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ABSTRACT

Deficits in learning and memory are often associated with disruption of hippocampal neurogenesis, which is regulated by
numerous processes, including precursor cell proliferation, survival, migration, and differentiation to mature neurons.
Recent studies demonstrate that adult born neurons in the dentate gyrus (DG) in the hippocampus can functionally
integrate into the existing neuronal circuitry and contribute to hippocampal-dependent learning and memory. Here, we
demonstrate that relatively short-term deltamethrin exposure (3 mg/kg every 3 days for 1 month) inhibits adult
hippocampal neurogenesis and causes deficits in learning and memory in mice. Hippocampal-dependent cognitive
functions were evaluated using 2 independent hippocampal-dependent behavioral tests, the novel object recognition task
and Morris water maze. We found that deltamethrin-treated mice exhibited profound deficits in novel object recognition
and learning and memory in water maze. Deltamethrin exposure significantly decreased bromodeoxyuridine (BrdU)-
positive cells (39%) and Ki67þ cells (47%) in the DG of the hippocampus, indicating decreased cellular proliferation. In
addition, deltamethrin-treated mice exhibited a 44% decrease in nestin-expressing neural progenitor cells and a 38%
reduction in the expression of doublecortin (DCX), an early neuronal differentiation marker. Furthermore, deltamethrin-
exposed mice exhibited a 25% reduction in total number of granule cells in the DG. These findings indicate that relatively
short-term exposure to deltamethrin causes significant deficits in hippocampal neurogenesis that is associated with
impaired learning and memory.
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Cognitive impairment reflects the failure of brain functions in-
cluding attention, thought, remembering, learning, or decision-
making that affects a person’s daily life, causing substantial fi-
nancial burden and stress to their families and caregivers when
they lose their ability to live independently (CDC, 2009; DeFries

et al., 2009; Glisky, 2007; Zhao et al., 2019). In 2009, the Center for
Disease Control and Prevention (CDC) reported that over 16 mil-
lion people aged 18 and older in the United States are living
with cognitive impairment (CDC, 2009). Approximately 6% of
people ages 18–49 and 11% of those over 50 years of age exhibit
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cognitive impairment in 5 states (CA, FL, IA, LA, and MI) (CDC,
2009).

Although age is the primary risk factor, several other factors,
including brain injury and environmental exposures may con-
tribute to cognitive deficits (CDC, 2009; Rohlman et al., 2007).
Deltamethrin is a type II pyrethroid found to be extensively
used in households, including home, lawn, garden, and pet
care, cloth treatment, and mosquito control, which leads to
public health concerns as cognitive impairment has been
reported in pesticide applicators and their families (Calvert
et al., 2003; Kamel et al., 2005; Kimata et al., 2009; Muller-
Mohnssen, 1999). Recently, we published data demonstrating
that repeated low level exposure to the pyrethroid pesticide del-
tamethrin is associated with endoplasmic reticulum (ER) stress-
mediated apoptosis and learning deficits in mice (Hossain et al.,
2015).

Adult neurogenesis is thought to be an important mecha-
nism for maintaining plasticity in the adult brains and is associ-
ated with cognitive function in adulthood (Baptista and
Andrade, 2018; Kempermann et al., 2015; Kozareva et al., 2019;
Toda et al., 2019). Adult neurogenesis comprises several pro-
cesses, including precursor cell proliferation, survival, migra-
tion, and differentiation into mature neurons. This occurs
throughout life in the subventricular zone of the lateral ventri-
cle and the subgranular zone (SGZ) of the dentate gyrus (DG) in
the hippocampus of most mammals, including humans under
normal conditions (Eriksson et al., 1998; Ming and Song, 2005;
Thuret et al., 2009). Although the functional role of adult neuro-
genesis in humans is still being established, it has been demon-
strated that adult-born neurons are important for cognitive
plasticity in rodents (Kee et al., 2007b; Latchney et al., 2013;
Spalding et al., 2013; Zhao et al., 2008). Several recent studies de-
fined the magnitude of adult neurogenesis in animals and
humans by quantification of the number of neural precursor
cells (NPCs) in the DG of the hippocampus (Kheirbek and Hen,
2013; Sanai et al., 2011; Spalding et al., 2013). A study has shown
that approximately 1400 newborn neurons are added to adult
human hippocampus every day and provide about 2% annual
turnover during aging, suggesting that adult neurogenesis con-
tributes significantly to human hippocampal function (Spalding
et al., 2013).

