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Abstract
Consumption of affordable food that is rich in fat and carbohydrates has increased over the last few decades. As such, high caloric intake and weight gain contribute to 
sedentary lifestyle. The aim of this study was to investigate the long-term effect of food reach in fat on motor function and dopaminergic system. In the present study, 
six-week old male C57bl/6 mice were fed either high-fat diet (HFD) or regular chow diet (RD) for 15 months, followed by estimation of spontaneous locomotor 
activity, body composition, assessment of metabolic outcomes, and histological examination of dopaminergic neurodegeneration. Although body weight stayed similar 
in both diet-fed mice, HFD-fed mice had decreased lean tissue mass and increased fat mass. In particular, isolation of fat depots showed that HFD-fed mice had 
increased brown, retroperitoneal and subcutaneous fat mass, in comparison to WT mice. Reduced lean tissue did not influence the muscle strength as it was shown 
by grid test. The HFD intake did not affect the spontaneous locomotor activity. However, HFD-fed mice displayed time-dependent reduction in motor coordinative 
skills measured by rotarod, and this was further confirmed by pole test, stepping test and hind-limb clasping test towards the end of in vivo studies. Reduction in 
coordinative abilities of HFD-fed mice was accompanied by impaired glucose tolerance test, elevated blood insulin and leptin levels. Histological data showed that 
HFD consumption did not induce loss of tyrosine hydroxylase (TH)-positive dopamine neurons, nor increased number of activated CD68-positive microglia cells in 
substantia nigra (SN). Taken together, these data suggest that adiposity and insulin resistance induced with HFD consumption led to reduced motor coordination.

Abbreviations: ABC: avidin-biotin complex; AEEC: Australian 
National University Animal Experimentation Ethics Committee; CNS: 
central nervous system; DA: dopamine; DAB: 3,3`-diaminobenzidine; 
GTT: intraperitoneal glucose tolerance test; i.p.: intraperitoneal; 
IL-1: interleukin-1; IL-1R1: IL-1 receptor 1; IL-1ra-/-: IL-1 receptor 
antagonist knockout; IL-1ß: IL-1 beta; IL-1α: IL-1 alpha; LPS: 
lipopolysaccharide; PBS: phosphate-buffered saline; PD: Parkinson’s 
disease; rpm: revolutions per minute; SEM: standard error of the mean; 
SN: substantia nigra; SNpc: substantia nigra pars compacta; SNpr: 
substantia nigra pars reticulata; TH: tyrosine hydroxylase; VTA: ventral 
tegmental area; WT: wild-type.

Introduction
Obesity and ageing are two factors identified in human population 

to be important contributors to development of neurodegenerative 
disorders. Feeding the animals with high calorie diet results in 
significant weight gain with concomitant occurrence of various 
metabolic problems such as type-2 diabetes, glucose intolerance, insulin 
resistance [1-3], and dyslipidemia [4]. Diet-induced obesity produces 
metabolic inflammation that can further upregulate inflammatory 
cascade in the central nervous system (CNS) via activation of microglia 
cells [5-7]. During the aging process, primed microglia may release 
more proinflammatory cytokines and are suggested to become over-
responsive [8, 9]. Obesity and HFD-induced insulin resistance 
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contribute to impairment of nigrostriatal function and also favor an 
increase of the susceptibility to loss of dopamine neurons [10-13]. 
In particular, insulin resistance has been negatively correlated with 
dopamine release and its clearance from synaptic cleft in HFD-fed mice 
[11]. It was demonstrated that patients with diabetes and hyperglycemia 
display poor motor coordination and reduction in general motor activity 
[14-16]. Along with development of diabetes and insulin resistance in 
state of obesity, accumulating adipose tissue synthesizes and releases 
high amount of hormone leptin into the circulation. Studies conducted 
in rats showed that there might be direct correlation between high 
levels of leptin and down-regulation of TH enzyme expression [17]. 
Objective of this study was to assess cumulative effect of aging and 
long-term HFD consumption in mice on locomotor and coordinative 
abilities in conjunction with potential loss of dopamine neurons. Here 
we report that prolonged HFD feeding in mice led to decline in their 
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motor coordination, without propagating activation of microglia and 
promoting degeneration of dopamine neurons. 

