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a b s t r a c t

The symptoms of Parkinson's disease (PD) include motor behavioral abnormalities, which appear as a
result of the extensive loss of the striatal biogenic amine, dopamine. Various endogenous molecules,
including cholesterol, have been put forward as putative contributors in the pathogenesis of PD. Earlier
reports have provided a strong link between the elevated level of plasma cholesterol (hypercholester-
olemia) and onset of PD. However, the role of hypercholesterolemia on brain functions in terms of
neurotransmitter metabolism and associated behavioral manifestations remain elusive. We tested in
Swiss albino mice whether hypercholesterolemia induced by high-cholesterol diet would affect dopa-
mine and serotonin metabolism in discrete brain regions that would precipitate in psychomotor
behavioral manifestations. High-cholesterol diet for 12 weeks caused a significant increase in blood total
cholesterol level, which validated the model as hypercholesterolemic. Tests for akinesia, catalepsy,
swimming ability and gait pattern (increased stride length) have revealed that hypercholesterolemic
mice develop motor behavioral abnormalities, which are similar to the behavioral phenotypes of PD.
Moreover, hypercholesterolemia caused depressive-like behavior in mice, as indicated by the increased
immobility time in the forced swim test. We found a significant depletion of dopamine in striatum and
serotonin in cortex of hypercholesterolemic mice. The significant decrease in tyrosine hydroxylase
immunoreactivity in striatum supports the observed depleted level dopamine in striatum, which is
relevant to the pathophysiology of PD. In conclusion, hypercholesterolemia-induced depleted levels of
cortical and striatal biogenic amines reported hereby are similar to the PD pathology, which might be
associated with the observed psychomotor behavioral abnormalities.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The altered cholesterol metabolism with elevated level of
plasma cholesterol (hypercholesterolemia) have been strongly
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associated with the pathophysiology of Alzheimer's disease as it
not only causes cognitive impairment (Thirumangalakudi et al.,
2008; Ullrich et al., 2010; Wood et al., 2014) but also influences
the formation of the hallmark protein of the disease, the amyloid-b
(Refolo et al., 2000; Thirumangalakudi et al., 2008; Xue-Shan et al.,
2016). Studies of the last decade have provided a positive correla-
tion between dietary factors, including cholesterol, and the occur-
rence of Parkinson's disease (PD) (Johnson et al., 1999; Hu et al.,
2006, 2008; Miyake et al., 2010), however, some studies offered a
contradictory inference (Huang et al., 2015; Tan et al., 2016). We
have recently reviewed all the neuropathological implications
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caused by elevated cholesterol in the light of its putative contri-
butions to the onset of PD pathology (Paul et al., 2015). In vitro
studies have shown that excess cholesterol or its oxidation product
(oxysterol) influences the aggregation of a-synuclein protein (Bar-
On et al., 2008; Rantham Prabhakara et al., 2008; Marwarha
et al., 2011), the hallmark pathology of PD (Di Maio et al., 2016).
Rodents subjected to high-fat diet have been demonstrated to
contribute towards the loss of striatal dopamine and tyrosine hy-
droxylase level in rodent models of PD (Choi et al., 2005; Bousquet
et al., 2012). Moreover, treatment with cholesterol-lowering drugs
(statins) has been reported to ameliorate the motor symptoms of
PD as well as decrease the aggregation of a-synuclein protein (Bar-
On et al., 2008; Roy and Pahan, 2011; Undela et al., 2013). In rodent
models of hypercholesterolemia, the activity of mitochondrial
complexes and antioxidant enzymes, as well as levels of antioxi-
dant molecule have been reported to be reduced in non-
dopaminergic regions of brain, such as cortex and hippocampus,
which are indicative of oxidative stress (de Oliveira et al., 2011,
2013; Prasanthi et al., 2010; Otunola et al., 2014). However, the
potential evidence that links cholesterol to brain functions, in terms
of neurotransmitter metabolism and associated behavioral abnor-
malities, remains elusive. The present study investigated the effect
of hypercholesterolemia on psychomotor behavior and neuro-
chemical status in dopamine-rich region (striatum) and other re-
gions of the brain of mice.

2. Materials and methods

2.1. Animals

Eight weeks old male Swiss albino mice (21e22 g) used in the
present study were purchased from Pasteur Institute, Shillong,
Meghalaya, India. The mice were housed under standard laboratory
conditions of temperature (24 ± 2 �C) and humidity (60 ± 5%) and
were provided with food and water ad libitum. An acclimatization
time of 5 days was given prior to start of the experiment. The
experimental protocols were in accordance with the National
guidelines and the Institutional Animal Ethics Committee
guidelines.

2.2. Chemicals and consumables

Cholesterol, acetonitrile, Cresyl violet, and paraformaldehyde
were obtained from SISCO Research Laboratories (Mumbai, India).
Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA), 5-hydroxytryptamine (5-HT), 5-hydroxyindoleacetic
acid (5-HIAA), norepinephrine hydrochloride, ethyl-
enediaminetetraacetic acid disodium salt (EDTA), heptane sulfonic
acid, triethylamine, orthophosphoric acid, chloral hydrate,
hydrogen peroxide (H2O2), poly-L-lysine, Triton X-100 and 3,3-
diaminobenzidine (DAB) liquid substrate system (D3939) kit were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Primary
antibodies such as rabbit polyclonal anti-tyrosine hydroxylase (TH;
ab112) and rabbit polyclonal anti-Glial fibrillary acidic protein
(GFAP; ab7260) were purchased from Abcam (Cambridge, UK).
Anti-rabbit goat secondary antibody tagged with horseradish
peroxidase (HRP; ap307p) was purchased fromMillipore Co. (USA).
Plasma cholesterol estimation kit (CHOL, Autopak) was obtained
from Siemens Ltd. (India).

2.3. Experimental design

Swiss albino mice used in the study were randomly divided into
two experimental groups: Control group (CS) fed with standard
diet (normal rodent chow), and the high-cholesterol diet group
(HCD) fed with standard diet mixed with 5% cholesterol (Refolo
et al., 2000) for 12 weeks (84 days). Body weight was monitored
after every 2 weeks. Motor behavioral tests, such as akinesia and
catalepsy were performed in these animals in an interval of two
weeks from the start of treatment till 12th week (0th, 14th, 28th,
42nd, 56th, 70th and 84th day). The behavioral parameters, such as
elevated plus maze, forced swim test, gait, and swim test were
performed on 80th, 81st, 82nd and 83rd day respectively. Scoring of
the behavioral tests was performed by trained experimenters who
were blind to the treatment paradigm. Serum total cholesterol level
was analyzed after the 12th week (84th day). The animals were
sacrificed and/or perfused (4% paraformaldehyde) after 12 weeks of
treatment (84th day) for analysis of neurotransmitters and immu-
noreactivity study from discrete brain regions.

2.4. Analysis of behavioral parameters

2.4.1. Akinesia
The latency in moving all the four limbs were tested for 180 s

(Bhattacharjee et al., 2016a). The animals were placed on a wooden
platform (40 cm � 40 cm � 30 cm) for 5 min, and then the latency
was recorded.

2.4.2. Catalepsy
Catalepsy is the inability of an animal to correct an externally

imposed posture (Bhattacharjee et al., 2016a). Mice were placed on
a flat surface with both hind limbs placed on a wooden block of
3 cm height. The time taken by the animals in moving both hind
limbs to the flat surface was counted.

2.4.3. Swim test
Swimming ability test was carried out in tubs with 12 cm high

water, maintained at 27 ± 2� C. Animals were placed in water and
the swimming ability for a period of 10 min was scored every min
as: 3-continuous swimming, 2-swimming with occasional floating,
1- more floating with occasional swimmingwith hind limbs, and 0-
hind part sinks with only the head floating (Haobam et al., 2005).

2.4.4. Walk test
To determine the gait abnormalities of mice, we performed

footprint analyses as described earlier (Klapdor et al., 1997). Mice
were acclimatized to walk on an inclining gangway lined with a
white sheet leading to a dark chamber/platform. The fore- and
hind-paws of the animals were coloured respectively with red and
green non-toxic colour to get the foot impression. The footprints
were analyzed for stride length, stride width, and footprint length,
manually.

