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Abstract The present study investigated the neuroprotec-
tive mechanism of quercetin by assessing the biochemical
and behavioral characteristics in rats sub-chronically treated
with manganese alone at 15 mg/kg body weight or orally
co-treated with quercetin at 10 and 20 mg/kg body weight
for 45 consecutive days. Locomotor behavior was moni-
tored using video-tracking software during a 10-min trial in
a novel environment whereas the brain regions namely the
hypothalamus, cerebrum and cerebellum of the rats were
processed for biochemical analyses. Results indicated that
co-treatment with quercetin significantly (p<0.05) pre-
vented manganese-induced locomotor and motor deficits
specifically the decrease in total distance travelled, total
body rotation, maximum speed, absolute turn angle as well
as the increase in time of immobility and grooming. The
improvement in the neurobehavioral performance of man-
ganese-treated rats following quercetin co-treatment was
confirmed by track and occupancy plot analyses. Moreover,
quercetin assuaged manganese-induced decrease in anti-
oxidant enzymes activities and the increase in acetylcho-
linesterase activity, hydrogen peroxide generation and lipid
peroxidation levels in the hypothalamus, cerebrum and cer-
ebellum of the rats. Taken together, quercetin mechanisms
of ameliorating manganese-induced neurotoxicity is associ-
ated with restoration of acetylcholinesterase activity, aug-
mentation of redox status and inhibition of lipid peroxida-
tion in brain of rats.
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Introduction

Manganese is a trace element and nutrient necessary for
several cellular processes in both animals and humans. It
is an element with janiform nature due to its’ beneficial
and potentially detrimental roles in biological systems.
Low concentrations of manganese are required for normal
growth, development and cellular homeostasis [1]. Man-
ganese is an important cofactor in a variety of metalloen-
zymes, including antioxidant enzyme superoxide dismutase
and those involved in neurotransmitter synthesis and metab-
olism [2—4]. Moreover, manganese is essential for normal
immune function, brain function, adenosine triphosphate
(ATP) regulation, reproduction and DNA repair [5, 6].
Although manganese is necessary at physiological con-
centration, excessive exposure to manganese is associated
with severe central nervous system dysfunctions otherwise
referred to as manganism [7, 8]. Manganese compounds are
used in production of some fertilizers, pesticides and gaso-
line additive which are often released to the environment
as combustion products from automobiles and industrial
processes [9, 10]. Human exposure to manganese occurs
through numerous routes including food, water, air and occu-
pational factory. Interestingly, the absorption of manganese
in humans is high and it is transported via the blood to the
liver for metabolism and subsequently to the brain which is
the principal target. Indeed, elevated manganese level report-
edly affects several cellular processes through mechanisms
including depletion of endogenous antioxidants, mitochon-
drial dysfunction, increased ROS production, calcium and
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iron dyshomeostatis, altered acetylcholinesterase activity and
dopaminergic dysregulation of neuronal activity [11, 12].

Cumulative evidence indicates that a healthy eating plan
with appropriate intake of plant-based foods is essential in the
prevention of diseases [13, 14]. Quercetin (3,5,7,3',4'-pen-
tahydroxyflavone) is a natural flavonoid commonly found in
fruits and vegetables including onions, berries, apples and
red wine. The estimated dietary intake of quercetin ranges
from 4 to 68 mg/day [15] and can increase to 200-500 mg/
day in individuals consuming high quantities of fruits and
vegetables rich in flavonoids. Moreover, quercetin is widely
reported to have nutraceutical and pharmaceutical uses [16].
It is sold as a dietary supplement, with a recommended dos-
age of 1 g/day [17]. The numerous beneficial health effects
of quercetin have been attributed to its antioxidant and anti-
inflammatory properties [18, 19]. Previous in vitro studies
on the neuroprotective effect of quercetin demonstrated that
it increases the resistance of neurons to oxidative stress and
excitotoxicity by modulating the mechanisms of cell death
[20, 21]. Similarly, in vivo studies revealed that oral querce-
tin administration protected against PCBs-induced oxida-
tive stress and apoptosis in hippocampus of adult rats [22],
cell apoptosis in focal cerebral ischemia rat brain [23] and
rotenone model of Parkinson’s disease [24] and also ame-
liorated cognitive and emotional impairments in aged triple
transgenic Alzheimer’s disease (3xTg-AD) model mice [25].
However, there is no information in literature on the influence
of quercetin on the neurotoxicity resulting from exposure to
manganese.

