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Abstract With the increasing evidences of cadmium-induced
cognitive deficits associated with brain cholinergic dysfunc-
tions, the present study aimed to decipher molecular mecha-
nisms involved in the neuroprotective efficacy of quercetin in
rats. A decrease in the binding of cholinergic—muscarinic re-
ceptors and mRNA expression of cholinergic receptor genes
(M1, M2, and M4) was observed in the frontal cortex and
hippocampus on exposure of rats to cadmium (5.0 mg/kg
body weight, p.o.) for 28 days compared to controls.
Cadmium exposure resulted to decrease mRNA and protein
expressions of choline acetyltransferase (ChAT) and acetyl-
cholinesterase (AChE) and enhance reactive oxygen species
(ROS) generation associated with mitochondrial dysfunc-
tions, ultrastructural changes, and learning deficits.
Enhanced apoptosis, as evidenced by alterations in key pro-
teins involved in the pro- and anti-apoptotic pathway and
mitogen-activated protein (MAP) kinase signaling, was evi-
dent on cadmium exposure. Simultaneous treatment with
quercetin (25 mg/kg body weight, p.o.) resulted to protect
cadmium-induced alterations in cholinergic-muscarinic re-
ceptors, mRNA expression of genes (M1, M2, and M4), and
expression of ChAT and AChE. The protective effect on brain
cholinergic targets was attributed to the antioxidant potential
of quercetin, which reduced ROS generation and protected
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mitochondrial integrity by modulating proteins involved in
apoptosis and MAP kinase signaling. The results exhibit that
quercetin may modulate molecular targets involved in brain
cholinergic signaling and attenuate cadmium neurotoxicity.
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signaling - Neuroprotection

Introduction

Cadmium, one of the trace elements present in the earth’s
crust, has extensive uses in mining and smelting [1]. Use of
cadmium is common in electroplating, and cadmium salts are
frequently used as color pigments in metals and plastics and in
the manufacture of batteries and phosphate fertilizers [2—4].
Besides anthropogenic uses, volcanic eruptions, burning of
fossil fuel, incineration of municipal waste, recycling of
cadmium-plated scrap, and electronic waste significantly con-
tribute to the release of cadmium in the environment [1, 5].
High cadmium levels have been found in drinking water and
crops grown on soil contaminated with the metal [6—11].
Human exposure to cadmium may therefore occur both in
occupational and non-occupational settings and poses a seri-
ous risk to health and associated problems. Renal dysfunctions
and decreased bone mineral density are frequently reported on
exposure to cadmium in non-occupationally exposed individ-
uals in cross-sectional studies [3, 12]. While monitoring health
outcomes, increased urinary levels of cadmium have been
associated with hypertension, diabetes, and diabetic nephrop-
athy in different sets of population [3, 12]. A number of au-
topsy reports exhibit high accumulation of cadmium in body
organs including the brain [13—15]. Satrug and Moore [12]
suggested that high accumulation of cadmium in the liver
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and kidney is due to the poor accumulation of cadmium asso-
ciated with its reabsorption in the kidney with age.

Although exposure to cadmium may affect physiological
functioning [12] and enhance the risk of developing cancers
of the body organs in humans, it has been found to affect the
functioning of the central and peripheral nervous systems ad-
versely [16, 17]. Headache, vertigo, and other neurological ab-
normalities including olfactory dysfunctions have been report-
ed in cadmium-exposed individuals [18-21]. Cadmium expo-
sure has been found to cause cognitive dysfunctions and affect
the development of visual perception in children [20, 21].
Motor dysfunctions have also been reported in humans on cad-
mium exposure [22]. Chronic exposure to cadmium has been
found to cause peripheral neuropathy and affect psychomotor
functions in occupational workers [21, 23, 24]. Cadmium easily
crosses the blood—brain barrier, and thus, the brain is one of the
soft targets [17, 25, 26]. The toxic effects of cadmium are large-
ly attributed to its poor elimination from the body and thus high
accumulation in tissues including the brain [26-28]. Enhanced
oxidative stress in the brain on cadmium exposure is frequently
reported and considered to be one of the potential mechanisms
in its neurotoxicity [26, 29-33]. Increased expression of metal-
lothionein, a cysteine-rich protein, has been observed on cad-
mium exposure due to its high affinity in different organs in-
cluding the brain [5, 34, 35]. Furthermore, cadmium may dis-
rupt the metabolism of trace elements, especially copper and
zinc, which play important roles in its metabolism and kinetics
[35, 36]. A number of studies found that cadmium may de-
crease the calcium influx and inhibit the activity of Na* and
K*-ATPase in the brain and, thus, affect the process of neuro-
transmission and energy metabolism, respectively [37, 38].
Alterations in brain neurotransmitters following exposure to
cadmium have been reported and associated with neurobehav-
ioral abnormalities in experimental studies [39—43]. Brain cho-
linergic alterations have been frequently reported on cadmium
exposure and associated with cognitive deficits [23]. There are
a number of reports exhibiting that cadmium may influence the
activity of brain acetylcholinesterase both in vivo and in vitro
and disrupt the integrity of cholinergic functions [44, 45]. It has
been found that cadmium easily targets mitochondria in the
brain and other tissues and affects its functional integrity [46,
47]. The primary role of the mitochondria in the cell is to reg-
ulate bioenergetics via oxidative phosphorylation, and thus, al-
teration at any of the step in the electron transport chain (ETC)
may result into energy failure. Furthermore, the mitochondria
are the main sites of reactive oxygen species (ROS) generation
and contribute in apoptosis via caspase cascade and the cell
survival pathway including mitogen-activated protein (MAP)
kinases [48]. MAP kinases are highly regulated serine threonine
kinases and include c-Jun N-terminal kinases (JNKSs), p38, and
extracellular signal-regulated kinases (ERKSs) as important
members in the family which contribute extensively to neuronal
cell death [49, 50]. The role of MAP kinase and mechanistic

target of rapamycin (mTOR) in cadmium-mediated cell death
in neurons has been reported [51, 52]. Mitochondrial dysfunc-
tions in neurodegenerative diseases are well established [53]. In
an interesting study, the activation of muscarinic—holinergic
receptors was found to protect mitochondrial damage and in-
hibit mitochondrial-mediated cell death, thus suggesting that
there is a close link of muscarinic—cholinergic receptor alter-
ation with the integrity of the mitochondria and apoptotic cell
death [54]. In view of the increasing risks of human exposure to
neurodegenerative disorders, including Parkinson’s,
Alzheimer’s, and Huntington’s diseases, due to increased cad-
mium levels in the environment [5, 22, 43, 55-57], there is a
great thrust to understand its impact on the functioning of the
brain and investigate whether cadmium-induced neurotoxicity
could be protected.

Quercetin, a class of bioflavonoid, is widely present in a
variety of vegetables and fruits, while high levels are present
in onions, apples, and berries. The presence of quercetin in
medicinal plants like Ginkgo biloba and Hypericum perforatum
(St. John’s wort) has also been reported [58, 59]. The broad
pharmacological spectrum of quercetin due to its anti-inflam-
matory, vasodilating, and metal chelating effects has attracted
much attention to assess its therapeutic potential in a number of
diseases [60]. Interestingly, the bioactivity of quercetin due to
its antioxidant and radical scavenging activity has been associ-
ated with its neuroprotective potential in experimental models
of neurodegenerative disorders [61-63]. Experimental studies
carried out recently found that cadmium exposure could affect
memory and cause anxiogenic changes associated with alter-
ations in brain acetylcholinesterase activity and impaired anti-
oxidant defense in rats, and these changes were protected by
quercetin [44, 64]. While cadmium may affect the molecular
targets in brain cholinergic signaling, the exact mechanism of
the protective potential of quercetin in modulating cadmium-
induced neurotoxicity is not understood. The present study has
therefore been carried out to decipher the molecular mecha-
nisms associated with cadmium-induced cognitive deficits
and the role of the mitochondria and MAP kinase in such alter-
ation and the protective efficacy of quercetin.

Materials and Methods
Experimental Animals and Housing Conditions

The experiments in the present study were performed on adult
male rats of Wistar strain (180 +20 g) obtained from the cen-
tral animal house of CSIR-Indian Institute of Toxicology
Research (CSIR-IITR), Lucknow. Rats were acclimatized for
7 days before the start of the experiment. The experimental
animal rooms had controlled temperature (25+2 °C) with a
12-h light/dark cycle. Standard hygiene conditions were en-
sured in the experimental animal rooms, and pellet diet and
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purified drinking water were available to the animals ad
libitum. The study was approved by the institutional animal
ethics committee of CSIR-IITR, Lucknow, and official guide-
lines formed by the Committee for the Purpose of Control and
Supervision of Experiments on Animals, Ministry of
Environment and Forests, Government of India, were follow-
ed for carrying out the experiments all throughout.