2.4.5. Forced swim test
Forced Swim test (FST) was carried out according to Porsolt et al.

(1997) with slight modifications. The animals were individually
forced to swim in a transparent glass vessel containing 12 cm high
water, maintained at 27 ± 2 �C, for a period of 6min. The duration of
immobility or floating occurring during the last 4 minwas counted.
A mouse was judged to be immobile when it ceased struggling and
remained floating motionless in the water, making only move-
ments necessary to keep its head above water.

2.4.6. Elevated plus maze test
This test is the most popular test of anxiety, and was carried out

according to Walf and Frye (2007) with slight modification. The
apparatus is a plus-shaped maze, with two open and two closed
arms opposite to each other interconnected by a central platform.
Animal was placed on the central platform, facing the open arm,
and allowed to explore the plus maze for 5 min. Time spent in the



Fig. 1. Effect of high-cholesterol diet on (A) serum total cholesterol level and (B) body weight of mice.Mice were fed with high-cholesterol diet (HCD) or standard diet (control,
CS) for 12 weeks. On the last day of the diet, blood was collected by the cardio-punctured method from both groups of mice and serum total cholesterol was estimated for validating
the hypercholesterolemic model. Body weight (in gram) was measured two weeks apart from the start of treatment till 12 weeks. The results given are Mean ± S.E.M. *p � 0.05 as
compared to CS (n ¼ 8/experiment). Serum total cholesterol data was analyzed using an unpaired Student's t-test (two-tailed) and body weight data was analyzed using a two-way
repeated measures ANOVA.
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open arms and percentage of entries in the open arms with respect
to the total number of arm entries is used as experimental indices of
anxiety.

2.5. Estimation of total cholesterol

Mice were anesthetized with chloral hydrate (350 mg/kg; i.p.)
on the last day of 12 weeks of the diet and blood was collected by
cardiac puncture. The serum was separated by centrifugation at
3000�g for 4 min. The total serum cholesterol was estimated
following the enzymatic method using a colorimetric kit (CHOL,
Autopak, Siemens). Briefly, the serum was incubated with equal
volume of buffer (Pipes buffer, pH 6.95 containing phenol and so-
dium cholate) and enzymes mixture (containing cholesterol
esterase, cholesterol oxidase, peroxidase and 4-aminoantipyrine)
for 5 min at 37 �C. The concentration of cholesterol in serum is
directly proportional to the intensity of the red complex generated,
which was measured at 500 nm using Microplate reader equipped
with Spectrophotometer (Multiskan™, ThermoFisher Scientific,
Finland) (Allain et al., 1974).

2.6. HPLC analysis of biogenic amines

To investigate the effect of hypercholesterolemia on brain
biogenic amines (neurotransmitter) and their metabolites level,
mice were sacrificed by decapitation on the last day of 12 weeks of
feeding. The whole brain was removed from the calvarium and the
cortex, nucleus caudatus putamen (NCP) and hippocampus regions
were dissected out. The tissues were sonicated in ice-cold 0.1 M
perchloric acid containing 0.01% EDTA, and were centrifuged for
5 min at 10,000�g. 10 ml supernatant was injected into the HPLC-
ECD system at a flow rate 0.7 ml/min. The electrochemical detec-
tion was performed at þ740 mV. The composition of the mobile
phase was 8.65 mM heptane sulfonic acid, 0.27 mM EDTA, 13%
acetonitrile, 0.43% triethylamine and 0.22% orthophosphoric acid,
as reported earlier (Borah and Mohanakumar, 2007).

2.7. Preparation of brain tissue for brain histology and
immunohistochemical studies

The mice were deeply anesthetized with chloral hydrate
(350 mg/kg b.w.; i.p.) on the last day of 12 weeks of diet and tho-
racotomy was performed immediately for perfusion. A 23-gauge
needle attached to 50 ml syringe was cannulated in the left
ventricle of heart and perfused with 50 ml of ice-cold phosphate-
buffered saline (PBS; 0.1 M, pH 7.4) for a vascular rinse followed by
30 ml of 4% (w/v) paraformaldehyde (in PBS) for fixation. Brains
were dissected out from calvarium, kept overnight in the same
fixative and cryoprotected in 30% (w/v) sucrose solution till the
brain sinks in the solution. Twenty micron thick coronal sections of
brain passing through the cortex, striatum, hippocampus and
substantia nigra were made using Cryostat (0620E, Thermo Shan-
don, UK). Sections were collected on poly-L-lysine coated slides for
Nissl staining, and in well-plates for immunohistochemical studies
of TH and GFAP (Mazumder et al., 2016; Bhattacharjee et al., 2016b).

2.8. Brain histology using Nissl stain

Histological analysis of different brain regionswas performed by
Nissl staining following Mazumder et al. (2016). Briefly, sections of
brain regions viz. cortex, striatum, hippocampus and substantia
nigra were hydrated in decreasing alcohol gradient (absolute, 90%,
70%, 50%, distilled water) for 1 min each followed by incubation in
0.5% cresyl violet for 3 min. The sections were washed in distilled
water, dehydrated in increasing alcohol gradient (50%, 70%, 90%,
absolute) for 1 min each, cleared in xylene, mounted in DPX and
photographed using digital SLR camera attached with Trinocular
Microscope (ECLIPSE Ci-L, Nikon, Japan).

2.9. Immunohistochemical analysis

Coronal sections of striatum and substantia nigra regions of
brain were washed with 0.1 M Tris-buffered saline (TBS; 0.1 M, pH
7.4) three times for 5 min each. The endogenous peroxidase activity
was blocked by incubating the sections with 3% (v/v) H2O2 (in TBS)
for 5 min followed by washing in TBS to remove the bubbles
generated due to H2O2 treatment. Blocking was done by incubating
the sections with TBS containing 10% donkey serum and 0.3% Triton
X-100 for 1 h at room temperature over the dancing shaker. Sec-
tions were incubated with polyclonal rabbit anti-TH or rabbit anti-
GFAP primary antibody (1:500 dilution) in TBS containing 2%
donkey serum and 0.3% Triton X-100 for overnight at 4 �C. The
sections were washed with TBS and were incubated with HRP-
conjugated anti-rabbit secondary antibody (1:700 for TH and
1:1000 for GFAP) in TBS containing 2% donkey serum and 0.3%
Triton X-100 for 1 h at room temperature over the shaker. Colour
development was performed by incubating the sections in DAB-
liquid substrate solution for 3 min and then sections were



Fig. 2. Effect of hypercholesterolemia on (AeG) motor and (HeL) psychometric behavior. (A) Akinesia and (B) Catalepsy was measured at every two weeks till 12 weeks. High-
cholesterol diet (HCD) fed animals showed akinetic and cataleptic behavior from 10th week onwards. (C) Swim-scores were recorded on a performance intensity scale of 0e3 for
10 min. (D) The total swim score in HCD mice was significantly reduced than the control (CS). (EeG) Gate pattern showed a significant increase in stride length in HCD mice. (H) The
immobility time in seconds was recorded in forced swim test. Significant increase in the total immobility time in HCD mice demonstrates depressive-like behavior in the animal.
(IeL) Exploratory activity in elevated plus maze demonstrated no significant anxiety-like behavior in HCD mice. The results are given as Mean ± S.E.M. *p � 0.05 as compared to CS
(n ¼ 6/group in each experiment). An unpaired student's t-test (two-tailed) was used to calculate P-values. Data of motor behavioral tests (2A-C) were analyzed using a two-way
repeated measures ANOVA and remaining data (2D-L) were analyzed using unpaired Student's t-test (two-tailed).