The present study aimed at investigating the impact of
quercetin on manganese-induced neurotoxicity by evaluat-
ing some locomotor activities, exploratory profiles and bio-
chemical parameters in rats. A standard behavioral protocol
for assessing novelty-associated behavioral stress responses
[26, 27] was employed, using a video-tracking software
(ANY-maze, Stoelting CO, USA). Furthermore, the hypo-
thalamus plays a pivotal role in the synthesis of neurotrans-
mitters and consequently in emotion control, the cerebellum
is well-known to regulate equilibrium, posture, fine move-
ment and motor learning whereas cerebrum is responsible
for the control of voluntary movements and coordination of
mental actions [28—30]. Thus, in order to understand the pro-
tective mechanism of quercetin against manganese-induced
neurotoxicity, acetylcholinesterase (AChE) and antioxidant
enzymes activities along with oxidative stress indices were
analyzed in the hypothalamus, cerebrum and cerebellum of
the treated rats.
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Materials and Methods
Chemicals

Manganese chloride (MnCl,), quercetin, epinephrine, glu-
tathione, hydrogen peroxide, 5',5'-dithio-bis-2-nitroben-
zoic acid (DTNB), 1-chloro-2,4-dinitrobenzene (CDNB),
thiobarbituric acid (TBA) and trichloroacetic acid (TCA)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). All other reagents were of analytical grade and were
obtained from the British Drug Houses (Poole, Dorset,
UK).

Animal Model

Sixty adult male Wistar rats (8 weeks old; 141+2.5 g)
obtained from the Faculty of Veterinary Medicine, Uni-
versity of Ibadan, Nigeria were used for this study. The
animals were housed in plastic cages placed in a well-
ventilated vivarium and subjected to natural photoperiod
of 12-h light:12-h dark cycle. They were fed with rat chow
and given drinking water ad libitum for a week before the
commencement of the experiment. All the animals received
humane care according to the conditions stated in the
‘Guide for the Care and Use of Laboratory Animals’ pre-
pared by the National Academy of Science (NAS) and pub-
lished by the National Institute of Health. The experimental
protocols were performed after approval by the University
of Ibadan Ethical Committee.

Experimental Design

The animals were randomly assigned to five groups of
twelve rats each and were treated for 45 consecutive days
as follows: Group I rats were orally administered corn oil
alone at 2 mL/kg body weight and served as control. Group
II rats were orally administered quercetin (Qt) alone at
20 mg/kg body weight whereas Group III rats were orally
administered manganese (Mn) alone at a dose of 15 mg/
kg. Group IV rats were co-administered with manganese
and quercetin at 10 mg/kg Mn+Qt,,) whereas Group V
rats were co-administered with manganese and quercetin at
20 mg/kg (Mn + Qty).

Stock solution of quercetin (100 mg/mL) was prepared
fresh every other day using corn oil as a vehicle. The doses
of manganese and quercetin used in the present study were
selected based on the pilot study in our laboratory and pre-
viously published data [31, 32].