Over the past 2 decades, more attention has been paid on
the effects of environmental chemicals and contaminants, in-
cluding carbofuran, mercury, and 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on cognitive dysfunction and impairment of hip-
pocampal neurogenesis in developing rodents (Falluel-Morel
et al., 2007; Gilbert et al., 2005; Mishra et al., 2012; Seth et al.,
2017). However, few studies have focused on the potential
effects of environmental exposures on adult neurogenesis.
Exposure to the agrichemicals maneb and paraquat resulted in
a significant reduction in neuronal precursors and proliferating
cells in hippocampal DG by altering transcriptional regulation
of neurogenesis-related genes in adult mice (Desplats et al.,
2012). Recently, we have published data demonstrating that ex-
posure of adult mice to deltamethrin at a dose close to the
Lowest Observed Adverse Effect Level (LOAEL) caused ER stress
in the hippocampus that is accompanied by cognitive dysfunc-
tion and impaired proliferation of progenitor cells in the DG,
suggestive of a potential effect on adult hippocampal neurogen-
esis (Hossain et al., 2015).

Here, we investigated whether relatively short-term expo-
sure to deltamethrin is associated with inhibition of adult hip-
pocampal neurogenesis and cognitive deficits in mice.

MATERIALS AND METHODS
Animals

Thirty-six 10-week-old C57BL/6 male mice were purchased from
Jackson Laboratory (Bar Harbor, Maine). Mice were housed 5 per
cage in barrier facilities with 12-h light-dark cycle and provided
with PicoLabVerified 75 IF Irradiated Diet (Cat No. 0039980,
LabDiet, St Louis, Missouri) and Hydropac sterile water
(HydropacAWS-2500, Seaford, Delaware) ad libitum throughout
the study. Mice were acclimated to the animal colony environ-
ment for 2 weeks before experiments began. Animal handling
and experiments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals at Northeast
Ohio Medical University.

Treatment

A total of 36 mice were randomly divided into 2 groups for con-
trol (n¼ 18) and deltamethrin treatment (n¼ 18). Deltamethrin
(Cat No. N-11579-250MG, purity 99%, Chem Service, Inc, West
Chester, Pennsylvania) was dissolved in corn oil in a dosing vol-
ume of 1 ml/kg and administered 3 mg/kg body weight of delta-
methrin via gavage every 3 days for 30 days. The dose of
deltamethrin was chosen based on our previous study that did
not show any signs of toxicity such as tremor, salivation, ataxia,
or decreased body weight gain (Hossain et al., 2015). Control ani-
mals received corn oil on the same schedule. Three-day dosing
interval was chosen for the clearance of deltamethrin from the
body, and was based on a recent physiologically based pharma-
cokinetic study demonstrating that deltamethrin is rapidly me-
tabolized and almost completely eliminated within 48 h
following oral administration of 3 mg/kg to rodents (Godin et al.,
2010). Body weight was measured and recorded prior to dosing
throughout and at the end of the study. At the end of dosing
paradigm, 12 animals (n¼ 6 per group) were used for neurogene-
sis study and the remaining 24 animals (n¼ 12 per group) were
used for behavioral studies.

Novel object recognition

Three days after the final deltamethrin exposure, the novel ob-
ject recognition test was performed to evaluate recognition
memory (Supplementary Figure 2). On day 1, mice (n¼ 12/group)
were habituated to the open field arenas (27.3 cm � 27.3 cm �
20.3 cm, Cat No. ENV-510, Med Associates, Inc, Fairfax,
Vermont) for 30 min. Twenty-four hours after habituation, mice
were exposed to the familiar area containing 2 identical (size,
shape, and color) plastic objects (red color blocks) and allowed
to explore them for 10 min. At the end of the trials, mice were
placed back into their home cages. An hour later, mice were
allowed to explore the open field arena for 5 min in the presence
of 1 of these 2 familiar (identical) objects (red block) and 1 novel
object with similar size but different shape and color (blue cylin-
der shape plastic) to test their recognition memory. Both objects
were placed at equal distance. The order of objects and object
locations were changed randomly. The objects and the test
arena were thoroughly cleaned with 70% ethanol between the
sessions to make sure no residual or telltale odors remain on
the objects to prevent the use of odor cues during test trials
(Lueptow, 2017; Moore et al., 2013). The mice were considered to
be exploring the object when the head of the animal is facing
the object at a distance of no more than 2 cm and or touching or
sniffing the object. The time spent exploring each object was
recorded with the video tracking software (EthoVision, Noldus).
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The amount of time spent exploring the novel object per loca-
tion and familiar object per location was used to determine
their recognition memory.