Fig. 3. Effect of hypercholesterolemia on brain dopamine (DA) and its metabolites level. Mice were fed with standard diet (control, CS) or high-cholesterol diet (HCD) was
sacrificed after 12 weeks of diet. DA and its metabolites (3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were analyzed from cortex, striatum (NCP) and
hippocampus (HP) regions of brain by using HPLC-ECD system. The results are given as Mean ± S.E.M. *p � 0.05 as compared to CS (n ¼ 6). P-values were calculated using a two-way
repeated measures ANOVA.
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washed, dehydrated in increasing grades of alcohol (30%, 50%, 70%,
90% and absolute alcohol; 30 s each), cleared in xylene, mounted in
DPX and photographed using SLR camera attached to the Micro-
scope. The striatal TH-immunoreactive sections were subjected to
densiometric analysis to calculate optical density by using Fiji
version of ImageJ software (Schindelin et al., 2012). Optical density
was calculated from serial coronal sections of each group of mice
(n ¼ 5). Optical density is the logarithm of maximum intensity by
mean intensity, where theoretical maximum intensity is 255. TH-
positive nigral dopaminergic neurons were counted using ImageJ
(Fiji version) software (Tripathy et al., 2014). The first section was
chosen randomly and thereafter every sixth section was selected
through the entire substantia nigra from control and hypercho-
lesterolemic mice (n ¼ 5; Tapias et al., 2010).
2.10. Statistical analysis

Statistical analysis was performed using the software GraphPad
Prism version 7.0 for Windows (Graph Pad software, San Diego
California USA, www.graphpad.com). The data, except, body
weight, motor behaviors and neurochemical results, were analyzed
employing an unpaired Student's t-test (two-tailed). The results of
neurotransmitter levels were analyzed using a two-way, repeated
measures ANOVAwith factors ‘intervention’ (normal diet and HCD)
and ‘brain regions’ (cortex, striatum, and hippocampus) was used
to investigate the effect of ‘intervention’ on the level of neuro-
transmitter in different ‘brain regions’. The results are presented as
Mean ± S.E.M. P-value of 0.05 or less was considered to be
significant.
3. Results

3.1. Total cholesterol assay

The hypercholesterolemic mouse model was validated by
analyzing the serum level of total cholesterol. Mice that were
subjected to high-cholesterol diet for 12 weeks had significantly
elevated levels of serum total cholesterol by 1.94-fold (P ¼ 0.001,
df ¼ 14, F ¼ 2.8) compared to standard diet fed control mice
(222.75 ± 13.86 mg/dL vs. 114.63 ± 8.27 mg/dL) (Fig. 1A). The
elevated level of cholesterol in blood thus validates the animals as
hypercholesterolemic (Refolo et al., 2000).

3.2. Effect of high-cholesterol diet on body weight

High-cholesterol diet caused a gradual increase in the body
weight of mice, which was however not consistent throughout the
treatment period. The body weight was increased significantly by
1.35-fold (P ¼ 0.001, df ¼ 14, F ¼ 2.09) on 6th week and 1.31-fold
(P ¼ 0.001, df ¼ 14, F ¼ 1.46) on 8th weeks in high-cholesterol
diet fed group compared to the control (normal diet). While from
8th week onwards till 12th week, there occurred no significant (at
p � 0.05, n ¼ 8) alterations in the body weight of mice receiving
cholesterol-supplemented diet. On 10th and 12th week, body
weight was increased respectively by 1.1-fold (P ¼ 0.0724, df ¼ 14,
F ¼ 1.82) and 1.0-fold (P ¼ 0.2512, df ¼ 14, F ¼ 1.46) in high-
cholesterol diet fed group compared to the control. Thus, high-
cholesterol diet in mice did not produce the symptoms of obesity
with respect to body weight. The body weight of themice that were
maintained on standard diet increased gradually after 4 weeks till

http://www.graphpad.com


Fig. 4. Effect of hypercholesterolemia on norepinephrine level in brain. Mice, fed
with standard diet (control, CS) or high-cholesterol diet (HCD), were sacrificed after 12
weeks. Norepinephrine level was analyzed from the cortex (CX), striatum (NCP) and
hippocampus (HP) regions of brain by using HPLC-ECD system. The results given are
Mean ± S.E.M. *p � 0.05 as compared to CS (n ¼ 5).
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12 weeks period (Fig. 1B).

3.3. Hypercholesterolemia on akinesia and catalepsy

After successive two weeks interval, akinesia and catalepsy
were tested up to 12 weeks. Themice fedwith high-cholesterol diet
were found to be akinetic and cataleptic from the 10th week of
feeding. In hypercholesterolemic animals, the akinesia scores on
10th (P ¼ 0.0018, df ¼ 10, F ¼ 11.18) and 12th (P ¼ 0.0105, df ¼ 10,
F ¼ 58.42) week were 14.43 ± 3.02 s and 17.4 ± 5.07 s, while in
control animals the scores were found to be 1.36 ± 0.29 s and
1.45 ± 0.22 s respectively (Fig. 2A). In hypercholesterolemic animals
compared to control, the catalepsy scores on 10th (P ¼ 0.0015,
df ¼ 10, F ¼ 13.38) and 12th (P ¼ 0.0022, df ¼ 10, F ¼ 55.7) week
were 14.06 ± 3.05 vs. 0.92 ± 0.14 s and 13.5 ± 3.2 vs. 0.96 ± 0.12 s
respectively (Fig. 2B). However, at other time points the akinesia
and catalepsy scores were not differed significantly (p� 0.05, n¼ 6)
in hypercholesterolemic mice compared to the control.

3.4. Hypercholesterolemia on swimming performance

Swim test was performed to assess the effect of hypercholes-
terolemia on motor performance of animals (Haobam et al., 2005).
Animals receiving high-cholesterol diet displayed a significantly
poorer swimming ability as compared to the control animals. The
swim score at the 1st min was 3.00 for both the groups, whereas
from 2nd to 10th min there was a progressive decrease in swimming
score, being increased significantly from 7th to 10th min, in high-
cholesterol diet fed mice compared to the control group. The
swimming scores were decreased significantly by 36% (P ¼ 0.0239,
df ¼ 10, F ¼ 1.0), 47% (P ¼ 0.0039, df ¼ 10, F ¼ 2.4), 49% (P ¼ 0.0079,
df¼ 10, F¼ 1.33) and 35% (P¼ 0.0259, df¼ 10, F¼ 1.8) on 7th, 8th, 9th

and 10th min respectively in hypercholesterolemic mice (Fig. 2C).
The total swim score was decreased significantly by 23.5%
(P ¼ 0.005, df ¼ 10, F ¼ 3.01) in hypercholesterolemic mice as
compared to the control (Fig. 2D).

3.5. Hypercholesterolemia on gait

Walk test was performed to estimate the gait abnormalities
induced by hypercholesterolemia, which is a measure of motor co-
ordination (Klapdor et al., 1997). From footprints of animals, it was
observed that stride length was significantly affected in animals
receiving high-cholesterol diet. Stride length - the distance be-
tween two successive hind limbs, was significantly increased by
1.13-fold (P ¼ 0.033, df ¼ 10, F ¼ 3) in mice receiving high-
cholesterol diet (Fig. 2E). However, no significant changes were
observed in other measures of gait, such as stride width (Fig. 2F)
and footprint length (Fig. 2G).

3.6. Hypercholesterolemia on psychometric assessment

The immobility time in the FST demonstrates desperation in
animals (Porsolt et al., 1997). After an initial acclimatization for
2 min, the total immobility time (in sec) was noted for a period of
4 min. A significant increase in the duration of immobility was
observed in mice receiving high-cholesterol diet. The duration of
immobility or floating time was increased by 2.12-fold (P ¼ 0.02,
df ¼ 10, F ¼ 1.06) in mice on high-cholesterol diet as compared to
the control (Fig. 2H).

High-cholesterol diet did not result in significant signs of
anxiety-like behavior in mice when assayed using elevated plus
maze test (Fig. 2IeL). There occurred no significant changes in
scores of different parameters of the test, such as number of entries
in close or open arm and time spent in close or open arm in high-
cholesterol diet fed animals compared to the control (p � 0.05, n ¼
6).

3.7. Effect of hypercholesterolemia on dopamine and its metabolites
level

Dopamine and its metabolites levels were analyzed from the
three regions of brain, including cortex, striatum (NCP) and hip-
pocampus (Fig. 3). In striatum of hypercholesterolemic mice,
dopamine level was reduced by 34%, which differed significantly
(P ¼ 0.003, df ¼ 10, F ¼ 1.4) from the control group. While in cortex
dopamine level was increased by 27% and decreased by 2% in
hippocampus, which were statistically insignificant compared to
control animals. In all the brain regions, the level of metabolites of
dopamine (DOPAC and HVA) did not change significantly in hy-
percholesterolemic mice. DOPAC level in hypercholesterolemic
mice decreased by 1% and 6% in cortex and hippocampus respec-
tively, while in striatum the level of DOPAC was increased by 18%.
However, HVA levels in hypercholesterolemic mice was increased
by 25%, 40%, and 13% respectively in the cortex, striatum, and
hippocampus. The turnover of dopamine, calculated as the ratio of
the metabolites to the neurotransmitter [(DOPAC þ HVA)/DA] was
found to be significantly increased in striatum by 90% (P ¼ 0.0001,
df ¼ 10, F ¼ 3.07), whereas decreased by 36% in cortex, and
increased by 18% in hippocampus of hypercholesterolemic mice,
which were however statistically insignificant compared to control
mice (p � 0.05, n ¼ 6).