Behavioral Experiments in a Novel Environment

The novel environment test was performed 24 h after
the last treatment to assess the behavioral pattern of rats
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according to standardize procedure [26]. Briefly, the
rats were randomly selected and placed in the center
of the apparatus (wooden box of 56 cm widthx56 cm
lengthx20 cm height) and allowed to freely explore the
arena. The behavior of the rats was filmed during a 10-min-
ute trial using a webcam (DNE webcam, Porto Alegre, Bra-
zil) mounted above the apparatus and attached to a laptop.
All experiments were conducted between 10:00 a.m. and
4:00 p.m. to maintain the same experimental conditions.
The behavioral parameters were automatically computed at
a rate of 30 frames per second using video-tracking soft-
ware (ANY-maze, Stoelting CO, USA). Necessary caution
was taken when transferring the rats from home cages to
the novel environment to avoid stress associated with han-
dling. All the rats were handled and tested using a stand-
ardized protocol (similar illumination, manipulation and
time period in a day).

Evaluation of Neurobehavioral Parameters

Locomotor and exploratory activities were analyzed in
the novel environment so as to reveal habituation to nov-
elty stress. The locomotor pattern of the experimental rats
were evaluated by behavioral endpoints including the total
distance travelled, maximum speed, total time immobile,
absolute turn angle, body rotation and grooming time.
Analysis of the exploratory profile of the rats was per-
formed using representative track and occupancy plots so
as to evaluate the exploratory activity in the novel environ-
ment. The home base formation in the novel environment
during a trial was defined as a place in the arena for which
the experimental animal showed a preference in terms of
occupancy, and as a starting and ending point of explora-
tory tours [33]. The home base formation of the animals
was confirmed by both track and occupancy plots.

Sample Preparation for Biochemical Assays

Following the behavioral trial, the rats were sacrificed
under light ether anesthesia. The cranium was opened and
the brain were carefully excised and separated into hypo-
thalamus, cerebrum and cerebellum [29]. The samples were
homogenized in eight volumes of 100 mM potassium phos-
phate buffer (pH 7.4) and the resulting homogenate was
centrifuged at 10,000 g for 15 min at 4°C and the super-
natant obtained was subsequently used for the biochemical
determinations. Protein concentration was assayed accord-
ing to the method of Bradford [34].

Determination of Acetylcholinesterase Activity

Acetylcholinesterase activity was assayed in the hypothala-
mus, cerebrum and cerebellum according to the method

of Ellman et al. [35]. The assay mixture was made up of
135 pL of distilled water, 20 uL. of 100 mM potassium
phosphate buffer (pH 7.4), 20 uL of 10 mM DTNB, 5 pL of
diluted sample (1:10 v/v), and 20 uL of 8 mM acetylthio-
choline as a substrate. The breakdown of acetylthiocholine
iodide was analyzed for 5 min (30 s intervals) at 412 nm
using a SpectraMax plate reader (Molecular Devices, CA,
USA) and the results were expressed as umol/min/mg
protein.

Determination of Antioxidant and Oxidative Stress
Indices in Hypothalamus, Cerebrum and Cerebellum

Superoxide dismutase (SOD) activity was assayed by meas-
uring the inhibition of autoxidation of epinephrine accord-
ing to the method of Misra and Fridovich [36]. Briefly,
40 pL of the sample was added to 2.4 mL of 0.05 M car-
bonate buffer (pH 10.2) and the reaction started by the
addition of 60 pL of freshly prepared 0.3 mM epinephrine.
The increase in absorbance was analyzed for 150 s (30 s
intervals) at 480 nm with a UV—visible spectrophotometer.
Reaction mixture without the enzyme was used as blank.
Value was expressed as nanomoles epinephrine oxidized/
min/mg protein.

Catalase (CAT) activity was assayed by monitoring the
disappearance of H,0, according to established method
[37]. Briefly, the reaction medium consisted of 1.8 mL of
50 mM phosphate buffer (pH 7.0), 180 pL of 300 mM H,0,
and 20 pL of sample (1:20 dilution). The reaction was ana-
lyzed for 2 min (15 s intervals) at 240 nm with a UV—vis-
ible spectrophotometer. Value was expressed as micromole
H,0, consumed/min/mg protein.