Morris water maze

Following the novel object recognition test, mice were tested in
the Morris water maze (MWM) task (Morris, 1984) as previously
described by our group (Hossain et al., 2015). Data were acquired
and analyzed with a live video tracking system (EthoVision,
Noldus). The maze consists of a circular pool (100 cm diameter
� 30 cm height) filled with water at 23 6 1�C and made white
opaque with powdered milk (Cat No. 902887, MP Biomedicals,
Solon, Ohio). Briefly, to acquire learning acquisition, each ani-
mal received 4 trials daily at 15 min intertrial interval for 5 days.
Each trial was 60 s to allow the animal to find the platform (5 cm
diameter� 18 cm height). At the end of each trial, mice were
towel dried and kept in a cage under a heating lamp until the
next trial. Latency, distance traveled to reach the platform,
swimming speed, and percentage time spent in each quadrant
were recorded. The memory probe was conducted 2 and 24 h af-
ter the last training without the hidden platform. The percent-
age of time spent in each quadrant was considered to
determine memory deficits. A visible platform (2.5 cm above the
water surface) test was performed at the beginning and end of
the experiment to evaluate their visual acuity and motor
function.

BrdU administration and tissue preparation

Mice were administered 4 ip injections of 50 mg/kg BrdU at 2-
h intervals 24 h after the last dose of deltamethrin (Figure 1B).
Bromodeoxyuridine (BrdU) incorporates into the newly synthe-
sized DNA in S-phase of the mitosis and labels proliferating
cells (Falluel-Morel et al., 2007; Hossain et al., 2015; Mishra et al.,
2012; Winocur et al., 2006). A cohort of animals (n¼ 6/group)
were sacrificed 2 h after the last BrdU injection for neural cell
proliferation and neural stem cells (NSCs) population studies.
Animals were anesthetized with sodium pentobarbital (50 mg/
kg), and transcardially perfused with PBS, followed by 4%

paraformaldehyde. Brains were removed, fixed in 4% parafor-
maldehyde overnight, and thereafter transferred into 30% su-
crose and 0.1% sodium azide in PBS and stored at 4�C until they
were sectioned. Sections (30 lm) were cut coronally on a sliding
microtome and were processed for immunofluorescence and
immunohistochemistry.

Immunohistochemistry

Immunohistochemistry was performed on free-floating sec-
tions as described previously (Hossain et al., 2015). Briefly, every
10th section through the entire extent of hippocampus per ani-
mal was taken for immunohistochemical analysis. Sections
were washed in PBS, followed by permeabilization in 0.3% triton
X-100 prepared in PBS. Heat-induced antigen retrieval was then
performed by steaming sections in 0.1-M citrate buffer (pH 6.0)
for 10 min at 97�C. To inactivate endogenous peroxidases, sec-
tions were incubated with 0.3% hydrogen peroxide in methanol
for 10 min. Tissue sections were then blocked in 10% normal
goat serum and 0.3% triton X-100 in BPS for 1 h and incubated
with the antibodies against Nestin (1:200; Cat No. MAB 353,
Millipore) overnight at 4�C. Following 3 rinses in PBS, sections
were incubated with biotinylated horse anti-mouse or goat anti-
rabbit IgG (Vector Laboratories, Burlingame, California) second-
ary antibody for 1 h at room temperature, followed by incuba-
tion in avidin-biotin peroxidase complex (ABC kit; Vector
Laboratories) for 1 h at room temperature for amplification.
Diaminobenzidine (DAB) fast-tab solution (Vector Laboratories)
was used as the chromogen. Sections were rinsed in PBS,
mounted onto slides (VWR, West Chester, Pennsylvania), and
counterstained with 0.5% cresyl violet (Sigma, St Louis,
Missouri). Positive cells from every 10th coronal section con-
taining hippocampus were visualized using an FSX 100 micro-
scope (Olympus, Tokyo, Japan). The positive cells from bilateral
hippocampi were manually counted at higher magnification
(�40) from a total of 10 sections per animal and 5 animals per
group. The mean for each animal (from the 10 sections) then
was averaged to obtain the group mean, and compared by an
unpaired t test (Hossain et al., 2015).

Figure 1. Experimental timeline for behavioral testing (A). Mice were exposed to 0 and 3 mg/kg of deltamethrin via gavage every 3 days for 30 days. Three days after the

final deltamethrin exposure, the novel object recognition test was performed to evaluate recognition memory. Following the novel object recognition test, mice were

tested in the Morris water maze task. These animals were not used for neurogenesis. Experimental paradigm used to investigate neural precursor cell proliferation (B).