Experimental Design and Treatment Procedure
There were four treatment groups as per the following details:

Group I —Rats treated with cadmium as cadmium chloride
(dissolved in distilled water, 5 mg/kg body weight,
p-o., once daily for 28 days)

Group II —Rats treated with quercetin (suspended in dis-
tilled water containing 0.1 % Tween 20, 25 mg/
kg body weight, p.o., once daily for 28 days)

Group Il —Rats treated with cadmium and quercetin simul-
taneously as in groups I and II, respectively

Group IV —Rats treated with vehicle (distilled water con-

taining 0.1 % Tween-20) for the duration of the
treatment and served as the controls

There were 42 rats in each treatment group. A separate set
of five rats from each treatment group was used to assess
spatial memory and learning by passive avoidance test and
Y-maze. For the assay of cholinergic—-muscarinic receptors,
mitochondrial complexes, and estimation of ROS and mito-
chondrial membrane potential (MMP) in the frontal cortex
and hippocampus, a set of five rats each from different treat-
ment groups was used following standard protocols.
Furthermore, a separate set of three rats from each treatment
group was used for Western blotting, quantitative real-time
polymerase chain reaction (QRT-PCR), and histological and
ultrastructural studies. For neurochemical studies, a set of rats
from each treatment group was killed 24 h after the last dose.
The brain was quickly removed, washed in ice-cold saline,
and dissected into the frontal cortex and hippocampus follow-
ing standard procedure [65]. For ultrastructural and histolog-
ical studies, rats were perfused and the brains were taken out.

Behavioral Studies

Assessment of Learning and Memory

Effects on the learning and memory in rats treated with cad-
mium or quercetin alone or in combination were assessed by
passive avoidance test using a shuttle box. However, spatial

memory and learning and continuous alternation test were
assessed by the Y-maze in a separate set of rats.

@ Springer

Assessment of Spatial Memory and Continuous Alternation
Spatial memory was assessed through novelty seeking behav-
ior using the Y-maze and following the procedure described
by Wang et al. [66]. Briefly, the test consists of two trials
separated by an inter-trial interval of 4 h to assess spatial
recognition memory test. Out of three arms of the Y-maze,
one arm was blocked and termed as the novel arm. During
the first trial, rats were placed in the start arm and allowed to
explore the start arm and the other arm for 15 min as the third
arm (novel arm) was blocked. After an inter-trial interval of
4 h, rats were placed in the same arm (start arm) and allowed
to explore all arms for duration of 5 min. During this time, rats
were free to visit all three arms. The number of entries and
time spent in the novel arm versus other arm were recorded on
a computer. The results are expressed as percent of time spent
and percent of entries in the novel arm versus other arm.
Furthermore, continuous alternation in rats was assessed
using the Y-maze as described by Yamada et al. [67]. Briefly,
rats were placed at the end of one arm of the Y-maze and
allowed to move freely for 5 min. The series and sequence of
entry into each arm of the Y-maze were recorded automatically
on the computer. The alternation percentage was calculated as
the ratio of actual to possible alternation multiplied by 100.

Passive Avoidance Response The passive avoidance re-
sponse was monitored using the shuttle box (Techno, India)
following the procedure described by Yadav et al. [68].
Briefly, the shuttle box consists of two chambers—a lighted
and a dark chamber separated by a guillotine door. Rats were
placed in the lighted chamber of the shuttle box, and after
acclimatization for 30 s, the guillotine door was opened. As
the rats crossed into the dark chamber, the guillotine door was
closed and a low-intensity foot shock (0.5 mA, 10 s) was
given. The first trial was for acquisition; retention was
assessed in subsequent trials carried out 24 h after the first
trial. The transfer of rat from the light to the dark compartment
was recorded as transfer latency time (TLT) in seconds. The
criterion for improved cognitive activity was considered as an
increase in the TLT on the retention trial (second trial and
more) as compared to the acquisition trial (first trial). The
shock was not given to the rats in the retention trials to avoid
reacquisition.

Neurochemical Studies
Assay of Cholinergic—Muscarinic Receptors

Assay of cholinergic—muscarinic receptors in the frontal cortex
and hippocampus was performed by radioligand receptor bind-
ing following the procedure described earlier by Khanna et al.
[69]. In brief, the frontal cortex or hippocampus isolated from
the brain was processed for the preparation of synaptic mem-
branes. The brain region (frontal cortex or hippocampus) was
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homogenized in 19 volumes of Tris—HCI buffer (5 mM,
pH 7.4) and the homogenate centrifuged (40,000xg) for
15 min at 4 °C. The sedimented pellet was suspended in ho-
mogenization buffer (5 mM Tris—HCI, pH 7.4) and
recentrifuged (40,000xg) for 15 min at 4 °C. The pellet thus
obtained was finally suspended in Tris—HCI buffer (40 mM,
pH 7.4) and stored at —20 °C.

For the assay of cholinergic—-muscarinic receptors, the reac-
tion mixture in a final volume of 1 ml contained Tris—HCI
buffer (40 mM, pH 7.4), *H-quinuclidinyl benzilate (*H-
QNB, 1 x 107° M), and membrane protein either from the fron-
tal cortex or the hippocampus (around 200-250 pg). Binding
incubations were carried out in triplicate for 15 min at 37 °C. A
set of tubes containing atropine sulfate (1 x 10~° M), a compet-
itor, was also run simultaneously to assess nonspecific binding.
Soon after incubation, the contents of the binding tubes were
rapidly filtered on glass fiber discs (25-mm diameter, 1.0-pm
pore size; Whatman GF/B). The filter discs were washed twice
rapidly with cold Tris—HCl buffer (40 mM) to remove unbound
radioligand. They were then dried and counted in 5 ml of scin-
tillation mixture (PPO, POPOP, naphthalene, toluene, and
methanol) over a (3-scintillation counter at an efficiency of
3040 % for *H. Specific binding was calculated by subtracting
the nonspecific binding (in the presence of atropine sulfate)
from the total binding and expressed as picomoles of ligand
bound per gram protein. Furthermore, Scatchard analysis was
carried out using different concentrations of *H-QNB to deter-
mine whether change in the binding is due to alteration in the
affinity (K4) or number of receptor binding sites (Bax)-

Expression of Cholinergic—Muscarinic Receptors, Choline
Acetyltransferase, and Acetylcholinesterase Genes

The frontal cortex and hippocampus dissected out from the
brain were processed for RNA isolation using Trizol (Life
Technologies, USA) following the recommended protocol.
gqRT-PCR for the different receptor subtypes was carried out
as described earlier [70]. The sequence of primers used for
cholinergic—muscarinic receptors (CHRM1, CHRM2,
CHRM3, CHRM4, and CHRM 5), choline acetyltransferase,
acetylcholinesterase, and 3-actin used in the present study has
been described earlier [71-73].

Isolation of the Mitochondria

The activity of enzyme complexes involved in the electron
transport chain was measured in the mitochondria isolated
from the frontal cortex and hippocampus following the recipe
as described in detail [74]. Briefly, the frontal cortex or hip-
pocampus was homogenized in buffer (pH 7.4) that contained
HEPES (5 mM), sucrose (75 mM), mannitol (225 mM),
EGTA (1 mM), and bovine serum albumin (BSA, 1 mg/ml).
The homogenate was centrifuged (2000xg) for 3 min at 4 °C.

The supernatant thus obtained was separated and centrifuged
(12,000xg) for 10 min at 4 °C. The pellet was suspended in the
same buffer used for homogenization, and digitonin (0.02 %)
was added for the lysis followed by centrifugation (12,000xg)
for 10 min at 4 °C. The mitochondrial pellet was isolated,
washed, and suspended in isotonic buffer and used for bio-
chemical assay. Furthermore, the purity of the mitochondria
isolated from the frontal cortex and hippocampus was
assessed by running separate blots of voltage-dependent anion
channel (VDAC), a mitochondrial protein, and (3-actin, a cy-
tosolic protein.