Hydrogen peroxide (H,O,) generation was assayed
according to the method of Wolff [38]. Briefly, the fer-
rous oxidation with xylenol orange (FOX-1) reagent was
prepared using 100 p Mol/L xylenol orange, 250 p Mol/
L ammonium ferrous sulfate, 100 mmol/L sorbitol and
25 mmol/L H,SO,. The assay mixture consisting of 20 pL
of the sample and 180 pL of FOX-1 reagent was vor-
texed and subsequently incubated at room temperature for
30 min. The absorbance was read at 560 nm using a Spec-
traMax plate reader (Molecular Devices, CA, USA) and
the values extrapolated from H,O, standard curve. The unit
was expressed as the micromole H,O, per mg protein.

Lipid peroxidation (LPO) was determined by measur-
ing malondialdehyde (MDA), an end product of lipid per-
oxidation, according to the method described by Farombi
et al. [39] with slight modification. Briefly, the reaction
mixture consisted of 150 puL of 0.1 M of phosphate buffer,
50 uL of sample, 100 uL of 10% TCA and 100 uL of 0.75%
2-thiobarbituric acid (TBA) in 0.1 mol/L HCI. The mix-
ture was heated at 90-95°C for 20 min and after cooling
to room temperature, they were centrifuged at 8000 x g for
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10 min and the absorbance of the supernatant was meas-
ured at 532 nm using a SpectraMax plate reader (Molecu-
lar Devices, CA, USA). The level of MDA was calculated
using the extinction coefficient (X) of 1.56 X 10° L/mol/cm
and extent of LPO expressed as the pmole MDA formed
per mg protein.

Histopathology

The brain samples were fixed in 10% neutral-buffered for-
malin and processed for histology according to established
procedure [40]. Briefly, the fixed tissues were dehydrated
using ascending concentrations of alcohol, cleared by
xylene and embedded in paraffin wax. Subsequently, the
tissues were cut into 4-5 pm sections using a microtome,
fixed on the slides and stained with hematoxylin and eosin.
The slides were viewed under a light microscope (Olympus
CH; Olympus, Tokyo, Japan) and photomicrographs were
taken using a Sony DSC-W 30 Cyber-shot (Sony, Tokyo,
Japan) by pathologists who were blinded to the control and
treatment groups.

Statistical Analyses
Statistical analyses were performed using one-way analy-

sis of variance (ANOVA) to compare the experimental
groups followed by Bonferroni’s post-hoc test to identify

statistically significantly different groups using GRAPH-
PAD PRISM 5 software (Version 4; GraphPad Software,
La Jolla, California, USA). Values of p <0.05 were consid-
ered significant.

Results

Quercetin Prevented Manganese-Induced Locomotor
Deficits in Rats

Figures 1 and 2 depict the general locomotor performance
of the experimental rats during a 10-minute trial in the
novel environment. The body weight gain did not differ
between the treated and control groups (data not shown).
Similarly, administration of quercetin alone did not sig-
nificantly altered the locomotor activities of the treated rats
when compared with the control. However, the endpoint
analyses showed that rats treated with manganese alone
showed significant (p <0.05) decrease in the total distance
travelled, maximal speed, body rotation and turn angle
whereas the total time immobile and grooming were sig-
nificantly increased when compared with control. The per-
cent decrease in the total distance travelled and maximum
speed in manganese-treated rats were 60 and 52%, respec-
tively. However, co-treatment with quercetin significantly
reversed the locomotor performance when compared with
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Fig. 1 Effects of quercetin on manganese-induced changes in the
total distance travelled, maximum speed and time immobile during
a 10-min trial. Manganese, Mn; Quercetin, Qt; Mn alone (15 mg/
kg body weight); Qt alone (20 mg/kg body weight); Qt,, (10 mg/kg
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body weight); Qt,, (20 mg/kg body weight). The data are expressed
as mean+SD for 12 rats per group. a Values differ significantly
from control (p<0.05). b Values differ significantly from Mn alone
(p<0.05)
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Fig. 2 Effects of quercetin on manganese-induced changes in the
absolute turn angle, number of body rotations and time spent in
grooming during a 10-min trial. Manganese, Mn; Quercetin, Qt; Mn
alone (15 mg/kg body weight); Qt alone (20 mg/kg body weight);