3.8. Effect of hypercholesterolemia on norepinephrine level

There occurred no significant changes in the level of norepi-
nephrine in discrete brain regions of hypercholesterolemic mice
(Fig. 4). In hypercholesterolemic animals, norepinephrine level was
increased by 1.15-, 1.17- and 1.12-fold in the cortex, striatum and
hippocampus regions of brain respectively, which were however
not significant as compared to the control (p � 0.05, n ¼ 5).

3.9. Effect of hypercholesterolemia on serotonin and its metabolite
level

In the cortical region of brain of hypercholesterolemic mice, the
level of serotonin was decreased significantly, while the level of its
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metabolite (5-HIAA) and turnover of serotonin increased signifi-
cantly compared to the control mice. In the hypercholesterolemic
group, serotonin level was decreased by 48% in cortex (P ¼ 0.01,
df ¼ 8, F ¼ 7.59) and increased by 12% and 11% in striatum and
hippocampus respectively. The level of 5-HIAA increased signifi-
cantly by 55% in cortex (P ¼ 0.03, df ¼ 8, F ¼ 4.13), while decreased
in striatum and hippocampus by 21% and 3% respectively in hy-
percholesterolemic mice. The turnover of serotonin in cortex
increased significantly by 151% (P ¼ 0.004, df ¼ 8, F ¼ 7.04), while
decreased respectively by 39% and 23% in striatum and hippo-
campus, which were not significantly different as compared to the
control (Fig. 5).
Fig. 5. Effect of hypercholesterolemia on brain serotonin (5-HT) and its metabolite
level. Mice, fed with standard diet (control, CS) or high-cholesterol diet (HCD), were
sacrificed after 12 weeks. 5-HT and its metabolite (5-hydroxyindoleacetic acid, 5-HIAA)
levels were analyzed from the cortex, striatum (NCP) and hippocampus (HP) regions of
brain by using HPLC-ECD system. The results given are Mean ± S.E.M. *p � 0.05 as
compared to CS (n ¼ 5). A two-way repeated measures ANOVAwas used to calculate P-
values.
3.10. Effect of hypercholesterolemia on brain histology

Nissl staining was performed to see possible morphological
aberrations in discrete brain regions: cortex, striatum, hippocam-
pus and substantia nigra. The result revealed no visible morpho-
logical changes in the neurons of the studied brain regions in
hypercholesterolemic animals as compared to control animals
(Fig. 6).

3.11. Effect of hypercholesterolemia on dopaminergic neuronal
integrity

There occurred a marked visible decrease in TH-
immunoreactivity in the striatum region of brain of the animals
subjected to high-cholesterol diet for 12 weeks (Fig. 7). The striatal
TH-immunoreactivite staining intensity was found to be decreased
significantly by 20% (P ¼ 0.001, df ¼ 8, F ¼ 1.23) in hypercholes-
terolemic animals compared to the control (Fig. 7E). As the striatum
region is rich in dopaminergic axon terminals (Wilson et al., 1996),
the decrease in TH-immunoreactivity in striatum region signifies
damages in the dopaminergic nerve terminals. However, high-
cholesterol diet for 12 weeks did not cause a significant loss of TH-
positive nigral dopaminergic neurons, which was found to be 8%,
compared to the control animals (Fig. 7F).

3.12. Effect of hypercholesterolemia on GFAP-immunostaining

Glial fibrillary acidic protein (GFAP) is long being used as a
marker for astrocyte activation and increased number of GFAP-
positive cells signifies reactive astrogliosis (Pekny and Pekna,
2014), which is an indicative of inflammatory stress (Chakraborty
et al., 2014). Marked increase in the number of GFAP-
immunoreactive astrocytes was seen in striatum as well as in
substantia nigra regions of brain of hypercholesterolemic animals
compared to the corresponding brain regions of control mice
(Fig. 8AeD). Examination of number of GFAP-positive astrocytes
indicated that hypercholesterolemic mice had a significant increase
by 5.1-fold in striatum (P¼ 0.0182, df¼ 6, F¼ 2.51; Fig. 8E) and 2.9-
fold in susbstantia nigra (P ¼ 0.001, df ¼ 6, F ¼ 29.55; Fig. 8F) re-
gions of brain over the control animals.

4. Discussion

The most important outcome of the study is the significant
decrease in dopamine content as well as TH-immunoreactivity in
striatum and depletion of serotonin content in cortex region of
brain in hypercholesterolemic animals. The results of the behav-
ioral tests clearly showed that hypercholesterolemic mice devel-
oped motor as well as depressive-like behavior.

Mice on high-cholesterol diet for 12 weeks resulted in signifi-
cant elevation of serum total cholesterol level which validates these
animals to be hypercholesterolemic (Fig. 1A; Refolo et al., 2000;
Ullrich et al., 2010). The observed elevation in blood cholesterol
level may be due to increased rate of absorption of cholesterol from
the intestine (Zulet et al., 1999; Hassan et al., 2011) as cholesterol
level in plasma is contributed by de novo biosynthesis as well as
fromdiet (Paul et al., 2016). Bodyweight of the animals subjected to
high-cholesterol diet did not alter consistently during the 12 weeks
of treatment period which indicates that animals were not obese
(Woods et al., 2003). However, therewas a trend of gradual increase
in body weight till 8th week, being significantly increased in 6e8
weeks, and afterwards there occurred no significant alterations in
body weight of high-cholesterol diet fed mice (Fig. 1B) which is a
sign of hypercholesterolemia (Ullrich et al., 2010; Rao et al., 2016).

The present study provided evidence of motor behavioral



Fig. 6. Effect of hypercholesterolemia on brain histology using Nissl staining. Twenty micron thick coronal sections of brain from control (CS) and high-cholesterol diet (HCD)
group passing through the cortex (A, B), striatum (C, D), hippocampus (E, F) and substantia nigra (G, H) were stained with cresyl violet. No morphological irregularity could be
revealed in the cortex, striatum, and hippocampus of HCD mice, compared to the corresponding brain regions of CS mice. Photographs were taken at 4� magnification. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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abnormalities in hypercholesterolemic mice. Increase in akinesia
and catalepsy score as well as poor swimming ability were indic-
ative of motor deficits in the hypercholesterolemic mice, while the
same was not observed from the gait (stride length). The indicative
motor deficit parameters as observed in hypercholesterolemic mice
are used to assess Parkinsonism in animals (Taylor et al., 2010;
Naskar et al., 2015; Bhattacharjee et al., 2016b; Singh et al., 2016).
In PD, the motor deficits are assessed by the decrease in stride
length, however, giving extra weight to the PD patients has been
reported to increase the stride length (Yoon et al., 2016). The
increased stride length (Fig. 2E) as observed in the present hyper-
cholesterolemic mice may be due to differences in body weight
with control animals. In addition to motor behavioral abnormal-
ities, we observed depressive-like behavior in hypercholesterol-
emic mice (Fig. 2H), while anxiety-like behavior was not evident
(Fig. 2IeL). A significant increase in the duration of immobility time
was observed in hypercholesterolemic mice (Fig. 2H). The increase
in immobility time is an indication of depressive-like psychometric
behavioral anomalies (Porsolt et al., 1997), thereby suggesting that
hypercholesterolemia can cause despair in mice. Depressive-like
behavior was reported earlier in animal models (De Bem et al.,
2014; Engel et al., 2016) as well as human subjects of the disease
(Bajwa et al., 1992; Kuczmierczyk et al., 1996). In patients with
panic disorder such as anxiety, an elevated level of plasma