Abbreviation: BrdU, bromodeoxyuridine
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For immunofluorescence staining, free-floating sections
were processed for BrdU, Ki67, and DCX. Heat-induced antigen
retrieval and blocking was performed according to the proce-
dure described above. For BrdU staining, sections were pre-
treated in 2N HCl for 30 min at room temperature to denature
DNA. Sections were incubated overnight at 4�C with anti-BrdU
(1:200; Cat No. 5292, Cell Signalling), Ki67 (1:200; Cat No. 550609,
BD Pharmingen) and anti-DCX (1:1000; Cat No. AB2253,
Millipore), in 5% normal goat serum and 0.3% Triton X-100 con-
taining PBS. Sections were washed and incubated with appro-
priate secondary antibody-conjugated to Alexa Fluor 488 or 594
for 1 h at room temperature in the dark. Sections then were
rinsed, mounted onto slides, dried, and coverslipped with
Prolong Gold containing 40,6-diamidino-2-phenylindole. There
was no signal when the primary antibody was omitted, thus
serving as a negative control. Section was visualized on a Carl
Zeiss Axiophot El-Einsatz microscope (Zeiss, Inc, Germany)
equipped with a ProgRes C14plus camera - and ProgRes
CapturePro 2.8 software (JENOPTIK Optical Systems, Germany).
The positive cells from bilateral hippocampi were manually
counted at higher magnification (�40) from a total of 10 sections
per animal and 5 animals per group as described above.

Unbiased stereology for total cell counts

Following toluidine blue staining, unbiased stereology was per-
formed using the Leica DM2500 microscope and Stereologer
Software (3.0) coupled to an ASI MS-2000 3-axis stage system to
quantify the number of cells in the granular zone in every 10th
section through the entire extent of the hippocampus per ani-
mal (Genestine et al., 2015; Obiorah et al., 2015). Boundary of the
DG in the hippocampus was traced at low magnification (�5 ob-
jective) and then the granule cells were counted under high
magnification (�63 objective) in oil. The counting frame ¼ 25 mm
� 25 mm, the sampling grid area ¼ 200 mm � 200 mm, a counting
height ¼ 10 mm, and the guard height ¼ 3 lm was selected. Cells
were only counted if the recognizable profile came into focus
within the counting frame. Quantification of cells observed on
unilateral hippocampi was performed for 5 animals per group.

Statistical analysis

All of the data were statistical analyzed using Prism 5.01 soft-
ware (GraphPad, San Diego, California). All of the values were
presented as mean 6 SEM. Body weights were analyzed by re-
peated measure ANOVA. For the histological assays and objects
recognition, an unpaired t test was used to determine signifi-
cant difference between control and treatment. For analysis wa-
ter maze data, 2-way ANOVA and Bonferroni’s post hoc
multiple comparison test was used to determine the effects of
treatment with day as the repeated measurement and latency
as the dependent variable and the daily blocks from the average
of 4 trials within each day were used for analysis. p Values � .05
were considered to be statistically significant.

RESULTS
Body Weight and Physical Appearance of Mice
Following Exposure to Deltamethrin

Throughout the entire study, no changes in physical appear-
ance (i.e., rough coat) and body weight (f¼ 0.014; df ¼ 34;
p< .907) were observed in mice in the deltamethrin exposure
group (final weight: 28.81 6 0.56 g) when compared with mice in
control group (final weight: 28.17 6 0.32 g) (Supplementary

Figure 1). Importantly, no animals exhibited any signs of toxic-
ity such as tremors, salivation, diarrhea, or ataxia following del-
tamethrin administration throughout the experiment.

Impairment of Learning and Memory in Adult Mice
Following Short-term Repeated Exposure to
Deltamethrin

We utilized 2 independent tests of hippocampal-dependent
cognitive function following exposure to deltamethrin
(Figure 1A). First, we employed the novel object recognition task
(Sık et al., 2003), which primarily relies on the animal’s innate
exploratory behavior and was performed in the absence of ex-
ternal cues and no training. Second, we evaluated spatial-
learning and memory with a MWM (Morris, 1984), which incor-
porates training and the use of external cues. Three days after
the final deltamethrin exposure, the novel object recognition
test was performed to evaluate recognition memory.
Deltamethrin-treated animals exhibited profound deficits
(t¼ 1.73; df ¼ 22; p< .048) in novel object recognition (Figure 2A)
as control animals explored the novel objects significantly more
time (9.91 6 2.40 s) than the deltamethrin-treated animals
(5.16 6 1.33 s). Following the novel object recognition test, mice
underwent the MWM task. In this exposure paradigm,
deltamethrin-exposed mice did reach criterion for learning, al-
though it was significantly slower (f¼ 17.08; df ¼ 22; p< .001)
than the controls (Figure 2B). A memory probe was conducted 2
and 24 h after the last training without the hidden platform
(Figs. 2C and 2D). The percentage of time spent in each quadrant
was considered to determine memory deficits. Findings from
the memory probe indicate that deltamethrin impaired both
short-term (t¼ 2.72; df ¼ 22; p< .012) and long-term (t¼ 4.48; df
¼ 22; p< .0002) memory in mice (Figs. 2C and 2D). A visible plat-
form test was performed at the beginning of training and at the
end of last memory test to identify whether there were any vi-
sual or motor deficits with the mice that impaired their perfor-
mance. The difference between groups was not the result of
motor or visual impairment, because neither swim speed (con-
trol: 11.51 6 1.16 cm/s; deltamethrin: 11.80 6 1.216 s/s in pre-
MWM task and control: 12.38 6 0.69 cm/s; deltamethrin:
12.14 6 0.79 cm/s in post-MWM task) nor visual acuity (control:
29.13 6 3.74 s; deltamethrin: 27.58 6 5.29 s to find the platform in
pre-MWM task and control: 28.82 6 6.64 s; deltamethrin:
31.43 6 6.85 s to find the platform in post-MWM task) was af-
fected by deltamethrin treatment (Supplementary Figure 3).