rats treated with manganese alone. The percent increase
in maximum speed was 56 and 101% whereas total dis-
tance travelled by the rats increased by 78 and 114% for
Mn+Qt,;, and Mn + Qt,,, respectively. Moreover, querce-
tin administration significantly reversed manganese-
induced decrease in body rotation and absolute turn angle
in the rats. Administration of manganese alone significantly
increased the total time immobile and grooming of the rats
during the trial whereas quercetin co-administration sig-
nificantly decreased the total time immobile and grooming
when compared with rats treated with manganese alone.

Quercetin Ameliorated Manganese-Induced Reduction
in Exploratory Profile in Rats

Figure 3 depicts the representative track plots of the
walking traces and the occupancy plots of control rats
and those treated with manganese alone or in combina-
tion with quercetin within the apparatus. The control
rats demonstrated a usual behavioral profile by walking
around the novel apparatus whereas the densities of the
track and occupancy plots of rats exposed to quercetin
alone seems to be higher than control. There were marked
reduction in the density of track plots of manganese-
treated rats, thus corroborating the decrease in locomotor
activity. Similarly, the occupancy plot analyses of manga-
nese-treated rats revealed a marked decrease in explora-
tion with longer time spent in a particular region of the
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Qt,, (10 mg/kg body weight); Qt,, (20 mg/kg body weight). The data
are expressed as mean +SD for 12 rats per group. a Values differ sig-
nificantly from control (p<0.05). b Values differ significantly from
Mn alone (p <0.05)

arena when compared with control. However, as shown
by the increase in the densities of track and occupancy
plots, quercetin co-administration significantly reversed
manganese-induced decrease in exploration and home
base formation by the rats.

Quercetin Modulated Manganese-Induced Increase
in Acetylcholinesterase Activity in Hypothalamus,
Cerebrum and Cerebellum of Rats

Figure 4 depicts the modulatory effect of quercetin on
AChE activity in different brain regions of rats treated
with manganese. Administration of manganese caused a
significant increase in AChE activity in the hypothala-
mus, cerebrum and cerebellum of the treated rats. The
percent increases in the AChE activity were 101, 50 and
59% in the hypothalamus, cerebrum and cerebellum,
respectively in manganese-treated rats. However, co-
administration with quercetin significantly modulated the
effect of manganese evidenced by the decrease in AChE
activity in the brain regions of the treated rats. The per-
cent reduction in AChE activity in the hypothalamus was
38 and 59%; cerebrum was 42 and 50% and cerebellum
was 33 and 38% for Mn+Qt;, and Mn+ Qt,,, respec-
tively, when compared with rats treated with manganese
alone.
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Fig. 3 Effects of quercetin on exploratory profiles in manganese-
treated rats represented by track and occupancy plots during a 10-min
trial. Manganese, Mn; Quercetin, Qt; Mn alone (15 mg/kg body
weight); Qt alone (20 mg/kg body weight); Qt;, (10 mg/kg body
weight); Qt,y (20 mg/kg body weight).The representative track plots

Hypothalamus: AChE Activity
2817 a
a 50+

N
S

401

Units /mg protein
A a N
© N o o

IS
Units /mg protein

o

Fig. 4 Effects of quercetin on acetylcholinesterase activity in the
hypothalamus, cerebrum and cerebellum of manganese-treated rats.
Manganese, Mn; Quercetin, Qt; Mn alone (15 mg/kg body weight);
Qt alone (20 mg/kg body weight); Qt;, (10 mg/kg body weight); Qt,,