Assay of Mitochondrial Complexes in Brain Regions

To assess complex I (NADH-ferricyanide reductase) activity,
ferricyanide was used as the electron acceptor following the
method of Hatefi et al. [75]. Briefly, the reaction mixture (final
volume, 1 ml) contained phosphate buffer (50 mM, pH 7.4),
NADH (0.17 mM), ferricyanide (0.6 mM), and Triton X-100
(0.1 %, v/v) at 30 °C. Mitochondrial suspension (10-30 pg
protein) was added to the reaction mixture in the cuvette to
start the reaction. The rate of oxidation of NADH was
assessed using a spectrophotometer at 340 nm. The activity
of complex I enzyme has been expressed as nanomoles of
NADH oxidized per minute per milligram protein.

For the assay of complex II-III (succinate-cytochrome ¢
reductase) activity, reduction of ferricytochrome ¢ to
ferrocytochrome ¢ was monitored in the presence of succinate
following the method described by Clark et al. [76]. The assay
mixture in a total volume of 1 ml contained phosphate buffer
(100 mM), succinate (2 mM), KCN (1 mM), EDTA (0.3 mM),
and cytochrome ¢ (1.2 mg/ml). Mitochondrial suspension
(around 10-30 pg) was added to initiate the reaction and re-
duction of ferricytochrome ¢ was monitored at 550 nm. The
activity of complexes II-III has been expressed as nanomoles
of oxidized cytochrome ¢ reduced per minute per milligram
protein.

The activity of complex IV (cytochrome c oxidase) was
assessed by monitoring the oxidation of reduced cytochrome
¢ (ferrocytochrome c) following standard procedure [77].
Briefly, ferricyanide (1 mM) in phosphate buffer (10 mM,
pH 7.4) was added to oxidized ferrocytochrome c in a final
volume of 1 ml at room temperature. The reaction was initi-
ated by adding mitochondrial suspension (around 10-30 pg
protein) and the rate of oxidation was recorded at 550 nm. The
activity of complex IV has been expressed as nanomoles of
reduced cytochrome ¢ oxidized per minute per milligram
protein.

Estimation of Reactive Oxygen Species

The generation of ROS in the frontal cortex and hippocampus
was assessed following the method of Rush et al. [78]. Briefly,
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mitochondrial suspension either from the frontal cortex or
hippocampus was incubated with DCFH-DA dye (10 ul,
100 uM final concentration) at room temperature for
30 min. DCFH-DA is oxidized to fluorescent DCF by intra-
cellular ROS during the course of reaction. The generation of
ROS was measured using a fluorescence reader at excitation
485 nm/emission 520 nm, and the results are expressed as
percent of the control.

Assessment of Mitochondrial Membrane Potential

The MMP in the frontal cortex and hippocampus was estimat-
ed using JC-1 dye as it is a sensitive indicator to assess change
in fluorescence from red to green following standard proce-
dure [79]. Briefly, mitochondrial cell suspension from the hip-
pocampus and frontal cortex was incubated with JC-1 dye
(10 uM) at 37 °C for 15 min and washed with phosphate-
buffered saline (PBS). The cells were finally suspended in
0.5 ml PBS (10° cells/ml) and analyzed by flow cytometer
(FACS CantoTM 11, BD Bio-Sciences, San Jose, CA, USA).

Immunoexpression of Choline Acetyltransferase,
Acetylcholinesterase, PKC[31, and Key Proteins Associated
with Apoptosis and MAP Kinase Signaling

Immunoexpression of selected proteins was assessed by
Western blotting following the procedure described by Jamal
et al. [80]. Briefly, the frontal cortex/hippocampus was lysed
and equal amount of protein (30 ug protein/lane) was electro-
phoresed on SDS-PAGE (12 %) and transferred onto nitrocel-
lulose membrane followed by blocking with buffer containing
BSA (5 %). The membrane was incubated overnight at 4 °C
with antibodies—acetylcholinesterase (AChE; 1:1000,
Millipore), choline acetyltransferase (ChAT; 1:1000, Sigma),
protein kinase C (PKC) 1 (1:1000, Sigma), Bcl-2 (1:1000,
CST), Bax (1:1000, CST), caspase-3 (1:1000, CST), pJNK1/2
and pJNK3 (1:1000, CST), pp38 (1:1000, Sigma), AP1
(1:1000, Sigma), cytochrome C (Cyt C; 1:1000, Millipore),
and {3-actin (1:1000, CST) followed by incubation with horse-
radish peroxidase-linked secondary antibody (anti-mouse
IgG, 1:4000; anti-rabbit IgG, 1:4000) at room temperature
for 60 min and detected by the chemiluminescent method.
Densitometric measurements of bands in the immunoblots
were carried out using digital gel image analysis system
(ImageQuant LAS 500) and normalized by [3-actin to correct
variations, if any, in protein loading.

Histological Studies
Histological studies were carried out in the hippocampus and
frontal cortex using Nissl staining as described by Veena et al.

[81]. Briefly, thin sections of the hippocampus and frontal
cortex were cut from the brain using Cryotome (Microm,
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HM520 USA). The sections were stained with cresyl violet
(0.1 %) and dehydrated through graded series of alcohol.
Finally, the sections were coverslipped with DPX mounting
media and the intensity of Nissl-stained neurons was deter-
mined using a computerized image analysis system (ImagelJ).

Ultrastructural Studies

For ultrastructural studies, a separate set of rats was used. Rats
were anesthetized with ketamine (30 mg/kg) and perfused
with paraformaldehyde (4 %) and glutaraldehyde (0.1 %).
The perfused brain was dissected into the frontal cortex and
hippocampus and cut into fine pieces (approx. 2 mm). Primary
fixation of sections was carried out for 2 h in glutaraldehyde
(2.5 %) prepared in sodium cacodylate buffer (0.1 M, pH 7.2).
Subsequently, post-fixation was carried out in osmium
tetraoxide (1 %) for 1-2 h followed by dehydration and em-
bedding in araldite and DDSA medium. The tissues were
baked at 65 °C for 48 h and cut into thin sections (60—
90 nm) using ultramicrotome (Leica EM UC 67). The thin
sections on copper mesh grids were stained with uranyl ace-
tate and lead citrate (2 %) for contrast. Examination of the
brain sections was carried out through transmission electron
microscope (Tecnai G2 spirit transmission electron micro-
scope equipped with Gatan CCD/Orius camera at 60 KV).

Protein Estimation

Protein content was determined following the method of
Lowry et al. [82] using BSA as a reference standard.

Statistical Analysis

One-way analysis of variance using the GraphPad Prism soft-
ware was used to analyze the data. Average of five or three
observations were taken for behavioral and neurochemical
parameters for analyzing the data statistically. To assess the
levels of significance comparing all the pair of columns,
Newman—Keuls test was employed and values up to p <
0.05 considered significant. Values have been expressed as
the mean + SEM. While studying the expression of certain
proteins, especially caspase and PKC[(31 by Western blotting,
experiments were repeated twice.

Results
Effect on Learning and Memory
As cholinergic dysfunctions are associated with impairment in

learning and memory, both spatial memory and learning were
assessed using shuttle box and Y-maze, respectively.
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Effect on Spatial Memory and Continuous Alternation

To assess the effect of cadmium on spatial memory, percent-
age of alternation was monitored using Y-maze. A significant
impairment (F3 16,=4.505, 43 %, p < 0.05) in alternation was
observed in rats on cadmium exposure as compared to those in
the control group. Simultaneous exposure with quercetin in
cadmium-exposed rats resulted to causing an improvement in
alternation as compared to rats treated with cadmium (Fs,
16)=4.505, 50 %, p <0.05) alone. No significant changes in
continuous alternation were observed in rats treated with quer-
cetin alone (Fig. 1a).

Furthermore, effect on the novelty seeking behavior on
cadmium exposure and protective effect of quercetin was also
assessed by Y-maze. Percent entries and time spent in the
novel arm and other arms were found to be similar in rats on
cadmium exposure (p > 0.05). Rats simultaneously exposed to
cadmium and quercetin were found to spend more time in the
novel arm, with an increase in percentage of entries (p < 0.05)
as compared to those treated with cadmium alone (Fig. 1b, c).
Furthermore, frequency of visits and time spent in the novel
arm were found to be higher (p <0.01) as compared to other
arms in rats in the control and quercetin-exposed groups.