Fig. 7. Effect of hypercholesterolemia on tyrosine hydroxylase (TH)-immunoreactivity in striatum (NCP) and TH-positive substantia nigral (SN) neurons. Representative
photographs of NCP (AeB) and SN (CeD) from animals subjected to standard diet (control, CS) or high-cholesterol diet (HCD) for 12 weeks. Photographs were taken at
4� magnification. (E) Quantification of optical density of TH-immunostaining in NCP and (F) neuronal count from SN region. Serial sections of NCP and SN from CS and HCD groups
were analyzed using ImageJ software. There occurred a significant decrease in TH-immunoreactivity in NCP of HCD animals. Results are expressed as Mean ± SEM. *p � 0.05 as
compared to CS. P-values were calculated using an unpaired t-test (two-tailed). Sections from five different brain samples were considered for each group.
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cholesterol has been reported (Kuczmierczyk et al., 1996; Peter
et al., 2002). However, our result (Fig. 2IeL) is not in congruence
with the previous report that hypercholesterolemia can cause age-
dependent anxiety-like behavior in rats (Hu et al., 2014). The
behavioral abnormalities in the hypercholesterolemic animals were
observed from 10th week onwards and interestingly since then the
body weight of the animals was not altered significantly compared
to control (Fig. 1B). Thus, the body weight has no influence on the
observed behavioral abnormalities in hypercholesterolemic mice.

Till date, no studies reported the effect of hypercholesterolemia
on the levels of biogenic amine neurotransmitters, such as dopa-
mine, norepinephrine, serotonin and their metabolites, in discrete
regions of brain of rodents. Nagaoka et al. (1986) have shown an
elevated level of dopamine in the urine of hypercholesterolemic rat
induced by polychlorinated biphenyls and excess tyrosine with
diet. Hypercholesterolemia caused a significant depletion of
dopamine content in the striatum (Fig. 3) and serotonin content in
the cortex (Fig. 5) regions of brain which is the first report of such
kind. However, we did not find any significant alteration in the level
of norepinephrine in discrete brain regions of hypercholesterolemic
mice. Also, the status of the dopaminergic neurons in the nigros-
triatal pathway (SN and NCP) of brain was investigated using TH-
immunoreactivity, which revealed a significant decrease in the
immunoreactivity in the striatum of hypercholesterolemic mice
(Fig. 7E). Since striatum is rich in dopaminergic axon terminals
(Wilson et al., 1996), a decrease in TH-immunoreactivity in striatum
signifies damages to the dopaminergic nerve terminals, which is
prevalent in early stage of PD (Betarbet et al., 2000; Darvas et al.,
2014; Kalia and Lang, 2016). This explains the underlying cause of
depletion of striatal dopamine, revealed from the HPLC study, and
resulting motor behavioral abnormalities in hypercholesterolemic
condition. Loss of striatal dopamine and damage to dopaminergic
nerve terminals found in the present study supports our (Paul et al.,
2015) and those of Doria et al. (2016) contention that cholesterol is
a putative contributor towards Parkinsonism.

Loss of striatal dopamine is an important factor for the



Fig. 8. Effect of hypercholesterolemia on astrogliosis. The coronal sections passing through (AeB) striatum (NCP) and (CeD) substantia nigra (SN) were processed for Glial
fibrillary acidic protein (GFAP)-immunoreactivity. GFAP-reactivity was increased in NCP and SN regions of brain of high-cholesterol diet (HCD) fed mice, compared to the corre-
sponding brain regions of control mice (CS), which signifies astrogliosis. The photographs were taken at 4� magnification. Four serial sections of NCP and SN were taken from each
group (n ¼ 4) to count the GFAP-positive cells using ImageJ software. The marked region in the photographs (C, D) represents SN region. Results are expressed as Mean ± SEM.
*p � 0.05 as compared to CS (n ¼ 4). P-values were calculated using an unpaired t-test (two-tailed).
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appearance of the parkinsonian symptoms (Lotharius and Brundin,
2002; Kalia and Lang, 2016). To assess the degree of Parkinsonism
in experimental models of PD, the motor behavioral parameters,
such as akinesia, catalepsy, swim test and walk test are performed
(Haobam et al., 2005; Taylor et al., 2010; Bhattacharjee et al.,
2016b). The Parkinsonian motor behavioral deficits are reported
to be associated with dopamine levels in the striatum (Haobam
et al., 2005; Naskar et al., 2015; Singh et al., 2016). In hemi-
parkinsonian rat model, the behavioral phenotypes assessed were
consistent with the degree of dopamine loss or nigral cell loss
(Sindhu et al., 2006). A direct relationship exists between the
striatal dopamine content and performances in motor behavioral
tests (Sengupta et al., 2011). Moreover, age-related decrease in
brain dopamine level has been reported to be associated with
declined motor functions (Volkow et al., 1998). Interestingly, early
stage of PD is characterized by loss of dopaminergic axon terminals
in the striatum that projects from the substantia nigra region of
brain (Darvas et al., 2014). Thus, not only mild reduction in striatal
dopamine (by 34%) but also loss of dopaminergic terminals in this
regionmight contributed tomotor abnormalities as observed in the
hypercholesterolemic mice, which has relevance to the early stage
of pathology of PD (Darvas et al., 2014).

Depressive-like behavior in animalmodels, as well as patients, is
known to be associated with altered levels of serotonin and
norepinephrine in the cortical region of the brain (Seo et al., 2008;
Boileau et al., 2008). Moreover, mood disturbances, particularly
depression, in PD is generally being treated with drugs that elevate
or increase the bioavailability of serotonin and norepinephrine in
cortical regions (Boileau et al., 2008; Menza et al., 2009; Nayyar
et al., 2009). In this regard, association of altered level of cortical
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serotonin with depressive-like behavior in PD receives much
attention (Scatton et al., 1983; Azmitia and Nixon, 2008; Nayyar
et al., 2009). Although hypercholesterolemia did not cause any
significant alterations in the level of norepinephrine (Fig. 4), but the
serotonin level in cortex was decreased significantly (Fig. 5). Thus,
the significant loss of cortical serotonin level in brain of hyper-
cholesterolemic mice may be linked with the observed depressive-
like behavior. Dopamine and serotonin systems are neurophysio-
logically interlinked with each other and have also been shown that
impairment of one system can lead to functional alterations to the
other (De Simoni et al., 1987; Daw et al., 2002).

Although the result of Nissl staining revealed no marked visible
changes in neuronal architecture in discrete brain regions of hy-
percholesterolemia mice (Fig. 6) but the numbers of GFAP-positive
astrocytes in dopaminergic regions of the brain, nigrostriatal
pathway, were found to significantly more in hypercholesterolemia
mice, which indicates astrogliosis. Astrogliosis is an outcome of
inflammation that could result into neurodegeneration (Pekny and
Pekna, 2014; Yates, 2015). Previous reports provided evidence of
hypercholesterolemia-induced severe neuroinflammatory pro-
cesses, including astrogliosis, in discrete brain regionsmainly in the
cortex and hippocampus of rodents (Thirumangalakudi et al., 2008;
Ullrich et al., 2010); however our report of astrogliosis in nigros-
triatal pathway of hypercholesterolemic mice is the first report of
such kind (Fig. 8).

In conclusion, the present study reports psychomotor behav-
ioral deficits and altered neurotransmitters metabolism in discrete
brain regions, particularly depletion of serotonin in cortex and
dopamine in striatum with decrease in TH-immunoreactivity in
striatum of hypercholesterolemic mice. By and larger, the present
experimental evidence strengthen the contention of the influence
of cholesterol in the pathogenesis PD.

Conflict of interest

None declared.

Acknowledgments

We sincerely acknowledge the funding and support provided by
Department of Biotechnology (under North-East India Twinning
Programme; Grant Sanction Order No. BT/230/NE/TBP/2011, dated
April 23, 2012) under Government of India. Our sincere thanks are
due to Dr. Kochupurackal P. Mohanakumar (Laboratory of Clinical
and Experimental Neuroscience, CSIR-Indian Institute of Chemical
Biology, Kolkata, India) for his support and co-operation.

References

Allain, C.C., Poon, L.S., Chan, C.S.G., Richmond, W., Fu, P.C., 1974. Enzymatic deter-
mination of total serum cholesterol. Clin. Chem. 20, 470e475.