Materials and methods
Animals

Six-week old male C57bl/6 mice (10 per experimental group) were 
housed in groups of up to five individuals per cage and maintained 
under standard living conditions (22 +/- 2ºC, 12/12 hour light / dark 
cycle, food and water ad libitum). These conditions remained consistent 
throughout the experiment unless indicated otherwise. The mice were 
fed either HFD or RD for 15 months. All animal experiments were 
performed according to the rules and regulations of the “Australian 
code of practice for the care and use of animals for scientific purposes”. 
All experimental protocols were approved by the Australian National 
University Animal Experimentation Ethics Committee (AEEC).

Feeding

Six-week-old male mice were allowed free access to either HFD 
(18.6% of fat content and 44.3% carbohydrates supplied from Specialty 
Feed (Australia, cat number: SF10-020); this diet is equivalent to Harlan 
Teklad diet, cat number: TD.95217) or RD (4.8% of fat content, and 
59.4% carbohydrates supplied from Specialty Feed (Australia, cat 
number: SF10-020). 

Behavioral tests

Behavioral tests were performed from 8 weeks of age (twice a 
month) and onwards up to 12 months of age. 

Open-field test: Locomotion, coordination and balance skills 
were evaluated when mice were young (42-45 day old), and 9 months 
later (i.e. when they became over 10 month old). Locomotion was 
determined by placing each individual mouse in an open-field arena 
(48 cm x 48 cm) and recording its activity for 32 minutes with a video 
camera placed from the top of the arena. The software “Viewer 3” 
(Biobserve Gmbh, St. Augustin, Germany) was used for data collection 
and processing, which provided measures of the total distance travelled. 

Rotarod test: Coordination and balance skills were ascertained by 
employing a rotarod apparatus (Panlab, Harvard apparatus, Barcelona, 
Spain). Prior to starting data collection, mice were trained for 4-6 days 
and were given 3 trials per day in order to achieve maximal performance 
in the rotarod test [18-20]. Mice were given 3 trials with 2-minute 
breaks between trials. Upon placing the mice on the rotating drum, the 
initial speed was 4 revolutions per minute (rpm), and it was accelerated 
to 40 rpm within 2 minutes. The latency to fall from the rotating 
drum was measured in seconds. Mice that showed better balance and 
coordination skills were able to remain for a longer period of time on the 
rotating drum. The final result was calculated as the mean of the latency 
to fall from the rotarod apparatus during the 3 trials. In the infrequently 
observed event in which the mouse had not fallen from the rotating 
drum after 2 minutes, it was removed from the apparatus and returned 
to its home cage [21]. During the training period all mice were fed a 
RD. All of the mice were included since they were successfully trained 
for this behavioral paradigm, and they looked healthy throughout the 
entire duration of the study as per routine inspections of their fur, body 
weight, response to handling, and home cage social behavior. The mice 
were frequently monitored by the researchers and technical staff of the 
Australian National University animal facility. 

Grid test (the four limb hang test): The grid test is used to evaluate 
the strength of mouse limbs [22, 23]. This test was used as a control 

test to determine if the observed differences in motor coordination 
displayed by different mice in the rotarod test could be due to reduced 
muscle strength. The test aims at determining the ability of the animal 
to grasp the wire mesh with both forelimbs and hind limbs and to 
remain clinging in the inverted positions for a period of time. The 
latency to fall was recorded in seconds and analyzed. Mice were given 
three trials, separated by intertribal intervals of 5 minutes. The height 
of the apparatus is between 20-50 cm to prevent that the animal climbs 
down easily.

Pole test: This test represents one of the possible methods used to 
assess the agility of the animals. It is mostly used as a measurement of 
bradykinesia (slowness of movement) [24]. The test requires the usage 
of pole, 50 to 55 cm in height and 8 to 10 mm in diameter with rough 
surface that stands vertically in a home cage. The test was conducted by 
placing an animal close to the top of the pole and leaving the animal`s 
head up. The period of time that animal spent in turning around (the 
first measurement) and climbing down (the second measurement) the 
pole was recorded. Therefore, both parameters (time to turn around 
and climb down) were used for assessment of bradykinesia in mice.

Stepping test: The stepping test is another reliable method to 
assess forelimb akinesia [25]. It is performed on a table and the animal 
is placed on one edge of it. Afterwards, hind legs are lifted by pulling 
animal`s tail upwards and in that position the animal is pulled back, 
toward the other edge of the table in length of 1 meter. The number of 
animal`s adjusting steps from both forepaws are counted [25].