Deltamethrin Exposure Decreases Cell Proliferation in
the DG of the Hippocampus

Reduction in neurogenesis in DG effects hippocampal-
dependent learning and memory (Sokolowski et al., 2013). As de-
creased neurogenesis could be due to the effects on prolifera-
tion, differentiation, or survival that comprise neurogenesis we
investigated these components through the use of BrdU labeling
of dividing cells. To examine the effects of deltamethrin on NSC
proliferation, mice were given 4 ip injections of BrdU (50 mg/kg)
at 2-h intervals 24 h after the last dose of deltamethrin and sac-
rificed 2 h later (Figure 1B). Deltamethrin exposure decreased
BrdU-positive cells by 39% (t¼ 4.55; df ¼ 8; p< .02) in the DG
(Figs. 3A and 3B).

To validate the BrdU results, levels of Ki-67, an endogenous
marker of proliferating cells was examined. The Ki-67 immuno-
labeling was similar to the BrdU results and spread throughout
the SGZ in the DG. The Ki-67-labeled cells were decreased by
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Figure 2. Repeated deltamethrin (3 mg/kg, every 3 days for 30 days) exposure impairs hippocampal-dependent learning and memory in adult mice. (A) novel object rec-

ognition, (B) acquisition of place learning, (C) short-term memory retention, (D) long-term memory retention, Data represent mean 6 SEM of 12 individual animals in

each group. For objects recognition and memory probe, an unpaired t test was used to determine significant difference between control and treatment. For analysis

place learning data, 2-way ANOVA was used to determine the effects of treatment. Asterisk indicates significant treatment effect (object recognition: t¼1.73; df ¼ 22;

p< .048; learning: f¼17.08; df ¼ 22; p< .001 and memory: t¼2.72; df ¼ 22; p< .012 for short-term and t¼4.48; df ¼ 22; p< .0002 for long-term).

Figure 3. Short-term repeated exposure to deltamethrin reduced the number of BrdUþ cells or cell proliferation in the dentate gyrus (DG) in hippocampus of adult

mice. BrdUþ (green) cells were visualized by immunofluorescence staining in the DG region of the hippocampus (A). The number of BrdUþ cells is presented in bar

graphs (B). The values represent mean cell number 6 SEM per section from 10 sections per animal and 5 animals per group. An unpaired t test was used to determine

significant difference between control and treatment. Asterisk indicates significantly different from control (t¼4.55; df ¼ 8; p< .02). Scale bar ¼ 400mm.
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47% (t¼ 4.15; df ¼ 8; p< .03) in deltamethrin-exposed mice com-
pared with control (Figs. 4A and 4B), indicating decreased cellu-
lar proliferation in the DG.

Deltamethrin Decreases Nestin-positive Neural
Progenitor Cells in the DG of the Hippocampus

Next, we determined whether reduction in cell proliferation is
the result of a change in the number of nestin-positive NSCs.
Nestin is an intermediate filament protein expressed in neural
stem and progenitor cells. We found that 30 days deltamethrin
exposure significantly reduced nestin-positive NPCs/NSCs by
44% (t¼ 5.68; df ¼ 8; p< .01) in the DG region of the hippocampus
compared with control animals (Figs. 5A and 5B), suggesting
that reduction of cellular proliferation could be secondary to
loss of NSCs. These results indicate that deltamethrin dimin-
ishes the proportion of neuroblast cells that are in the mitotic
phase in the adult hippocampus.