Azmitia, E.C., Nixon, R., 2008. Dystrophic serotonergic axons in neurodegenerative
diseases. Brain Res. 1217, 185e194.

Bajwa, W.K., Asnis, G.M., Sanderson, W.C., Irfan, A., van Praag, H.M., 1992. High
cholesterol levels in patients with panic disorder. Am. J. Psychiatry 149 (3),
376e378.

Bar-On, P., Crews, L., Koob, A.O., Mizuno, H., Adame, A., Spencer, B., Masliah, E., 2008.
Statins reduce neuronal alpha-synuclein aggregation in in vitro models of
Parkinson's disease. J. Neurochem. 105, 1656e1667.

Betarbet, R., Sherer, T.B., MacKenzie, G., Garcia-Osuna, M., Panov, A.V.,
Greenamyre, J.T., 2000. Chronic systemic pesticide exposure reproduces fea-
tures of Parkinson's disease. Nat. Neurosci. 3, 1301e1306.

Bhattacharjee, N., Mazumder, M.K., Paul, R., Choudhury, A., Choudhury, S., Borah, A.,
2016b. L-DOPA treatment in MPTP-mouse model of Parkinson's disease po-
tentiates homocysteine accumulation in substantia nigra. Neurosci. Lett. 628,
225e229.

Bhattacharjee, N., Paul, R., Giri, A., Borah, A., 2016a. Chronic exposure of homo-
cysteine in mice contributes to dopamine loss by enhancing oxidative stress in
nigrostriatum and produces behavioural phenotypes of Parkinson's disease.
Biochem. Biophys. Rep. 6, 47e53.
Boileau, I., Warsh, J.J., Guttman, M., Saint-Cyr, J.A., McCluskey, T., Rusjan, P., Houle, S.,
Wilson, A.A., Meyer, J.H., Kish, S.J., 2008. Elevated serotonin transporter binding
in depressed patients with Parkinson's disease: a preliminary PET study with
(11C)DASB. Mov. Disord. 23, 1776e1780.

Borah, A., Mohanakumar, K.P., 2007. Long-term L-DOPA treatment causes indis-
criminate increase in dopamine levels at the cost of serotonin synthesis in
discrete brain regions of rats. Cell. Mol. Neurobiol. 27, 985e996.

Bousquet, M., St-Amour, I., Vandal, M., Julien, P., Cicchetti, F., Calon, F., 2012. High-fat
diet exacerbates MPTP-induced dopaminergic degeneration in mice. Neurobiol.
Dis. 45, 529e538.

Chakraborty, J., Singh, R., Dutta, D., Naskar, A., Rajamma, U., Mohanakumar, K.P.,
2014. Quercetin improves behavioural deficiencies, restores astrocytes and
microglia, and reduces serotonin metabolism in 3-nitropropionic acid-induced
rat model of Huntington's Disease. CNS Neurosci. Ther. 20, 10e19.

Choi, J.Y., Jang, E.H., Park, C.S., Kang, J.H., 2005. Enhanced susceptibility to 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity in high-fat diet-induced
obesity. Free Radic. Biol. Med. 38, 806e816.

Darvas, M., Henschen, C.W., Palmiter, R.D., 2014. Contributions of signaling by
dopamine neurons in dorsal striatum to cognitive behaviors corresponding to
those observed in Parkinson's disease. Neurobiol. Dis. 65, 112e123.

Daw, N.D., Kakade, S., Dayan, P., 2002. Opponent interactions between serotonin
and dopamine. Neural Netw. 15, 603e616.

De Bem, A., Engel, D., de Oliveira, J., Moreira, E.L., Neis, V.B., Santos, D.B., Lopes, J.B.,
Rodrigues, A.L., Brocardo, P., 2014. Hypercholesterolemia as a risk factor for
depressive disorder? Free Radic. Biol. Med. 75 (Suppl. 1), S28.

de Oliveira, J., Hort, M.A., Moreira, E.L., Glaser, V., Ribeiro-do-Valle, R.M.,
Prediger, R.D., Farina, M., Latini, A., de Bem, A.F., 2011. Positive correlation be-
tween elevated plasma cholesterol levels and cognitive impairments in LDL
receptor knockout mice: relevance of cortico-cerebral mitochondrial dysfunc-
tion and oxidative stress. Neuroscience 197, 99e106.

de Oliveira, J., Moreira, E.L., Mancini, G., Hort, M.A., Latini, A., Ribeiro-do-Valle, R.M.,
Farina, M., da Rocha, J.B., de Bem, A.F., 2013. DiphenylDiselenide prevents
cortico-cerebral mitochondrial dysfunction and oxidative stress induced by
hypercholesterolemia in LDL receptor knockout mice. Neurochem. Res. 38,
2028e2036.

De Simoni, M.G., Dal Toso, G., Fodritto, F., Sokola, A., Algeri, S., 1987. Modulation of
striatal dopamine metabolism by the activity of dorsal raphe serotonergic
afferences. Brain Res. 411, 81e88.

Di Maio, R., Barrett, P.J., Hoffman, E.K., Barrett, C.W., Zharikov, A., Borah, A., Hu, X.,
McCoy, J., Chu, C.T., Burton, E.A., Hastings, T.G., Greenamyre, J.T., 2016. a-Syn-
uclein binds to TOM20 and inhibits mitochondrial protein import in Parkinson's
disease. Sci. Transl. Med. 8 (342), 342ra78.

Doria, M., Maugest, L., Moreau, T., Lizard, G., Vejux, A., 2016. Contribution of
cholesterol and oxysterols to the pathophysiology of Parkinson's disease. Free
Radic. Biol. Med. 101, 393e400.

Engel, D.F., de Oliveira, J., Lopes, J.B., Santos, D.B., Moreira, E.L., Farina, M.,
Rodrigues, A.L., de Souza Brocardo, P., de Bem, A.F., 2016. Is there an association
between hypercholesterolemia and depression? Behavioural evidence from the
LDLr-/- mouse experimental model. Behav. Brain Res. 311, 31e38.

Haobam, R., Sindhu, K.M., Chandra, G., Mohanakumar, K.P., 2005. Swim-test as a
function of motor impairment in MPTP model of Parkinson's disease: a
comparative study in two mouse strains. Behav. Brain Res. 163, 159e167.

Hassan, S., El-Twab, S.A., Hetta, M., Mahmoud, B., 2011. Improvement of lipid profile
and antioxidant of hypercholesterolemic albino rats by polysaccharides
extracted from the green alga Ulva lactuca Linnaeus. Saudi J. Biol. Sci. 18,
333e340.

Hu, G., Antikainen, R., Jousilahti, P., Kivipelto, M., Tuomilehto, J., 2008. Total
cholesterol and the risk of Parkinson disease. Neurology 70, 1972e1979.

Hu, G., Jousilahti, P., Nissinen, A., Antikainen, R., Kivipelto, M., Tuomilehto, J., 2006.
Body mass index and the risk of Parkinson disease. Neurology 67, 1955e1999.

Hu, X., Wang, T., Luo, J., Liang, S., Li, W., Wu, X., Jin, F., Wang, L., 2014. Age-dependent
effect of high cholesterol diets on anxiety-like behaviour in elevated plus maze
test in rats. Behav. Brain Funct. 2014 (10), 30.

Huang, X., Alonso, A., Guo, X., Umbach, D.M., Lichtenstein, M.L., Ballantyne, C.M.,
Mailman, R.B., Mosley, T.H., Chen, H., 2015. Statins, plasma cholesterol, and risk
of Parkinson's disease: a prospective study. Mov. Disord. 30, 552e559.

Johnson, C.C., Gorell, J.M., Rybicki, B.A., Sanders, K., Peterson, E.L., 1999. Adult
nutrient intake as a risk factor for Parkinson's disease. Int. J. Epidemiol. 28,
1102e1109.

Kalia, L.V., Lang, A.E., 2016. Parkinson disease in 2015: evolving basic, pathological
and clinical concepts in PD. Nat. Rev. Neurol. 12, 65e66.

Klapdor, K., Dulfer, B.G., Hammann, A., Van der Staay, F.J., 1997. A low-cost method
to analyse footprint patterns. J. Neurosci. Methods 75, 49e54.