Effect on Passive Avoidance Response

Exposure of rats to cadmium resulted to decrease transfer
latency time (TLT) in the retention trials (p <0.05) as com-
pared to the acquisition trials. These rats crossed into the dark
chambers early and thus indicate impairment in learning and
memory. Simultaneous treatment with quercetin in cadmium-
treated rats was found to protect these changes, as evidenced
by the increase in the transfer latency time (p <0.01) in the
retention trials as compared to cadmium-treated rats.
Interestingly, the transfer latency time was found to be in-
creased in rats in the control (»p <0.001) and quercetin-
exposed (p <0.001) groups, suggesting that there was no im-
pairment in learning and memory. Furthermore, no significant
difference in the transfer latency time on the acquisition trial
was observed in rats in any of the treatment groups (Fig. 2).

Neurochemical Studies

Effect on the Binding of Cholinergic—Muscarinic Receptors
and Expression of Cholinergic—Muscarinic Receptor Genes
in the Frontal Cortex and Hippocampus

A significant decrease in the binding of *H-QNB was observed
both in the frontocortical (F3 16 =4.963, 40 %, p <0.05) and
hippocampal (F(3,16=17.25, 56 %, p <0.001) membranes of
rats on cadmium exposure as compared to the controls.
Alteration in the binding was found to be due to the decreased
number of binding sites (B,,,.x), With no significant effect on the

affinity (Ky) in both the brain regions as revealed by Scatchard
analysis (Table 1). Interestingly, simultaneous exposure to
quercetin was found to protect cadmium-induced decrease in
the binding of cholinergic—muscarinic receptors both in the
frontal cortex (F(3,16)=4.963, 42 %, p <0.05) and hippocam-
pus (Fz.16)=17.25, 56 %, p <0.05). No significant effect on
the binding of cholinergic—-muscarinic receptors was observed
in either of the brain regions of rats exposed to quercetin alone
as compared to rats in the control group (Fig. 3).

The impact of cadmium exposure on the mRNA expression
of the cholinergic receptor gene in the frontal cortex and hip-
pocampus was assessed by qRT-PCR. Cadmium exposure for
28 days in rats caused a decrease in the expressions of
CHRMI (F(55)=6.471, 55 %, p<0.01; F3 5 =11.45, 54 %,
p<0.01); CHRM2 (F(35=9.107, 45 %, p<0.01; F55 =
10.98, 58 %, p<0.01); CHRM3 (F(55,=0.7009, 15 %, p >
005, F(3’3) = 08996, 18 %,p > 005), CHRM4 (F(3,8) = 6839,
45 %, p <0.05; F(35,=5.606, 46 %, p <0.05); and CHRMS
(F3.8=1.296, 16 %, p>0.05; F58,=1.125, 20 %, p > 0.05)
receptor genes both in the frontal cortex and hippocampus as
compared to the controls. Interestingly, changes in the mRNA
expressions of CHRM1 (F(3’g) =6471 5 F(3’g) = 1145, 95 %,p
<0.05); CHRM2 (F(3.8)=9.107, 93 %, p<0.01; F5 =
10.98, 92 % p <0.01); CHRM3 (F(55,=0.7009, 78 %, p <
0.05; 21 %); CHRM4 (F(35)=6.839, 70 %, p <0.05); and
CHRMS (F3.8,=1.296,82 %, p<0.01; 31 %, p > 0.05) genes
on cadmium exposure were protected in rats on simultaneous
treatment with quercetin both in the frontal cortex and hippo-
campus (Fig. 4a, b).

Effect on the Expression of Choline Acetyltransferase
and Acetylcholinesterase in the Frontal Cortex
and Hippocampus

The effect of cadmium on the expression of ChAT, a marker
for the integrity of cholinergic neurons, and AChE, an enzyme
involved in the metabolism of acetylcholine, and the protec-
tive efficacy of quercetin were also assessed both in the frontal
cortex and hippocampus. Exposure of rats to cadmium result-
ed to decreased mRNA expressions of ChAT and AChE in the
frontal cortex (Fz.8,=5.479, 42 %, p<0.05; F(35,=28.528,
50 %, p<0.01) and hippocampus (F35)=11.25, 55 %, p<
0.05; Fi58=10.91, 60 %, p<0.01) as compared to the con-
trols, indicating alterations in the cholinergic system. Contrary
to this, simultaneous exposure with quercetin in cadmium-
exposed rats caused significant protection in the mRNA ex-
pressions of ChAT and AChE both in the frontal cortex (F3,
8y=5.479, 82 % p<0.01; F34=28.528, 68 %, p<0.05) and
hippocampus (F3)=11.25, 56 %, p<0.05; F(54,=10.91,
74 %, p<0.01) as compared to those exposed to cadmium
alone (Fig. 5a).

A decrease in the protein expressions of ChAT and AChE in
the frontal cortex (F(35,=28.594, 1.74-fold, p<0.01; Fi55,
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Fig. 1 Effect on spatial learning
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=19.65, 1.65-fFold, p <0.01) and hippocampus (F3 )= 8.740,
1.61-fold, p <0.01; F55,=28.69, 1.58-fold, p < 0.001) was ob-
served in rats on cadmium exposure as compared to the controls.
Simultaneous exposure to cadmium and quercetin was found to
cause an increase in the expressions of ChAT and AChE proteins
both in the frontal cortex (F3 g, = 8.594, 1.38-fold, p < 0.05; F{3,
8= 19.65, 1.42-fold, p < 0.05) and hippocampus (3 g, = 8.740,
1.20-fold, p <0.05; F58,=28.69, 1.54-fold, p <0.01) as com-
pared to rats exposed to cadmium alone. No significant change

QUR Cd+QUR

CONT Cd

QUR Cd+QUR

in the mRNA and protein expressions of ChAT and AChE was
observed either in the frontal cortex or hippocampus of rats ex-
posed to quercetin alone as compared to the controls (Fig. 5a).

Effect on the Expression of PKC(1
Exposure to cadmium in rats significantly decreased the expres-

sion of PKCf31, an important protein involved in synaptic sig-
naling both in the frontal cortex (F3g,=18.83, 1.55-fold,

Fig. 2 Effect on learning and

‘ BAcquisition BRetention 1 @Retention 2 mRetention 3

memory assessed by shuttle box 300 4
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Table 1 Scatchard analysis of ] i

H-QNB in the frontocortical and ~ Brain region CONT Treatment groups

hippocampal membranes of rats

following exposure to cadmium, Cd (5 mgkg) QUR (25 mg/kg) Cd+QUR

quercetin, and their co-exposure

for 28 days Frontal cortex
Binax 747 +89 433 + 85+ 748+ 115 718 725
K4 0.65+0.052 0.54+0.071 0.77+0.124 0.732+0.101
Hippocampus
Binax 1197 + 149 619 +100%* 1206+ 112 1010+ 98*°
Ky 1.73+0.190 1.65+0.124 1.74+0.117 1.64+0.121

Values are the mean + SEM of three rats in each group

Kyg: dissociation constant expressed (in nanomolars); By, maximum number of binding sites (expressed in
picomoles of > H-QNB bound per gram protein)

CONT control, Cd cadmium, QUR quercetin

*p <0.05 (significantly differs)

* Compared to the control group

® Compared to the cadmium-exposed group

»<0.001) and hippocampus (F3 g, =28.72, 1.40-fold,
p<0.001) as compared to rats in the control group.
Simultaneous exposure with quercetin in cadmium-exposed rats
was found to protect the changes on the expression of PKC[31
both in the frontal cortex (F(5 )= 18.83, 1.28-fold, p < 0.05) and
hippocampus (£ 3 3)=28.72, 1.70-fold, p < 0.01) as compared to
cadmium-exposed rats. No significant change in the expression
of PKCf31 was observed either in the frontal cortex or hippo-
campus of rats exposed to quercetin alone compared to the con-
trols (Fig. 6).

Effect of Cadmium or Quercetin or their Co-treatment in Rats
on Mitochondrial Dysfunctions

To understand the molecular mechanisms underlying cadmium-
induced cholinergic deficits and the protective potential of

quercetin in cholinergic neurons, the focus was on mitochondrial
integrity and associated activation of caspase cascade which
leads to neuronal cell death. The purity of the mitochondria
was found to be high both in the frontal cortex and hippocam-
pus. Expression of VDAC, a mitochondrial protein, was high in
the mitochondrial pellet, while the expression of (3-actin was
found to be negligible (Fig. 8a).