Deltamethrin Exposure Leads to Reduced Neurogenesis
in the Hippocampus in Adult Mice

To determine whether short-term deltamethrin exposure af-
fected neurogenesis in adult mice, DCX expression (a marker for
immature newborn neurons) was examined. DCX is expressed
transiently by early postmitotic neurons but the expression of
this marker ceases as neurons mature. We found DCX-positive
cells throughout the superior and inferior edges of the DG of the
hippocampus in both the control and deltamethrin-exposed
animals. Mice exposed to deltamethrin had 38% less (t¼ 3.36;
df¼ 8; p< .04) immature neurons (DCXþ cells) compared with
control mice (Figs. 6A and 6B). These data suggest that exposure
to deltamethrin disrupted adult hippocampal neurogenesis in
mice.

Repeated Deltamethrin Exposure Decreases Granule
Cells in the DG of the Hippocampus in Adult Mice

Because exposure to deltamethrin decreased NSC populations
and inhibited cell proliferation in the hippocampus, it is

Figure 4. Deltamethrin exposure reduces the number of Ki-67þ cells in the dentate gyrus (DG) in hippocampus of adult mice. Immunostaining of Ki-67 (pink) in the DG

region of the hippocampus (A). The number of Ki-67þ cells is presented in bar graphs (B). The values represent mean cell number 6 SEM per section from 10 sections

per animal and 5 animals per group. An unpaired t test was used to determine significant difference between control and treatment. Asterisk indicates significantly dif-

ferent from control (t¼4.15; df ¼ 8; p< .03). Scale bar ¼ 800 mm.

Figure 5. Deltamethrin exposure reduces the number of nestinþ cells in the dentate gyrus (DG) in hippocampus of adult mice. . Immunostaining of nestin (dark brown)

in the DG region of the hippocampus (A). The number of nestinþ cells is presented in bar graphs (B). An unpaired t test was used to determine significant difference be-

tween control and treatment. The values represent mean cell number 6 SEM per section from 10 sections per animal and 5 animals per group. Asterisk indicates signif-

icantly different from control (t¼ 5.68; df ¼ 8; p< .01). Abbreviations: GCL, granule cell layer; H, hilus; SGZ, subgranular zone. Scale bar ¼ 1600mm. Inset scale bar

200 mm.
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possible that deltamethrin may affect the mature neuronal cell

in DG. To test this hypothesis, we counted the total number of
granule cells in the DG using unbiased stereology (Figs. 7A and
7B). After analyzing the number of total cells, we found that
deltamethrin-exposed animals exhibited a 25% decrease
(t¼ 3.042; df¼ 8; p< .05) in total number of cells in the granule
cell layer (GCL) when compared with control (Fig. 7B).

DISCUSSION

Pesticide exposure may pose a substantial public health risks as
increasing evidence has linked pesticide exposure to develop-
ment of several neurological disorders and diseases, including
pesticide classes such as organophosphates and carbamates
(Chuang et al., 2017; Jokanovic, 2018; Kamel and Hoppin, 2004;
Sanchez-Santed et al., 2016). However, the potential effects of
pyrethroid pesticides are less understood. A nationally repre-
sentative cohort study of 2116 adults aged 20 years and older
demonstrates that environmental exposure to pyrethroid

insecticides was significantly associated with an increased risk
of all-cause and cardiovascular disease and cancer mortality in
the U.S. general adult population (Bao et al., 2020). Recently, oc-
cupational exposure to pyrethroids during adulthood have been
associated with increased risk of Parkinson disease (Furlong
et al., 2015) and developmental exposures have been linked to
increased risk of developing autism spectrum disorders
(Shelton et al., 2014) and attention deficit hyperactivity disorder
(Richardson et al., 2015; Wagner-Schuman et al., 2015).
Furthermore, developmental exposure to deltamethrin has
been shown to cause memory deficits in water maze, condi-
tioned fear, and/or object recognition (Pitzer et al., 2019; Zhang
et al., 2018). Deltamethrin is one of the most commonly used
type II pyrethroid insecticides in home and agriculture and is
also found as an ingredient in flea and tick repellents and are
available at sporting goods stores for treating fabrics (Furlong
et al., 2017; Md Meftaul et al., 2020). Previously, we reported that
mice repeatedly exposed to deltamethrin (3 mg/kg for 60 days)
exhibited profound deficits in learning in the MWM (Hossain

Figure 6. Short-term repeated exposure to deltamethrin reduces the number of DCXþ cells in the dentate gyrus (DG) in hippocampus of adult mice. .

Immunofluorescence staining of DCXþ (red) in the DG region of the hippocampus (A). The number of DCXþ cells is presented in bar graphs (B). An unpaired t test was

used to determine significant difference between control and treatment. The values represent mean cell number 6 SEM per section from 10 sections per animal and 5

animals per group. Asterisk indicates significantly different from control (t¼3.36; df¼8; p< .04). Scale bar ¼ 400 mm.