Kuczmierczyk, A.R., Barbee, J.G., Bologna, N.A., Townsend, M.H., 1996. Serum
cholesterol levels in patients with generalized anxiety disorder (GAD) and with
GAD and comorbid depression. Can. J. Psychiat 41, 465e468.

Lotharius, J., Brundin, P., 2002. Pathogenesis of Parkinson's disease: dopamine,
vesicles and alpha-synuclein. Nat. Rev. Neurosci. 3, 932e942.

Marwarha, G., Rhen, T., Schommer, T., Ghribi, O., 2011. The oxysterol 27-
hydroxycholesterol regulates a-synuclein and tyrosine hydroxylase expression
levels in human neuroblastoma cells through modulation of liver X receptors
and estrogen receptors e relevance to Parkinson's disease. J. Neurochem. 119,
1119e1136.

Mazumder, M.K., Giri, A., Puniya, S., Borah, A., 2016. A highly reproducible mice-
model of chronic kidney disease: evidences of behavioural abnormalities and

http://refhub.elsevier.com/S0197-0186(16)30231-5/sref1
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref1
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref1
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref2
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref2
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref2
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref3
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref3
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref3
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref3
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref4
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref4
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref4
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref4
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref5
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref5
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref5
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref5
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref6
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref6
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref6
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref6
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref6
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref7
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref7
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref7
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref7
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref7
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref8
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref8
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref8
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref8
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref8
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref9
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref9
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref9
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref9
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref10
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref10
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref10
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref10
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref11
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref11
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref11
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref11
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref11
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref71
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref71
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref71
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref71
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref12
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref12
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref12
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref12
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref13
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref13
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref13
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref14
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref14
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref14
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref15
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref16
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref17
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref17
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref17
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref17
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref18
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref18
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref18
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref18
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref19
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref19
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref19
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref19
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref20
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref20
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref20
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref20
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref20
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref21
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref21
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref21
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref21
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref22
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref22
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref22
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref22
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref22
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref23
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref23
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref23
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref24
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref24
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref24
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref25
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref25
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref25
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref26
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref26
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref26
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref26
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref72
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref72
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref72
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref72
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref27
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref27
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref27
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref28
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref28
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref28
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref29
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref29
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref29
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref29
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref30
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref30
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref30
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref31
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref32
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref32


R. Paul et al. / Neurochemistry International 108 (2017) 15e2626
blood-brain barrier disruption. Life Sci. 161, 27e36.
Menza, M., Dobkin, R.D., Marin, H., Mark, M.H., Gara, M., Buyske, S., Bienfait, K.,

Dicke, A., 2009. A controlled trial of antidepressants in patients with Parkinson
disease and depression. Neurology 72, 886e892.

Miyake, Y., Sasaki, S., Tanaka, K., Fukushima, W., Kiyohara, C., Tsuboi, Y., et al., 2010.
Dietary fat intake and risk of Parkinson's disease: a caseecontrol study in Japan.
J. Neurol. Sci. 288, 117e122.

Nagaoka, B.S., Kato, M., Aoyama, Y., Yoshida, A., 1986. Comparative studies on the
hypercholesterolaemia induced by excess dietary tyrosine or polychlorinated
biphenyls in rats. Br. J. Nutr. 56, 509e517.

Naskar, A., Prabhakar, V., Singh, R., Dutta, D., Mohanakumar, K.P., 2015. Melatonin
enhances L-DOPA therapeutic effects, helps to reduce its dose, and protects
dopaminergic neurons in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced Parkinsonism in mice. J. Pineal Res. 58 (3), 262e274.

Nayyar, T., Bubser, M., Ferguson, M.C., Neely, M.D., Shawn Goodwin, J., Montine, T.J.,
Deutch, A.Y., Ansah, T.A., 2009. Cortical serotonin and norepinephrine dener-
vation in parkinsonism: preferential loss of the beaded serotonin innervation.
Eur. J. Neurosci. 30 (2), 207e216.

Otunola, G.A., Oloyede, O.B., Oladiji, A.T., Afolayan, A.J., 2014. Selected spices and
their combination modulate hypercholesterolemia-induced oxidative stress in
experimental rats. Biol. Res. 47, 5.

Paul, R., Choudhury, A., Choudhury, S., Mazumder, M.K., Borah, A., 2016. Cholesterol
in pancreatic b-cell death and dysfunction: underlying mechanisms and path-
ological implications. Pancreas 45, 317e324.

Paul, R., Choudhury, A., Borah, A., 2015. Cholesterol - a putative endogenous
contributor towards Parkinson's disease. Neurochem. Int. 90, 125e133.

Pekny, M., Pekna, M., 2014. Astrocyte reactivity and reactive astrogliosis: costs and
benefits. Physiol. Rev. 94 (4), 1077e1098.

Peter, H., Hand, I., Hohagen, F., Koenig, A., Mindermann, O., Oeder, F., Wittich, M.,
2002. Serum cholesterol level comparison: control subjects, anxiety disorder
patients, and obsessive-compulsive disorder patients. Can. J. Psychiat 47,
557e561.

Porsolt, R.D., Bertin, A., Jalfre, M., 1997. Behavioural despair in mice: a primary
screening test for antidepressants. Arch. Int. Pharmacodyn. Ther. 229, 327e336.

Prasanthi, J.R., Dasari, B., Marwarha, G., Larson, T., Chen, X., Geiger, J.D., Ghribi, O.,
2010. Caffeine protects against oxidative stress and Alzheimer's disease-like
pathology in rabbit hippocampus induced by cholesterol-enriched diet. Free
Radic. Biol. Med. 49, 1212e1220.

Rantham Prabhakara, J.P., Feist, G., Thomasson, S., Thompson, A., Schommer, E.,
Ghribi, O., 2008. Differential effects of 24-hydroxycholesterol and 27-
hydroxycholesterol on tyrosine hydroxylase and alpha-synuclein in human
neuroblastoma SH-SY5Y cells. J. Neurochem. 107, 1722e1729.

Rao, W., Su, Y., Yang, G., Ma, Y., Liu, R., Zhang, S., Wang, S., Fu, Y., Kou, C., Yu, Y., Yu, Q.,
2016. Cross-sectional associations between body mass index and hyperlipid-
emia among adults in Northeastern China. Int. J. Environ. Res. Public Health 13,
516.

Refolo, L.M., Malester, B., LaFrancois, J., Bryant-Thomas, T., Wang, R., Tint, G.S.,
Sambamurti, K., Duff, K., Pappolla, M.A., 2000. Hypercholesterolemia acceler-
ates the Alzheimer's amyloid pathology in a transgenic mouse model. Neuro-
biol. Dis. 7, 321e331.

Roy, A., Pahan, K., 2011. Prospects of statins in Parkinson disease. Neuroscientist 17
(3), 244e255.

Scatton, B., Javoy-Agid, F., Rouquier, L., Dubois, B., Agid, Y., 1983. Reduction of
cortical dopamine, noradrenaline, serotonin and their metabolites in Parkin-
son's disease. Brain Res. 275, 321e328.

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J.,
Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: an open-source
platform for biological-image analysis. Nat. Methods 9, 676e682.

Sengupta, T., Vinayagam, J., Nagashayana, N., Gowda, B., Jaisankar, P.,
Mohanakumar, K.P., 2011. Antiparkinsonian effects of aqueous methanolic
extract of Hyoscyamusniger seeds result from its monoamine oxidase inhibitory
and hydroxyl radical scavenging potency. Neurochem. Res. 36, 177e186.
Seo, D., Patrick, C.J., Kennealy, P.J., 2008. Role of serotonin and dopamine system

interactions in the neurobiology of impulsive aggression and its comorbidity
with other clinical disorders. Aggress. Violent Behav. 13, 383e395.

Sindhu, K.M., Banerjee, R., Senthilkumar, K.S., Saravanan, K.S., Raju, B.C., Rao, J.M.,
Mohanakumar, K.P., 2006. Rats with unilateral median forebrain bundle, but not
striatal or nigral, lesions by the neurotoxins MPPþ or rotenone display differ-
ential sensitivity to amphetamine and apomorphine. Pharmacol. Biochem.
Behav. 84, 321e329.