Effect on the Activity of Mitochondrial Complexes

The effect of cadmium on the activity of enzyme complexes
involved in the electron transport chain and cellular bioenerget-
ics and the protective efficacy of quercetin were assessed in the
frontal cortex and hippocampus, the cholinergic-rich areas of the
brain. Exposure to cadmium in rats for 28 days resulted to de-
creased activity of complex I (F{3,16=4.697, 30 %, p <0.05;

B CONT 8 Cd (5 mg/kg) @ QUR (25 mg/kg) I Cd+QUR|

*b

protein

pmoles *H-QNB bound/g

DO \g

**b

\3

N

Frontal cortex

Fig. 3 Effect on *H-QNB binding in the frontocortical and hippocampal
membranes of rats following exposure to cadmium, quercetin, and their
co-exposure for 28 days. Values are the mean + SEM of five animals in

Hippocampus

each group. Significantly different: *p < 0.05, **p <0.01. @ Compared to
the control group. b Compared to the cadmium-exposed group. CONT
control, Cd cadmium, QUR quercetin

@ Springer



4568

Mol Neurobiol (2017) 54:4560-4583

B CONT ® Cd (5 mg/kg) @ QUR (25 mg/kg) I Cd+QUR

(a) Frontal Cortex

:0.8' é é
Z 0.6 1 2 % /
50.4- % %
¢ L7 % %

(2]
X
A
=
-
(2]
X
A
=
N

(b) Hippocampus
1.4 -

1.2 +

1 b **hy

0.8 -

0.6 1

0.4 -

0.2 -

Relative mRNA expression

N

CHRM2

O
X
Y
=
—

Fig.4 Effect on the expression of muscarinic—holinergic receptor genes
in the frontal cortex (a) and hippocampus (b) following exposure of rats
to cadmium, quercetin, and their co-exposure for 28 days. Values are the

F316=4.611, 28 %, p<0.05), complexes II-III (F3 6=
27.87, 58 %, p<0.001; F56=12.25, 53 %, p<0.01), and
complex v (F(3,16)= 1935, 22 %, p<005, F(3,16)=4.892,
26 %, p <0.05) both in the frontal cortex and hippocampus as
compared to the controls. Interestingly, cadmium-induced de-
crease in the activity of mitochondrial complexes was found to
be protected as evident from the increase in the activity of com-
plex I (F316)=4.697, 28 %, p<0.05; F516=4.611, 18 %,
p<0.05), complexes II-II (F(3,16,=27.87, 71 %, p<0.01;
F(3’16)= 12.25, 55 %, p<005), and complex v (F(3’16)=
1.935, 17 %, p <0.05; F3,16=4.892, 28 %, p <0.05) in rats
simultaneously treated with quercetin. No significant change in
the activity of any of the complexes was observed either in the
frontal cortex or hippocampus treated with quercetin as com-
pared to the controls (Fig. 7).

@ Springer

mean = SEM of three animals in each group. Significantly different: *p <
0.05, **p<0.01. a Compared to control group. b Compared to the
cadmium-exposed group. CONT control, Cd cadmium, QUR quercetin

Effect on the Generation of Reactive Oxygen Species

Exposure of rats to cadmium resulted to increase the gener-
ation of ROS in the frontal cortex (F(3.16y=9.577, 69 %,
p<0.01) and hippocampus (F(3 16,=10.36, 75 %, p <
0.01), as evidenced by the enhanced fluorescence of DCHF
dye as compared to rats in the control group (Fig. 8).
Simultaneous exposure to quercetin in cadmium-exposed
rats was found to protect ROS generation both in the frontal
cortex (F3.16)=9.577, 37 %, p <0.01) and hippocampus
(F3,16)=10.36, 28 %, p < 0.01) as compared to rats treated
with cadmium alone. No significant change in ROS levels
was observed both in the frontal cortex and hippocampus of
rats treated with quercetin alone as compared to control rats
(Fig. 8).
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Fig. 5 Effect on the expressions of ChAT and AChE genes (a) and their
proteins (b) following exposure of rats to cadmium, quercetin, and their
co-exposure for 28 days. Values are the mean + SEM of three animals in
each group. Significantly different: *p < 0.05, **p <0.01,***p < 0.001. a

Effect on Mitochondrial Membrane Potential

Cadmium exposure for 28 days resulted to cause a significant
impairment in the mitochondria containing green JC-1 dye de-
tected at the FL1 channel. Functional mitochondria with healthy
cells displayed red JC-1-aggregates and were detected at the FL.2
channel. Exposure of rats to cadmium increased the percentage
of depolarized cells, suggesting a decrease in the mitochondrial
membrane potential in the frontal cortex (F3g), =14.52,
14.10 %, p<0.01) and hippocampus (F35)=30.28, 12.47 %,
p<0.001) as compared to the controls. Simultaneous exposure
to cadmium and quercetin was found to attenuate the percentage
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5 **hy .
g 1 4 u *b
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0.2 4
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Compared to the control group. & Compared to the cadmium-exposed

group. CONT control, Cd cadmium, QUR quercetin, ChAT choline ace-
tyltransferase, AChE acetylcholinesterase

of depolarized cells in the frontal cortex (Fiz5)=14.52, 8.4 %,
p<0.01) and hippocampus (F3 5 =30.28, 7.7 %, p<0.01),
suggesting an increase in the mitochondrial membrane potential
as compared to rats exposed to cadmium alone (Fig. 9). No
significant change in the mitochondrial membrane potential
was observed in the frontal cortex and hippocampus of rats
exposed to quercetin as compared to the controls.

Effect on the Expression of Pro- and Anti-apoptotic Proteins

Exposure of rats to cadmium resulted to an increased expres-
sion of Bax, a pro-apoptotic protein, in the frontal cortex (F s,
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Fig. 6 Effecton the expression of CONT Cd QUR Cd+QUR CONT Cd QUR Cd+QUR
PKC{1 following exposure of
rats to cadmium, quercetin, and
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Fig. 8 Purity of the mitochondria
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Frontal cortex

3 =4.967, 1.34-fold, p<0.01) and hippocampus (F35)=
19.58, 2.08-fold, p < 0.001) associated with a decrease in the
expression of Bcl2, an anti-apoptotic protein, both in the frontal
cortex (F3.8=13.97, 1.54-fold, p <0.01) and hippocampus
(F3.8=32.42, 1.49-fold, p <0.001) as compared to control
rats. Increase in the ratio of Bax/Bcl2 was distinct both in the
frontal cortex and hippocampus, suggesting enhanced apopto-
sis following cadmium exposure. An increase in the expression
of caspase-3, an executer protein, was also evident in the frontal
cortex (F3)=5.671, 1.93-fold, p <0.05) and hippocampus
(F,8=1.811, 2.40-fold, p<0.01) on cadmium exposure in
rats. Simultaneous exposure of rats to cadmium and quercetin
resulted to a decreased expression of Bax in the frontal cortex
(F3.8)=4.967, 1.84-fold, p<0.05) and hippocampus (F3 g,
=19.58, 1.71-fold, p <0.01) and increased expression of Bcl-
2 in the frontal cortex (F3,=13.97, 1.44-fold, p <0.05) and
hippocampus (F3 5)=32.42, 1.59-fold, p <0.01) as compared
to cadmium-exposed rats. A decrease in the expression of
caspase-3 in the frontal cortex (F(34,=5.671, 1.82-fold,
p<0.05) and hippocampus (F(3.5,=7.811, 1.76-fold,
p<0.05) was also evident in cadmium-treated rats simulta-
neously exposed to quercetin. No significant change in the
expression of any of these proteins was observed either in the
frontal cortex or hippocampus of rats exposed to quercetin as
compared to rats in the control group (Fig. 10).

Hippocampus

Effect on the Expression of Cytochrome C

Release of Cyt C from the inner mitochondrial spaces is the
main key event in caspase-mediated apoptotic cell death. The
effect of cadmium on cytochrome C release from the mito-
chondria was assessed through protein expression using
Western blotting techniques. Cadmium exposure significantly
increased the expression of Cyt C protein in the frontal cortex
(F3.8y=41.13, 1.70-fold, p <0.001) and hippocampus (3,
g)=154.62, 2.25-fold, p <0.001) as compared to the controls.
Simultaneous exposure to cadmium and quercetin was found
to decrease the expression of Cyt C protein both in the frontal
cortex (F38=41.13, 1.75-fold, p <0.01) and hippocampus
(F3.8)=54.62, 1.73-fold, p < 0.001) as compared to rats treat-
ed with cadmium alone. No significant change in Cyt C ex-
pression was observed both in the frontal cortex and hippo-
campus of rats exposed to quercetin alone as compared to the
controls (Fig. 11).