Quercetin Prevented Manganese-Induced Decrease
in Antioxidant Enzymes Activities in Hypothalamus,
Cerebrum and Cerebellum of Rats

Figure 5 depicts the effects of quercetin on the antioxi-
dant status in hypothalamus, cerebrum and cerebellum of
manganese-treated rats. When compared with the control,
administration of quercetin alone did not cause any treat-
ment-related effects on SOD and CAT activities in the rats.
Administration of manganese alone significantly decreased
SOD and CAT activities in hypothalamus, cerebrum and
cerebellum in the treated rats when compared to the con-
trol. Activity of SOD decreased by 35, 34 and 27% whereas
CAT activity decreased by 48, 64 and 50% in the hypo-
thalamus, cerebrum and cerebellum, respectively in manga-
nese-treated rats. However, co-administration of quercetin
significantly increased the SOD and CAT activities when
compared with rats treated with manganese alone. The
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(upper panel) showing the path travelled by rats in the novel envi-
ronment. The light green spots in the occupancy plot (lower panel)
denotes home base formation, the regions of frequent immobile epi-
sodes. The data were analyzed using video-tracking software (ANY-
maze, Stoelting CO, USA). (Color figure online)
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percent increase in SOD activity in the hypothalamus was
40 and 55%; cerebrum was 33 and 23% and cerebellum was
19 and 27% whereas CAT activity increased in the hypo-
thalamus by 46 and 69%; cerebrum by 121 and 129% and
cerebellum by 59 and 91%, respectively for Mn+Qt,, and
Mn+Qt,,, respectively when compared with rats treated
with manganese alone.

Quercetin Inhibited Manganese-Induced Oxidative
Stress in Hypothalamus, Cerebrum and Cerebellum
of Rats

Figure 6 depicts the effects of quercetin on the biomark-
ers of oxidative stress determined in the hypothalamus,
cerebrum and cerebellum of the rats. There was no signifi-
cant difference between the measured oxidative stress bio-
markers, namely H,O, generation and MDA (an index of
LPO) in the control and rats treated with quercetin alone.
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Fig. 5 Effects of quercetin on superoxide dismutase (SOD) and cata-
lase (CAT) activities in the hypothalamus, cerebrum and cerebellum
of manganese-treated rats. Manganese, Mn; Quercetin, Qt; Mn alone
(15 mg/kg body weight); Qt alone (20 mg/kg body weight); Qt,,
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Fig. 6 Effects of quercetin on hydrogen peroxide (H,0,) and lipid
peroxidation (LPO) levels in the hypothalamus, cerebrum and cer-
ebellum of manganese-treated rats. Manganese, Mn; Quercetin, Qt;
Mn alone (15 mg/kg body weight); Qt alone (20 mg/kg body weight);

However, administration of manganese alone resulted in
significant elevation in the levels of H,O, generation and
LPO in the hypothalamus, cerebrum and cerebellum com-
pared with the control group. The level of H,0, increased
by 61, 17 and 25% whereas LPO increased by 120, 105
and 236% in the hypothalamus, cerebrum and cerebel-
lum, respectively in manganese-treated rats. However, co-
administration of quercetin significantly decreased the
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H,0, and LPO levels when compared with rats treated with
manganese alone. Rats co-administered with Mn+Qt;,
showed 23, 31 and 19% reduction in H,0, level whereas
they showed 36, 33 and 45% reduction in LPO level in
the hypothalamus, cerebrum and cerebellum, respec-
tively when compared with rats treated with manganese
alone. Furthermore, rats co-administered with Mn+ Qt,,
showed 18, 25 and 26% reduction in H,0, level whereas
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they showed 45%, 43% and 54% reduction in LPO level in
the hypothalamus, cerebrum and cerebellum, respectively
when compared with rats treated with manganese alone.