Figure 7. Short-term repeated exposure to deltamethrin reduces the number of granule cells in the dentate gyrus in hippocampus of adult mice. Granule cells (blue)

were visualized with 0.25% Toluidine Blue (A). Unbiased stereology count of total granule cells is presented in bar graphs (B). An unpaired t test was used to determine

significant difference between control and treatment. The values represent mean cell number 6 SEM from 5 animals per group. Asterisk indicates significantly differ-

ent from control (t¼3.04; df ¼ 8; p< .05). Abbreviations: GCL, granule cell layer; H, hilus; ML, molecular layer. Scale bar ¼ 1600 mm. Inset scale bar ¼ 200 mm.
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et al., 2015) and was accompanied by decreased BrdU incorpora-
tion, suggesting a potential effect on neurogenesis. Given the
magnitude of this effect, this study was performed to determine
whether 3 mg/kg of deltamethrin causes similar effects after
1 month of exposure. Here, in addition to the MWM, we per-
formed the novel object recognition task as a 2nd independent
test of hippocampal-dependent cognitive function. We found
that short-term exposure to deltamethrin causes profound defi-
cits in novel object recognition and spatial-learning and mem-
ory in mice. These deficits were associated with significant
reduction of proliferating cells (BrdU- and Ki67-positive cells)
and decreased nestin-positive NSCs, immature neurons (DCX-
positive cells), and total granule cell population in the DG of the
hippocampus, suggesting potential impairment of hippocampal
neurogenesis caused by deltamethrin. Together, these results
are consistent with our previously published data suggesting
that repeated exposure to deltamethrin causes deficits in
hippocampal-dependent learning and memory in adult mice.

Environmental factors, including pesticide exposure, are
thought to be significant contributors to neurodegeneration and
cognitive dysfunction in many neurological diseases
(Richardson et al., 2019) but little is known about the potential
effect of pesticide exposure on adult neurogenesis. Previously,
we demonstrated that repeated exposure to low levels (3 mg/kg)
close to the LOAEL of pyrethroid pesticide deltamethrin for
60 days causes reduction of progenitor cell proliferation (BrdUþ
cells) in the hippocampal DG in adult mice (Hossain et al., 2015),
suggesting that exposure to deltamethrin may inhibit hippo-
campal neurogenesis in adult. In this study, we find that a
shorter 30 days of adult exposure to the same dose of delta-
methrin decreased neurogenesis as evidence by a substantial
reduction of BrdU-, Ki67-, nestin-, and DCX-positive cells in the
hippocampal DG and impaired learning and memory in mice.
The observed impairment in neurogenesis resulting from
marked reduction of cellular proliferation, decreased NSCs and
immature neurons that ultimately become mature neurons in
the DG of the adult hippocampus.

To probe the mechanism of deltamethrin-induced inhibition
of adult neurogenesis, we conducted a systematic assessment
of different components that contribute to neurogenesis. We
examined markers of NSCs, cell proliferation and neuronal dif-
ferentiation using nestin, BrdU, Ki67, and DCX, respectively. All
nestin, BrdU, Ki67, and DCX immunoreactive cells were signifi-
cantly decreased in deltamethrin-exposed mice compared with
control. These results suggest that deltamethrin is detrimental
to neuronal stem cell development, cell proliferation, and im-
mature neurons in adult brain. The DCX is a widely accepted
marker to assess adult neurogenesis (Dennis et al., 2016; Kuhn
et al., 2016; Rao and Shetty, 2004). In this study, we observed
that the decreased DCXþ cells corresponded to reduced BrdU-
and Ki67-labeling cells, indicating decreased neurogenesis fol-
lowing exposure to deltamethrin. It also cannot be ruled out
that deltamethrin may directly kill the NSCs or impact a process
that reduces their generation. We will address these questions
in our future study by colabeling NSCs with caspase-3 and by
performing in vitro experiment with isolated NSCs.

There is rising evidence that adult neurogenesis in the hip-
pocampus is important for learning and memory (Cameron and
Glover, 2015; Deng et al., 2010; Lemaire et al., 2012; Yau et al.,
2015). Hippocampal-dependent learning and memory in the
adult rodent has been found to be associated with hippocampal
neurogenesis (Baptista and Andrade, 2018; Mishra et al., 2012).
Existing studies suggest that adult-born neurons in the DG are
functionally integrated into the existing neuronal circuitry and

contribute to hippocampal-dependent learning and memory
(Adeosun et al., 2014; Thuret et al., 2009; Zhao et al., 2008)
whereas inhibition of neurogenesis can interfere with
hippocampal-dependent memory (Winocur et al., 2006). Indeed,
neurogenesis, which declines with age (Knoth et al., 2010;
Molofsky et al., 2006; Pekcec et al., 2008), is impaired by various
stressors including stress, sleep deprivation, chronic drug abuse
(Mirescu and Gould, 2006; Mirescu et al., 2006; Sudai et al., 2011;
Walter et al., 2011) and pesticide exposure (Bosma et al., 2000;
Dardiotis et al., 2019; Kim et al., 2019), all of which are associated
with cognitive dysfunction.