Effect on the Expression of MAPK Proteins
To further understand the mechanism of cadmium-induced
apoptotic cell death, we further assessed the expression of

MAP kinase proteins following cadmium exposure and the
protective efficacy of quercetin in the frontal cortex and
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Fig. 9 Effect on the mitochondrial membrane potential following
exposure of rats to cadmium, quercetin, and their co-exposure for 28 days.
Values are the mean = SEM of five animals in each group. Significantly
different: **p <0.05, ***p <0.01. a Compared to the control group. b

hippocampus. Exposure to cadmium resulted to the increased
expressions of AP1, pp38, pJNK1/2, and pJNK3 both in the
frontal cortex (F3. =9.465, 1.59-fold, p<0.01; F35 =
4.430, 1.25-fold, p <0.05, F(35)=3.962, 1.82-fold, p <0.05;
F3.8=25.73, 1.80-fold, p <0.001; F5,=10.43, 1.38-fold,
p<0.01) and in the hippocampus (F35,=18.71, 1.85-fold,
p<0.001; F35,=15.88, 1.49-fold, p <0.01; F(3,=17.82,
1.94-fold, p<0.01; F(34,=25.83, 1.6-fold, p <0.001; F,
) =8.412, 1.52-fold, p<0.01) as compared to the controls.
Simultaneous exposure to cadmium and quercetin was found
to decrease the expressions of AP1, p38, JNK1/2, and JNK3
proteins in the frontal cortex (F(3.s)=9.465, 1.79-fold,
p<0.05; F35=4.430, 1.90-fold, p <0.05; F35)=3.962,
1.70-f01d, p< 005, F(3,8) = 2573, 184-f01d, p< 001, F(3’
g)=10.43, 1.81-fold, p <0.05) and hippocampus (F(3 s,

@ Springer

Compared to the cadmium-exposed group. Representative dot plot of
individual experiment in the frontal cortex (a) and in the hippocampus
(b). CONT control, Cd cadmium, QUR quercetin, FC frontal cortex, HP
hippocampus

=18.71, 1.75-fold, p<0.01; F35, =15.88, 1.87-fold,
p<0.05; F35,=17.82, 1.64-fold, p <0.05; F(5,=25.83,
1.71-fold, p < 0.01; F(5 5,=8.412, 1.80-fold, p < 0.01) in com-
parison to rats exposed to cadmium alone (Fig. 12). No sig-
nificant change in the expression of any of these proteins was
observed either in the frontal cortex or hippocampus of rats
exposed to quercetin as compared to rats in the control group
(Figs. 12 and 13).

Histological Studies

Severe degeneration of neurons in the frontal cortex (£,
=63.01, 1.72-fold, p<0.01) and the dentate gyrus area of the
hippocampus (F35)=87.55, 1.65-fold, p <0.001) was clearly
visible in rats on exposure to cadmium for 28 days in



Mol Neurobiol (2017) 54:4560-4583

4573

Fig. 10 Effect on the expression
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apoptosis

Fold change
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comparison to the controls. Loss of synapse or the loss of neuron
in the cholinergic-rich area is the major event of any cholinergic
dysfunction and associated functional changes. A trend of re-
covery in the frontal cortex (F(zg)=63.01, 1.49-fold, p <0.01)
and dentate gyrus (F(3 g, =87.55, 1.32-fold, p < 0.001) was evi-
dent in cadmium-exposed rats on simultaneous exposure with
quercetin as compared to rats treated with cadmium alone. There
was no significant change in the neuron density in any of the
brain regions of rats exposed to quercetin alone as compared to
rats in the control group (Fig. 14).

Fig. 11 Effect on the expression
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Effect of Cadmium, Quercetin, and their Co-treatment
on Ultrastructural Changes

Cadmium exposure in rats resulted to disrupt the ultrastructures
both in the frontal cortex and hippocampus as compared to rats in
the control group. A marked deterioration in the hippocampus
and frontal cortex, as visualized by loss in cell organelles, vacu-
ole formation in the cytoplasm, mitochondrial damage, swollen
mitochondria with loss in cristac (cracked or missing cristae),
along with disruption in the mitochondrial membrane in
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unmyelinated axons, was observed on cadmium exposure.
Furthermore, loss of myelin sheath was also clearly visible both
in the frontal cortex and in the hippocampus on cadmium expo-
sure as compared to the control rats. Interestingly, simultancous
exposure with quercetin was found to protect cadmium-induced
ultrastructural changes and preserve mitochondrial integrity.
Restoration in mitochondria with improvement in electron den-
sity and cristae structure was clearly evident. Furthermore, mito-
chondria with complete mitochondrial membrane and cristae

were observed in rats simultaneously treated with cadmium and
quercetin (Fig. 15).

Discussion
A number of studies have been carried out to decipher the

molecular mechanisms of cadmium neurotoxicity. The dose
of cadmium used in these studies ranges from 1 to 10 mg/kg
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of stress proteins following e —— —
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Fig. 14 Photomicrographs of the frontocortical (a) and hippocampal
sections (b) illustrating Nissl staining following exposure of rats to
cadmium, quercetin, and their co-exposure for 28 days. Fold change
exhibits percent area of degenerated neurons. Values are the mean +

body weight, involving different routes of exposure including
oral/intragastric, i.p., or through drinking water. The duration
of exposure also varies from 4 to 45 days to assess the short- or
long-term effect of cadmium on behavioral and neurochemi-
cal endpoints [37, 44, 83—-86]. As most of the studies have
been carried out at a dose of 5 mg/kg body weight of cadmium
[30, 84, 87, 88], we selected the same dose in the present
study. Furthermore, to assess the neuroprotective efficacy of
quercetin, studies have been carried out at different doses (5—

1.5 1

0.5 1

*ekk
a

0
SEM of three sections from each group. Significantly different: **p <
0.05, ***p <0.001. a Compared to the control group. b Compared to the
cadmium-exposed group. Scale bar, 100 pm. CONT control, Cd cadmi-
um, QUR quercetin

100 mg/kg body weight, p.o.) in experimental models of neu-
rotoxicity and neurodegenerative diseases [44, 61, 89-93].
The dose, duration, and route of exposure vary in these studies
and are largely dependent on the experimental design. In most
of these experimental studies, quercetin has been found to
exert neuroprotective potential at the dose of 25 mg/kg body
weight [61, 93-95], and thus, we also opted the same dose in
the present study. Furthermore, the duration of exposure in the
present study was for 28 days to assess sub-chronic effects.
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In view of the vulnerability of cholinergic neurons to cad-
mium, studies have been carried out to understand its impact
on cholinergic receptors, AChE activity, and other parameters
associated with the integrity of cholinergic functions. Decrease
in AChE activity in the cerebral cortex and hippocampus, in-
crease in hypothalamus, and no change in the striatum and
cerebellum were observed on cadmium exposure (2.5 mg/kg
body weight for 45 days) in rats [44]. In another study, Abdalla
et al. [46] found an increase in synaptic AChE activity in rats
exposed to cadmium (2.5 mg/kg body weight) for 45 days.
Furthermore, an increase in brain AChE activity was also
found in rats exposed to cadmium (1 mg/kg body weight)
either intraperitoneally or intramuscularly for 14 days or
4 months, respectively [45, 96]. Cadmium-induced decrease
in AChE activity has been reported in vitro [97]. While there
are evidences exhibiting that cadmium exposure may cause
alterations in brain AChE activity, consistent changes have
not been observed. Variations in AChE activity on cadmium
exposure have been largely attributed to differences in the
dose, duration, and route of exposure. Use of different animal
species, cellular preparations, approaches either in vivo or in
vitro, and assay protocols could also be associated with the
variability in the results [98]. Of the various factors suggested
to be associated with the alteration of AChE activity, deactiva-
tion of the enzymatic site directly or occupation of the active
site of the enzyme by cadmium are quite convincing [99]. It
has been found that cadmium may affect the cholinergic trans-
mission by inhibiting the activity of ChAT, a marker for the
integrity of cholinergic neurons [100]. Del Pino et al. [101]
found a dose-dependent decrease in ChAT activity in SN56
cells on cadmium exposure in vitro. Inhibition in the activity
of ChAT was associated with a decrease in the synthesis and
release of acetylcholine, an important neurotransmitter in brain
cholinergic transmission [102, 103].