Quercetin Ameliorated Manganese-Induced
Histopathological Changes in Brain of Rats

Figure 7 depicts the histopathological changes observed
with the light microscope in the cerebellar and cerebral
sections from the experimental rats. The cerebellum and
cerebrum of rats from control (Fig. 7al, bl) and querce-
tin alone (Fig. 7a2, b2) groups appeared structurally and
functionally normal. However, there were obvious patho-
logical features in the cerebellum (Fig. 7a3) and cerebrum
(Fig. 7b3) sections in rats treated with manganese alone.
The results showed marked neuronal degeneration and con-
gestion of the macro and micro-circulation (black arrow)
of the cerebellum whereas cerebrum showed focal area of
vacuolation with marked haemorrhagic lesion and edema
(green notched arrow). The sections from rats co-admin-
istered with quercetin at 10 mg/kg (Fig. 7a4, b4) showed
normal cerebellum whereas the cerebrum showed mild
haemorrhage (yellow notched arrow). The cerebellum and
cerebrum sections of rats co-administered with quercetin at
20 mg/kg (Fig. 7a5, bS) appeared normal and comparable
with control.

Discussion
The modulation of toxicant-induced neurotoxicity possibly

by naturally occurring phytochemicals represents a major
contemporary interest. The results of the present study

Control

Qt alone

Fig. 7 Representative photomicrographs of cerebellar and cerebral
sections from the experimental rats. The cerebellum and cerebrum of
rats from control (al, b1l) and quercetin alone (a2, b2) groups show-
ing normal morphology. The cerebellum of rats treated with manga-
nese alone (a3) showing marked neuronal degeneration and conges-
tion of the macro and micro-circulation (black arrow). The cerebrum
of rats with manganese alone alone (b3) showing focal area of vacu-
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obviously demonstrated, for the first time, the efficacy
of quercetin in ameliorating neurotoxicity due to exces-
sive exposure to manganese. The neuroprotective effects
of quercetin were evidenced by reversal of manganese-
induced locomotor deficits, enhancement of AChE activ-
ity, increase in oxidative stress and inhibition of antioxidant
enzymes activities in rats. The modulation of these bio-
chemical parameters and brain histopathology in manga-
nese-treated rats by quercetin is related to the improvement
in the neurobehavioral performance of the treated rats.

In the present study, rats treated with manganese exhib-
ited significant locomotor impairment as evidenced by the
decrease in speed and distance moved along with increased
time of immobility in the novel environment. Moreover,
administration of manganese caused alteration in the motor
posture patterns evidenced by marked reduction in the body
rotation and turn angle. The decrease in locomotor activity
observed in manganese-treated rats is consistent with previ-
ous studies [41, 42]. However, the reversal of manganese-
induced locomotor and motor deficits in rats co-treated
with quercetin clearly demonstrated the protective role of
quercetin in manganese neurotoxicity. Grooming in animals
is an act of cleaning the outer body surface. The transla-
tional value of rodent self-grooming as an index of dis-
turbed motor functions and survival behavioral patterns in
models of brain disorders is a well acceptable concept [43].
The increase in grooming time observed in rats treated with
manganese alone in the present study is consistent with
previous study [44]. The ability of quercetin to prevent
manganese-induced increase in time spent grooming in the
rats in the present investigation further suggests the modu-
latory role of quercetin in manganese mediated disturbance
of motor function in the treated rats.