Hind limb clasping test: This test is used for an assessment of 
dyskinesia (diminished voluntary movements) in mice [26]. Mice are 
suspended in the air by the tail for a period of ten seconds. The position 
of hind limbs is observed and scored. Based on the position of the limbs 
mice are scored as:

0- hind limbs are splayed outwards,

1- one hind limb is retracted towards abdomen,

2- both hind limbs are partially retracted towards abdomen and

3- hind limbs are completely retracted and touching the abdomen 
[27].

Metabolic tests

Food intake and body weight measurement: Food intake was 
monitored once a week, for seven months. At the end of every seven 
days, the leftover food from the cage was weighted and recorded. 
Food intake was expressed as an average of food weight (in kcal) per 
animal and normalized by animal body weight (BW). The mouse`s 
body weight was measured weekly over a period of thirteen months. 
Mice were weighted and their body weight was recorded. Final results 
were expressed as a mean value of total number of animals/per group. 
Towards the end of in vivo experiments, body composition (percentage 
of fat mass and weight of lean mass) was determined by DEXA scan.

DEXA scan: Dual-emission X-ray absorptiometry (DEXA) scan 
is used primarily to evaluate bone mineral density (BMD), body 
composition and fat content [28]. Prior to testing, animals are deeply 
anesthetized with 2-3% isofluorane-oxygen gas for an entire period of 
test (5-10 minutes) and then placed in a PIXImus apparatus (PIXImus 
Mouse Densitometer). The whole body of each mouse was scanned 
and analyzed with PIXImus software (LUNAR PIXImus 2). The mouse 
head was excluded from the scan by using the ROI (region of interest) 
that was placed manually surrounding the whole body. The data that 
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were used for further analysis were: weight and percentage of fat mass, 
weight of lean tissue.

Intraperitoneal glucose tolerance test (IPGTT): The IPGTT test 
is used to assess how fast the glucose is cleared out from the blood upon 
glucose (i.p.) injection. Prior to testing, mice were transferred to clean 
cages and fasted for a period of 6 hours, but they were provided with 
water ad libitum. Mice were weighed and their baseline blood glucose 
levels were checked by collecting one small drop of blood from animal`s 
tail vein at 0 minute (baseline). Afterwards, mice were injected with 
D-glucose (2 g/kg, i.p.) solution [29], which was previously dissolved 
in phosphate buffered saline (PBS). The glucose levels were measured 
by a glucometer (Accu Chek(R), Roche, Australia) at 30, 60, 90 and 
120 minutes after the injection. At the end of 14 months of mice age, 
mice were subjected to intraperitoneal glucose tolerance test in order to 
assess their glucose tolerance according to their treatment. Two months 
later, mice were euthanized and their blood collected and plasma levels 
of leptin and insulin were assessed by ELISA method.

The enzyme-linked immunosorbent assay (ELISA): Blood was 
collected transcardialy in ethylenediaminetetraacetic acid (EDTA)-
coated tubes. Blood samples were centrifuged at 2000g for 15 minutes 
at 4 oC and plasma was separated from blood cloth and stored at -20 oC 
until used. The samples for insulin measurement were diluted in ratio 
of 1/8 for HFD-fed mice, while samples of RD were not diluted. Plasma 
insulin was measured with ALPCO ELISA kit (Mouse Ultrasensitive 
Insulin ELISA, catalog number: 80-INSMSU-E01, E10). Leptin levels 
were measured with mouse Leptin ELISA kit (DuoSet R&D Systems, 
catalog number: DY498). Samples for leptin measurements were 
diluted in ratio 1/3 for RD-fed mice and 1/8 for HFD-fed mice. 

Dissection of adipose tissues: Brown adipose tissue was isolated 
from the dorsal aspect of the thorax between the scapulae and collected 
in pre-weight ependorf tubes and weight was measured after the 
freezing in dry ice. The epididymal, retroperitoneal, visceral and brown 
fat pads were manually isolated and weighted.

Immunohistochemistry of dopamine neurons and microglia 
cells

Tissue preparation: Fifteen months after the initiation of the 
experiments, mice were anesthetized with an intraperitoneal injection 
of ketamine/xylazine (100/10 mg per kg, adjusted to a volume of 
0.1ml/10g of body weight), and transcardially perfused with a solution 
of cold phosphate-buffered saline (PBS) and heparine (5 U/ml) 
within 3 minutes. The mouse brain was removed and frozen in chilled 
isopentanol and stored at -80°C until use. Brains were sliced using a 
cryostat (set at -12° C) in 15µm coronal sections throughout the entire 
SN. 