There are five distinct subtypes of muscarinic—cholinergic
receptors which are distributed differentially in brain regions
and play important roles in modulating pharmacological func-
tions. The presence of M1, M2, and M4 cholinergic receptors
has been found to be more in the hippocampus and cortex, and
their role in modulating cognitive functions is well demon-
strated in experimental and clinical studies [104]. Exposure
to cadmium resulted to decreased muscarinic—cholinergic re-
ceptors in rat brain both in vivo and in vitro [105]. It was
found that cadmium may inhibit the sensitivity of M1 recep-
tors as the pharmacological effect in response to acetylcholine
and pirenzapine, a selective antagonist for M1 receptors, was
decreased. In an interesting study, del Pino et al. [76] found
that cadmium-induced cell death in septal SN56 basal fore-
brain cholinergic neurons is mediated through the inhibition of
M1 receptors. Furthermore, cadmium-induced inhibition on
M1 receptors was associated with the overexpression of
GSK-3b and AChE-S and decreased expression of AChE-R
[101]. Effect on other muscarinic—cholinergic receptor
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subtypes, which could have given a complete picture of the
effect of cadmium, was not studied by them. In the present
study, a significant decrease in the mRNA expressions of M1,
M2, and M4 and no change in M3 and M5 cholinergic recep-
tors were observed both in the hippocampus and frontal cor-
tex. Decrease in the binding of 3H-QNB, known to label mus-
carinic—cholinergic receptors in the hippocampus and frontal
cortex, as observed in the present study, is consistent with
transcriptional changes associated with the decreased mRNA
expressions of M1, M2, and M4 cholinergic receptors. It is
further interesting that the transcriptional changes in ChAT
and AChE in the present study are consistent with the trans-
lational changes on cadmium exposure and, thus, exhibit the
vulnerability of cholinergic neurons. The decreased expres-
sion of AChE in the frontal cortex and hippocampus on cad-
mium exposure in the present study indicate reduced activity
and may have contributed to enhancing the acetylcholine
levels, resulting in the downregulation of cholinergic—musca-
rinic receptors. Furthermore, reduction in the expression of
ChAT both in the frontal cortex and hippocampus on cadmi-
um exposure may be due to auto feedback regulation as a
result of increased acetylcholine levels.

The role of brain cholinergic receptors in modulating learn-
ing and memory is well established [106]. Loss of cholinergic
neurons associated with selective loss of AChE and ChAT
activities and alterations in muscarinic—cholinergic receptors
in the hippocampus and frontal cortex has been found to im-
pair learning and memory [107-109]. Both the frontal cortex
and hippocampus are cholinergic-rich areas, and their role in
modulating learning and memory is well documented [110,
111]. Furthermore, muscarinic—cholinergic receptors which
are important in regulating memory circuits are highly distrib-
uted in both these brain areas [106, 112]. In view of this, the
present study is focused to assess the protective potential of
quercetin in cadmium-induced cholinergic alterations in the
hippocampus and frontal cortex.

Several isoforms of PKCs are distributed in the brain, and
their role in modulating learning and memory is well accepted
[113, 114]. Based on molecular cloning, 12 isoforms of PKC
identified are broadly classified into three major classes—con-
ventional (cPKCx, cPKCf{, cPKCpII, and cPKCy), novel
(nPKC$, nPKCu, nPKCe, nPKC8, and nPKCn), and atypical
(aPKCk and aPKCA). It has been found that activation of PKC
modulates learning involving conventional PKC isoforms.
PKCox and PKCp/BII are largely postsynaptic, while PKCy
is also presynaptic [115]. The role of PKCA1 is well
established in modulating learning and memory [116-118].
Involvement of PKCf1 in early synaptic events and in mod-
ulating avoidance learning has also been demonstrated [118].
In an interesting study, a decrease in PKCf3 resulted to im-
paired learning in mice [116]. Moreover, decreases in brain
muscarinic—cholinergic receptors and expression of PKCf31
on exposure of rats to arsenic or those subjected to stress
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Fig. 15 Effect on ultrastructural changes in the frontal cortex and
hippocampus following exposure of rats to cadmium, quercetin, and
their co-exposure for 28 days. Focus is on the mitochondria, and electron
micrographs (x30,000) and inset view (x110,000) have been presented. a,
e Control group of the frontal cortex and hippocampus showing normal

and exposed to lambda-cyhalothrin have been correlated with
decreased learning and memory [117, 119, 120]. Impairment
in spatial memory and learning as assessed by the Y-maze and
passive avoidance task in cadmium-exposed rats in the present
study may be linked to decreased brain cholinergic—muscarin-
ic receptors and expression of PKC[31 and increased oxidative
stress.

Like other heavy metals, cadmium may affect the integ-
rity of the mitochondria, as observed by the decrease in the
mitochondrial membrane potential and ATP levels. While
studying the effect on mitochondrial functions, Belyaeva
et al. [83] found that cadmium inhibited the FCCP-
uncoupled respiration. Furthermore, cadmium resulted to
cause mitochondrial membrane permeabilization associat-
ed with alterations in the activity of mitochondrial com-
plexes, which are involved in modulating ETC [46].
Alterations in mitochondrial bioenergetics, important for
energy production through oxidative phosphorylation,
may enhance ROS generation, suggested to be one of the
potential mechanisms in cadmium neurotoxicity. It has
been found that cadmium-induced ROS generation may
enhance lipid peroxidation in cortical neurons [32].
Alterations in the activity of antioxidant enzymes, which
could counteract the generation of free radical species on
cadmium exposure, have also been reported and associated
with enhanced oxidative stress [121]. Thus, the increased
ROS generation associated with impairment in the activity
of complexes I-IV and decreased mitochondrial membrane
potential on cadmium exposure in the frontal cortex and
hippocampus in the present study are consistent with these
reports and suggest that cadmium may affect mitochondrial
integrity and associated functions.

anatomy of unmyelinated and myelinated neurons with well-developed
mitochondria. b, f Cadmium-exposed group exhibits loss in cell organ-
elles and mitochondrial damage. ¢, g Quercetin-exposed group shows
normal anatomy like the controls. d, h Simultaneous exposure to cadmi-
um and quercetin exhibits protection

Cadmium, being pro-oxidant in nature, has been found to
enhance the expression of Bax, a pro-apoptotic protein, and
Bcl2, an anti-apoptotic protein. Activation of caspase-3, an
executor protein and a crucial mediator in apoptosis, has also
been observed either independently by activating the death
receptor pathway or releasing cytochrome C. It has been
found that ERKSs, JNKs, and p38 are important constituents
of MAP kinases and play important roles in modulating cel-
lular processes, including differentiation, survival, and apo-
ptosis [52]. Of the three isoforms of JNKs identified, JNK3
is specific to neuronal cells while JNK1/2 is distributed in
other tissues [122]. INKs are stress-activated proteins and
are known to trigger apoptotic signals by modulating the ex-
pression of mitochondrial pro- and anti-apoptotic proteins ei-
ther by phosphorylation or indirectly modulating pro-
apoptotic proteins by transactivation of the transcription factor
c-Jun on N-terminal Ser-63 and Ser-73. Furthermore, JNK-
dependent mitochondrial apoptosis requires the activation of
JNK at phosphorylation sites at Thr-183 and Tyr-185 and is
involved in neuronal death. While investigating the mecha-
nism of cadmium-induced oxidative stress in pancreatic beta
cells, cadmium was found to target the mitochondrial-
dependent apoptotic pathway [47]. Enhanced release of Cyt
C associated with the decreased expression of Bcl-2 resulted
to activating caspases and affecting mitochondrial functions.
Furthermore, enhanced oxidative stress was found to affect
downstream JNK signaling and contributed to apoptosis.
Cadmium-induced neuronal death has also been observed
via targeting the JNK and PTEN-Akt/mTOR network [123].
In the present study, activation of pJNK and pp38 in the hip-
pocampus and frontal cortex on cadmium exposure appears to
contribute to the activation of transcription factor AP1.
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Interestingly, activation of JNK may cause Bax translocation
associated with the release of Cyt C and contribute to neuronal
apoptosis on cadmium exposure, as evident in the present
study.