Mn + Qt10 Mn +Qt20

olation with marked haemorrhagic lesion and edema (green notched
arrow). The cerebellum and cerebrum of rats co-treated with querce-
tin at 10 mg/kg (a4, b4) showing normal cerebellum whereas the cer-
ebrum showed mild haemorrhage (yellow notched arrow). The cer-
ebellum and cerebrum of rats co-treated with quercetin at 20 mg/kg
(a5, b5) appeared structurally normal and similar to control. Original
magnification: X250. (Color figure online)
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Moreover, the adverse effect of manganese exposure
on the exploratory activity of the rats was pronounced in
comparison with control. The decrease in the explora-
tion during the trial was confirmed by track and occu-
pancy plots. Exploratory activity represent a major way
by which animals gather information about their spatial
environment [45]. An organism have a habit of establish-
ing a safe place or home-base where it spends more time
in and frequently returns to when exploring a novel envi-
ronment [33, 46]. The densities of the track and occupancy
plots of rats exposed to quercetin alone appears to be higher
than control, thus signifying that quercetin alone changed
the behavior of the rats. The reversal in the manganese-
induced decrease in exploration and home base formation
as evidenced by the increase in the densities of track and
occupancy plots in rats co-treated with quercetin suggests
the protective role of quercetin in manganese-induced dis-
organization of spatial behavior in the rats.

Acetylcholinestarase (AChE) is a vital enzyme for cho-
linergic neurotransmission and its regulatory role in many
neurobehavioral processes is well established [47]. The
results of the present study showed that AChE activity
was markedly increased in hypothalamus, cerebrum and
cerebellum of rats exposed to manganese. This finding is
in agreement with previous observations where excessive
exposure to manganese reportedly increased brain AChE
activity in rat [48, 49]. The increase in AChE activity in
rats treated manganese could result in decreased acetyl-
choline levels in the synaptic cleft. The diminution in this
important neurotransmitter and neuromodulator conse-
quently reduces cholinergic neurotransmission efficiency
and impairs locomotor and exploratory activities in the rats.
However, the attenuation of manganese effect on AChE
activity in rats co-treated with quercetin might boost neu-
rotransmission and consequently increase motor function,
locomotion, and exploration as observed in the manganese-
treated rats.

Advances in the understanding of manganese neurotox-
icity have implicated oxidative stress as a major mechanism
[50, 51]. However, the antioxidant defense systems repre-
sent one of the major survival mechanisms of cells during
exposure to environmental contaminants including metals.
Antioxidant enzymes including SOD and CAT are actively
involved in the defense against oxidative cell injury owing
to their ability to mop up free radicals [52]. The decrease
in SOD and CAT activities in the hypothalamus, cerebrum
and cerebellum of manganese-treated rats in the present
study suggests enzyme inhibition and inability to scav-
enge free radicals in the brain of the rats. The decrease in
these antioxidant enzymes reported herein are consistent
with the previous studies [53, 54]. Moreover, elevated lev-
els of H,O, and MDA observed in the three regions of the
brain during this study indicates a state of oxidative stress

subsequent to the reduction in antioxidant defenses and
accumulation of ROS in manganese exposed rats. However,
quercetin mediated reversal of the manganese-induced oxi-
dative stress were evidenced by increased SOD and CAT
activities with concomitant reduction in H,0O, and LPO lev-
els in the brain. These findings therefore support the his-
toric antioxidant properties of quercetin [16, 19, 55].

The histological lesions in brain of rats treated with
manganese alone in the present study were characterized by
marked neuronal degeneration and congestion of the macro
and micro-circulation of the cerebellum while focal area of
vacuolation with marked haemorrhagic lesion and edema
were observed in the cerebrum of the rats. These histo-
pathological findings may be related to the induction of
oxidative damage in the brain of the treated rats. However,
quercetin significantly ameliorated manganese-induced
brain lesions in the treated rats. The ability of quercetin to
maintain structurally and functionally active brain some-
what similar to the control corroborates the biochemical
data on its protective effects against manganese neurotoxic-
ity in the rats.

Taken together, the neuroprotective influence of querce-
tin on manganese-induced neurotoxicity as evidenced
by improvement in the neurobehavioral performance is
attributed to its ability to maintain AChE and antioxidant
enzymes activities with concomitant suppression of oxida-
tive insult. Quercetin may thus represent an important anti-
oxidant to be considered for ameliorating manganese neu-
rotoxicity in the future.
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