Several studies have suggested that adult born neurons in
the DG play an important role in hippocampal functions be-
cause the proliferating newly born cells differentiate into ma-
ture neurons, establish synapses with existing hippocampal
circuitry, and contribute to hippocampus-dependent learning
and memory processes (Adeosun et al., 2014; Baptista and
Andrade, 2018; Kempermann et al., 2015; Kozareva et al., 2019;
Thuret et al., 2009; Toda et al., 2019; Toni et al., 2008; Yau et al.,
2015). Furthermore, disruption of adult neurogenesis causes
deficits in hippocampal-dependent learning and memory in
rodents (Jessberger et al., 2009). Thus, the disruption of hippo-
campal neurogenesis by deltamethrin may lead to observed be-
havioral deficits in mice. Accordingly, we report that the
inhibition of adult neurogenesis by deltamethrin accompanied
with marked deficits in the hippocampal-dependent learning
and memory in adult mice. This finding is consistent with re-
cent studies reporting that reduced neurogenesis is associated
with learning and memory deficits in rats following exposure to
MeHg, TCDD, and carbamate pesticide (Falluel-Morel et al., 2007;
Latchney et al., 2013; Mishra et al., 2012). Thus, our data suggest
that inhibition of adult hippocampal neurogenesis following ex-
posure to pyrethroid insecticides may contribute to cognitive
deficits. To uncover this fact, additional studies will be con-
ducted in the future with positive controls to determine
whether similar magnitude of impairments of neurogenesis
produce similar behavioral deficits. In future studies, we will
also examine whether fostering neurogenesis ameliorates
deltamethrin-induced functional deficits in mice.

Granule cells in the DG are thought to function in the forma-
tion of spatial memories, as loss of dentate granule neurons in
the hippocampal has been found to associated with spatial
memory deficits (Colicos and Dash, 1996; Diamantaki et al.,
2016; Kee et al., 2007a). Therefore, we counted granule cells in
DG and found that deltamethrin exposure significantly (25%) re-
duced granular cells when compared with control. It is also pos-
sible that deltamethrin may lead cell death of mature granular
cells and could occur through activation of ER stress. Previously,
we reported that deltamethrin causes cell death in hippocam-
pus through ER stress pathways (Hossain and Richardson, 2020;
Hossain et al., 2019). Thus, the loss of progenitors and death of
mature granular cells together may contribute to the reduction
of total granule cells in the DG. Stereological quantification of
granular cells in the DG of the hippocampus suggests that delta-
methrin induces a decrease in cells in the GCL. The magnitude
of neuronal loss appears to be greater than the normal turnover
and replacement following exposure to deltamethrin. Adult
neurogenesis in the DG generates nearly 6% of the total granule
cell population every month in adult rats (Cameron and McKay,
2001). Furthermore, we cannot exclude the possibility that del-
tamethrin exposure altered the ability of new-born cells to mi-
grate into the GCL, an additional mechanism to reduce mature
neuron numbers. This question could be addressed in our
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future study by prelabeling precursors with BrdU, and then
tracking their migration rates after deltamethrin exposure.

Emerging evidence on the contribution of adult neurogene-
sis to hippocampal function suggest that dysregulation of neu-
rogenesis by pyrethroid exposure likely contributes to
impairments in hippocampal-dependent learning and memory
and may have implications for the development of age-related
cognitive dysfunction. Taken together, these findings indicate
that exposure to deltamethrin insecticide may contribute to dis-
ruption of adult hippocampal neurogenesis leading significant
deficits in learning and memory in adults, which was further
strengthened by the results of others (Souza et al., 2018, 2020)
who observed similar cognitive and behavioral deficits in open
field, object recognition, and fear conditioning in adult rats,
however, their routes of administration were different (intrana-
sal and intracerebroventricular). Therefore, long-term adult ex-
posure to deltamethrin could increase the risk for the
development of cognitive deficits in later life of those occupa-
tionally expose to these insecticides. Further research is war-
ranted to identify the precise mechanism by which adult
pyrethroid exposure perturbs hippocampal neurogenesis to de-
termine the potential contribution of this environmental toxi-
cant in developing age-related cognitive disorders.
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