Ultrastructural and morphological changes in the brain have
been frequently reported on exposure to environmental chemicals
[124]. Blebbing of the mitochondria and damaged mitochondrial
cristae, as observed on cadmium exposure, may be responsible for
mitochondrial dysfunctions. Loss of synapses both in the hippo-
campus and frontal cortex further indicates that ultrastructural in-
tegrity could be affected on cadmium exposure. Furthermore, ab-
normalities in mitochondria in the frontal cortex and hippocampus,
the cholinergic-rich areas in the brain, exhibit their vulnerability on
cadmium exposure. Consistent with this, decreased Nissl staining
in the hippocampus and frontal cortex provides histological evi-
dence of damage of neurons in these cholinergic-rich areas of the
brain on cadmium exposure.

Quercetin is preferred over other flavonoids in view of its
broad pharmacological spectrum due to its strong radical scav-
enging potential and high antioxidant activity associated with
anti-inflammatory and metal-chelating effects [125]. The pro-
tective role of quercetin in cardiovascular and metabolic dis-
orders has been reported by a number of investigators and is
associated with decreased oxidative stress [126]. In view of
the fact that quercetin crosses the blood—brain barrier, a num-
ber of studies have been carried out to assess its protective
efficacy in experimental models of neurological disorders
and chemical-induced neurotoxicity. Interestingly, quercetin
was found to attenuate the neurotoxic effects of rotenone
and 6-OHDA in hemiparkinsonian rats by inhibiting oxidative
stress [63]. Quercetin was found to reduce tauopathy and beta-
amyloidosis and improve learning and memory in a triple-
transgenic mouse model of Alzheimer’s disease due to a de-
crease in oxidative stress [127]. Brain dopaminergic dysfunc-
tions due to polychlorinated biphenyl-induced oxidative stress
were also found to be attenuated by quercetin in rats [90]. The
protective role of quercetin in aluminum-induced cholinergic
deficits was found to be associated with decreased oxidative
damage [91]. The metal chelating property of quercetin was
associated with decreased levels of aluminum in brain and
resulted to inhibiting oxidative damage in these studies [94].
Unsal et al. [128] also found that quercetin may protect
cadmium-induced neuronal damage by inhibiting oxidative
stress and apoptosis. The protective effect of quercetin was
associated with scavenging of hydroxyl radicals associated
with an increase in the capacity of antioxidant enzymes.
Alteration in the activity of brain AChE on cadmium exposure
was found to be protected by quercetin earlier [64]. Although
effect on other important targets of the cholinergic system was
not studied, the pharmacological restoration in AChE activity
by quercetin was attributed to its antioxidant potential.

As the role of mitochondrial dysfunctions in the etiology of
neurodegenerative diseases is well demonstrated, a number of
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studies have been carried out to assess the effect of quercetin on
mitochondrial bioenergetics. Quercetin has been found to improve
mitochondrial dysfunctions in a rat model of Huntington’s disease
induced by nitropropionic acid, as evidenced by reversal in the
activity of mitochondrial complexes associated with decreased
oxidative stress [61]. Chakraborty et al. [95] further found that
quercetin could protect from inflammatory changes in a rat model
of Huntington’s disease, as evidenced by the decreased microglia
proliferation and increased astrocytic numbers, although striatal
lesion induced by nitropropionic acid was persistent. Quercetin at
a low dose was found to enhance mitochondrial biogenesis both
in the brain and muscles associated with increased maximal en-
durance and physical running activity in mice. Based on this, it
was suggested that the use of quercetin may be explored in neu-
rodegenerative and metabolic disorders involving mitochondrial
dysfunctions [94]. Interestingly, quercetin was found to upregulate
complex I activity in the mitochondria in rotenone-induced
hemiparkinsonian rats [129]. In the present study, cadmium-
induced alterations in brain cholinergic receptors and expression
of ChAT and AChE were protected on simultaneous treatment
with quercetin. The protective effect on brain cholinergic targets
appears to be associated with the antioxidant potential of quercetin
which could reduce ROS generation and protect the integrity of
the mitochondria, as evidenced by the increase in the activity of
mitochondrial complexes I-IV and mitochondrial membrane po-
tential. Furthermore, preserving the integrity of the mitochondria
may have reduced oxidative stress. The protective changes of
quercetin may further be attributed to its chelating effect, resulting
to decreased cadmium levels both in the hippocampus and frontal
cortex, as observed by us in an ongoing study.

Quercetin has been found to modulate the mitochondrial-
dependent apoptotic pathway. While investigating the protective
effect of quercetin in focal cerebral ischemia in rats, Yao et al.
[130] found increased expression of Bcl-2 and decreased expres-
sion of Bax and cleaved caspase-3 proteins in cortex, suggesting
decreased apoptosis. It was found that quercetin enhanced the
levels of BDNF and Trk-f3 which could stimulate the PI3K/
AKT neuronal survival pathway. Quercetin was also found to
protect oligodendrocyte progenitor cells from oxygen glucose
deprivation-induced apoptosis in vitro. Enhanced expressions of
Bax and caspase-3 and decreased expression of Bcl-2 due to
oxygen glucose deprivation were found to activate the PI3K/
AKT signaling pathway [131]. Programmed cell death in
hemiparkinsonian rats was also found to be protected by quer-
cetin. Simultaneous treatment with quercetin resulted to decreas-
ing the expression of Bax and enhancing the expressions of Bcl-
2 and caspase-3, which were found to be altered on cadmium
exposure both in the hippocampus and frontal cortex.
Furthermore, increases in the expressions of proteins associated
with MAP kinase signaling, especially INKs, pp38, and AP1, in
the hippocampus and frontal cortex of rats on cadmium expo-
sure were found to be reduced in rats simultaneously treated
with quercetin, suggesting that quercetin may decrease
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Fig. 16 Mechanism and targets associated with cadmium-induced cho-
linergic alterations and the protective potential of quercetin. Exposure to
cadmium resulted to the decreased expression of ChAT and AChE and
affected the integrity of cholinergic—muscarinic receptors associated with
a decrease in the expression of PKC[31, a postsynaptic signaling protein.
Brain cholinergic alterations on cadmium exposure may be linked to
learning and memory deficits in rats. Cadmium exposure also caused
mitochondrial dysfunctions associated with enhanced ROS generation

apoptosis. Interestingly, quercetin has been found to exhibit anti-
apoptotic properties and modulate MAPK signaling and the P13/
Akt pathway in a number of studies on chemical-induced neu-
rotoxicity and experimental models of neurodegenerative dis-
eases [61, 130, 131]. It is possible that in normal situations,
quercetin maintains cellular homeostasis because of its antioxi-
dant properties and thus may not interfere with the cell signaling
pathways. However, in the case of neurotoxicity or in neurode-
generative state, it modulates pathways and molecular targets
including those associated with MAP kinases, cell survival,
and apoptosis. This could possibly be the reason that treatment
with quercetin alone in rats had no effect on the levels of cyto-
chrome c and expression of MAP kinases both in the hippocam-
pus and frontal cortex in the present study.

It is further interesting to note that blebbing in the mitochon-
dria and disrupted cristae in the hippocampus and frontal cortex
of rats on cadmium exposure were found to be protected by

and apoptosis involving activation of caspase cascade and MAP kinases.
Disruption in the ultrastructures and loss of neurons both in the frontal
cortex and hippocampus were evident on cadmium exposure.
Simultaneous treatment with quercetin in cadmium-exposed rats reduced
ROS generation and protected mitochondrial integrity by modulating
proteins involved in apoptosis and MAP kinase signaling and protected
cholinergic integrity both in the frontal cortex and hippocampus

quercetin. Also, loss of synapses as evident on cadmium expo-
sure both in the hippocampus and frontal cortex, was found to be
reduced, suggesting that quercetin could protect the ultrastruc-
tural integrity of the mitochondria.

While the role of the brain cholinergic system in regulating
learning and memory is well accepted, quercetin has been
found to protect spatial memory by increasing the antioxidant
capacity [132]. Memory impairment by scopolamine was also
found to be prevented by quercetin [133]. Decreased expres-
sion of PKCf1 on cadmium exposure was also found to be
protected by quercetin.

The results of the present study demonstrate that mitochon-
drial dysfunctions associated with enhanced oxidative stress
and apoptosis significantly contribute to cadmium-induced
brain cholinergic dysfunctions. More interestingly, the data pro-
vide evidence that quercetin has the ability to modulate the
molecular targets involved in brain cholinergic signaling and
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attenuate cadmium-induced neurotoxicity (Fig. 16). Although
the protective efficacy of quercetin appears to be attributed to
its antioxidant capacity, the data have relevance to implore its
protective potential in neurological and neurotoxicological dis-
orders involving cholinergic dysfunctions.
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