Singh, A., Verma, P., Balaji, G., Samantaray, S., Mohanakumar, K.P., 2016. Nimodipine,
an L-type calcium channel blocker attenuates mitochondrial dysfunctions to
protect against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkin-
sonism in mice. Neurochem. Int. 99, 221e232.

Tan, L.C., Methawasin, K., Tan, E.K., Tan, J.H., Au, W.L., Yuan, J.M., Koh, W.P., 2016.
Dietary cholesterol, fats and risk of Parkinson's disease in the Singapore Chinese
Health Study. J. Neurol. Neurosurg. Psychiatry 87, 86e92.

Tapias, V., Cannon, J.R., Greenamyre, J.T., 2010. Melatonin treatment potentiates
neurodegeneration in a rat rotenone Parkinson's disease model. J. Neurosci. Res.
88, 420e427.

Taylor, T.N., Greene, J.G., Miller, G.W., 2010. Behavioural phenotyping of mouse
models of Parkinson's disease. Behav. Brain Res. 211, 1e10.

Thirumangalakudi, L., Prakasam, A., Zhang, R., Bimonte-Nelson, H., Sambamurti, K.,
Kindy, M.S., Bhat, N.R., 2008. High cholesterol-induced neuroinflammation and
amyloid precursor protein processing correlate with loss of working memory in
mice. J. Neurochem. 106, 475e485.

Tripathy, D., Verma, P., Nthenge-Ngumbau, D.N., Banerjee, M., Mohanakumar, K.P.,
2014. Regenerative therapy in experimental parkinsonism: mixed population of
differentiated mouse embryonic stem cells, rather than magnetically sorted and
enriched dopaminergic cells provide neuroprotection. CNS Neurosci. Ther. 20,
717e727.

Ullrich, C., Pirchl, M., Humpel, C., 2010. Hypercholesterolemia in rats impairs the
cholinergic system and leads to memory deficits. Mol. Cell. Neurosci. 45,
408e417.

Undela, K., Gudala, K., Malla, S., Bansal, D., 2013. Stain use and risk of Parkinson's
disease: a meta-analysis of observational studies. J. Neurol. 260, 158e165.

Volkow, N.D., Gur, R.C., Wang, G.J., Fowler, J.S., Moberg, P.J., Ding, Y.S., Hitzemann, R.,
Smith, G., Logan, J., 1998. Association between decline in brain dopamine ac-
tivity with age and cognitive and motor impairment in healthy individuals. Am.
J. Psychiatry 155, 344e349.

Walf, A.A., Frye, C.A., 2007. The use of the elevated plus maze as an assay of anxiety-
related behaviour in rodents. Nat. Protoc. 2, 322e328.

Wilson, J.M., Kalasinsky, K.S., Levey, A.I., Bergeron, C., Reiber, G., Anthony, R.M.,
Schmunk, G.A., Shannak, K., Haycock, J.W., Kish, S.J., 1996. Striatal dopamine
nerve terminal markers in human, chronic methamphetamine users. Nat. Med.
2, 699e703.

Wood, W.G., Li, L., Müller, W.E., Eckert, G.P., 2014. Cholesterol as a causative factor in
Alzheimer's disease: a debatable hypothesis. J. Neurochem. 129, 559e572.

Woods, S.C., Seeley, R.J., Rushing, P.A., D'Alessio, D., Tso, P., 2003. A controlled high-
fat diet induces an obese syndrome in rats. J. Nutr. 133, 1081e1087.

Xue-shan, Z., Juan, P., Qi, W., Zhong, R., Li-hong, P., Zhi-han, T., Zhi-sheng, J., Gui-
xue, W., Lu-shan, L., 2016. Imbalanced cholesterol metabolism in Alzheimer's
disease. Clin. Chim. Acta 456, 107e114.

Yates, D., 2015. Neurodegenerative disease: factoring in astrocytes. Nat. Rev. Neu-
rosci. 16 (2), 67.

Yoon, J., Park, J., Park, K., Jo, G., Kim, H., Jang, W., Kim, J.S., Youn, J., Oh, E.S., Kim, H.T.,
Youm, C.H., 2016. The effects of additional arm weights on arm-swing magni-
tude and gait patterns in Parkinson's disease. Clin. Neurophysiol. 127 (1),
693e697.

Zulet, M.A., Barber, A., Garcin, H., Higueret, P., Martínez, J.A., 1999. Alterations in
carbohydrate and lipid metabolism induced by a diet rich in coconut oil and
cholesterol in a rat model. J. Am. Coll. Nutr. 18, 36e42.

http://refhub.elsevier.com/S0197-0186(16)30231-5/sref32
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref32
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref33
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref33
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref33
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref33
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref34
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref34
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref34
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref34
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref34
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref35
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref35
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref35
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref35
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref36
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref36
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref36
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref36
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref36
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref37
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref37
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref37
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref37
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref37
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref38
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref38
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref38
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref39
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref39
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref39
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref39
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref40
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref40
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref40
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref41
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref41
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref41
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref42
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref42
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref42
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref42
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref42
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref43
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref43
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref43
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref44
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref44
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref44
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref44
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref44
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref45
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref45
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref45
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref45
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref45
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref46
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref46
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref46
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref46
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref47
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref47
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref47
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref47
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref47
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref48
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref48
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref48
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref49
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref49
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref49
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref49
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref50
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref50
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref50
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref50
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref50
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref51
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref51
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref51
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref51
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref51
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref52
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref52
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref52
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref52
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref53
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref54
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref54
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref54
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref54
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref54
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref55
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref55
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref55
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref55
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref56
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref56
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref56
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref56
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref57
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref57
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref57
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref58
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref58
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref58
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref58
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref58
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref59
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref60
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref60
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref60
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref60
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref61
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref61
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref61
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref62
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref62
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref62
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref62
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref62
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref63
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref63
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref63
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref64
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref64
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref64
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref64
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref64
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref65
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref65
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref65
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref66
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref66
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref66
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref67
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref67
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref67
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref67
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref68
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref68
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref69
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref69
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref69
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref69
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref69
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref70
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref70
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref70
http://refhub.elsevier.com/S0197-0186(16)30231-5/sref70

	Hypercholesterolemia causes psychomotor abnormalities in mice and alterations in cortico-striatal biogenic amine neurotrans ...
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Chemicals and consumables
	2.3. Experimental design
	2.4. Analysis of behavioral parameters
	2.4.1. Akinesia
	2.4.2. Catalepsy
	2.4.3. Swim test
	2.4.4. Walk test
	2.4.5. Forced swim test
	2.4.6. Elevated plus maze test

	2.5. Estimation of total cholesterol
	2.6. HPLC analysis of biogenic amines
	2.7. Preparation of brain tissue for brain histology and immunohistochemical studies
	2.8. Brain histology using Nissl stain
	2.9. Immunohistochemical analysis
	2.10. Statistical analysis

	3. Results
	3.1. Total cholesterol assay
	3.2. Effect of high-cholesterol diet on body weight
	3.3. Hypercholesterolemia on akinesia and catalepsy
	3.4. Hypercholesterolemia on swimming performance
	3.5. Hypercholesterolemia on gait
	3.6. Hypercholesterolemia on psychometric assessment
	3.7. Effect of hypercholesterolemia on dopamine and its metabolites level
	3.8. Effect of hypercholesterolemia on norepinephrine level
	3.9. Effect of hypercholesterolemia on serotonin and its metabolite level
	3.10. Effect of hypercholesterolemia on brain histology
	3.11. Effect of hypercholesterolemia on dopaminergic neuronal integrity
	3.12. Effect of hypercholesterolemia on GFAP-immunostaining

	4. Discussion
	Conflict of interest
	Acknowledgments
	References


