB activation may represent one of the mecha-
nisms by which HB-EGF exerts its anti-inflammatory and
cytoprotective effects in the brain. Moreover, our previous
report showing cypermethrin-mediated increase in intracellu-
lar astrocytic calcium and reactive oxygen species and upreg-
ulation in JNK and P38 signaling pathways [57], known to
induce GFAP [58-60], substantiates astroglial activation de-
tected here.

The current investigation reveals that cypermethrin stimu-
lates the generation of IL-1, which causes induction of A3 and
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p-tau. The data also demonstrate that A3 and p-tau localized
with IL-1R1, and akin to an earlier study on 3xTg-AD mice
[61], IL-1Ra altered brain inflammatory responses and mark-
edly alleviated GSK3{3. Nevertheless, our data demonstrating
IL-1Ra-mediated significant suppression of both p-tau and
A3 differs from that of the 3xTg-AD mice that demonstrates
a considerable attenuation in tau pathology and partial reduc-
tion in A3 by anti-IL-1R [61]. Our study emerges as one of
the very few claiming direct dependence of both A3 and p-tau
on IL-1, as opposed to one claiming IL-1-mediated regulation
of AP and tau pathology in opposing ways [20]. An IL-1-
mediated enhancement in the precursor molecules, APP, and
tau, as well as molecular link, GSK3{3, by cypermethrin
justifies regulation of IL-1-dependent A3 and p-tau induction.

The mechanism responsible for IL-1-dependent increase in
GSK-3[3, APP, and tau is beyond the scope of this paper.
However, dependence of GSK3f3 on IL-1 may be explained
from our previous report showing a cypermethrin-mediated
activation of p38-MAPK [57], known to mechanistically con-
nect IL-1 with GSK-3[3 [61]. Upregulation of APP by IL-1
may be an outcome of enhanced APP translation via the APP-
mRNA-5" untranslated region that bears a functional IL-1
responsive element (IL-1RE) [19]. Regarding tau, to the best
of knowledge, IL-1-mediated regulatory mechanism is abso-
lutely unreported. Therefore, in the future, we aim at exploring
specific mechanism of action of IL-1 on GSK3{, APP, and
tau, upon cypermethrin exposure.

Going a step further in linking HB-EGF with neurodegen-
eration, our data demonstrate that cypermethrin generated
learning and memory impairments, which could be prevented
by exogenous HB-EGF. Synaptic dysfunction due to accumu-
lation of A3 and p-tau is well portrayed as one of the relevant
reasons for cognitive degeneration in AD [62]. Secondly, HB-
EGF is described to play an important role in synaptic plas-
ticity and memory formation through regulation of the activity
of Ca®"/calmodulin-dependent protein kinases, glutamate
receptor subunits, and nerve growth factors [24]. Therefore,
disruption in HB-EGF signaling leading to neuronal accumu-
lation of AP and p-tau may well explain cypermethrin-
mediated cognitive degeneration and its protection by HB-
EGF.

Conclusion

In summary, this study emphasizes the significance of
cypermethrin in evoking early-age AD protein markers. It
enlightens the biological mechanism that links a suppressed
HB-EGF signaling to neuroinflammation and subsequent
GSK3f3-dependent A3 and p-tau induction. Future studies
are necessary to examine if the early-age AD-like pathology
is irreversible or whether HB-EGF has the therapeutic poten-
tial of reversing the effects. In addition, understanding the
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effect of cypermethrin on AD-like hallmarks in the elderly is
needed.
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