Immunohistochemistry: We followed previously reported 
protocols for tyrosine hydroxylase (TH) and microglia staining 
with minor modifications [30, 31]. Brain sections were collected on 
gelatin-coated slides, air-dried and post-fixed in 4% paraformaldehyde 
(pH∼7.4 in PBS) for 8-10 minutes. After a PBS wash (3 times within 5 
minutes), sections were incubated for 20 minutes in 3% peroxide mixed 
in methanol in order to inactivate the endogenous peroxidase. Sections 
were incubated with 5% normal goat serum and 0.015% Triton X-100 
in PBS. After 30 minutes of incubation, the sections were incubated 
with rabbit anti-TH antibody (1:1000 dilution; Life Technology, cat# 
P21962) [30], or rat anti-mouse CD68 monoclonal antibody (1:700; 
AbD Serotec, cat# MCA341GA) in 0.015% Triton X-100 for 24 hours 
at 4° C [31]. On the following day, the slides were washed in PBS and 

incubated with biotinylated goat anti-rabbit (1:200; Vector Laboratories, 
cat# PK-6101) or goat anti-rat secondary antibody (1:500; Vector 
Laboratories, cat# BA-9400) for 1 hour. After a PBS wash, slides were 
reacted with avidin-biotin complex (ABC; Vector Laboratories, cat# 
PK-6101) for 30 minutes. In the final step, slides were washed with PBS 
and incubated with 3,3`-diaminobenzidine (DAB; Sigma, cat# D3939) 
and 30% peroxide until color development (5-7 minutes). Slides were 
counterstained with hematoxylin (30 seconds), dehydrated in alcohol 
gradient (80%, 90%, 100%, 100%), immersed in xylene, mounted with 
DPX slide mounting medium (Sigma, cat# 05622), and coverslipped. 
All the incubations were done at room temperature, unless mentioned 
otherwise.

Quantification of dopamine neurons and microglia: In order 
to assess the loss of dopamine neurons and the number of activated 
of microglia cells, two adjacent series of 8 consecutive slides (15µm of 
thickness) were collected to sample the region of SN (rostral to caudal: 
-2.65 to -3.61 mm posterior to bregma) [21]. Thus, the two series of 
eight evenly spaced slides were obtained every 90µm, and were used for 
counting dopamine neurons or activated microglia cells. The borders of 
SN were defined in order to exclude the ventral tegmental area (VTA) 
from counting [32]. The area defined for counting covered the entire 
area from the rostral part of SNpc to the caudal end of SN pars reticulata 
(SNpr), excluding those TH neurons that interspersed with oculomotor 
nerve rootlet. Images were obtained with an IX2-UCB Olympus digital 
camera (Olympus, Tokyo, Japan), and analyzed manually using the 
ImageJ software (http://imagej.nih.gov from NIH). Positive CD68 
microglia cells in SN were counted manually on a Nikon Eclipse 50i 
microscope (Nikon, Tokyo, Japan). The picture magnifications were 
20x and 40x for microglia and 20x for TH. 

Statistical analysis

Data were analyzed with Graph-Pad software version 5 (GraphPad 
Software, La Jolla California USA) and expressed as Mean ± standard 
error of the mean (S.E.M). Time-dependent differences in behavioral 
and metabolic outcomes were analyzed by unpaired Student`s T-test, 
and two-way ANOVA. Values of P<0.05 were considered significant.

Results
Long-term effect of high-fat diet consumption on locomotor 
activity

HFD-fed mice did not show significant decline in general motor 
activity in open-field test in comparison to RD-fed group (Figure 1a). 
Baseline performance of RD and HFD-fed mice in the rotarod test was 
not different. However, motor coordination with HFD consumption 
progressively declined over the course of nine months (Figure 1b). 
Overall, diet comparison within groups showed that the extent of 
coordination impairment observed in HFD-fed mice was markedly 
greater in comparison to RD-fed mice, whereas general motor ability 
was not affected by HFD consumption.

The pole test is a useful method for assessment of bradykinesia, 
which describes slowness of a performed movement, and it has been 
shown to correlate with the levels of dopamine in striatum [33]. 
Comparison between two different diet-fed groups indicated that 
HFD-fed mice tended to spend more time to turn around on the pole 
accompanied with significant delay to climb down (Figures 2a and 2b). 
As it was previously described, the stepping test is a reliable test used 
to determine forelimb akinesia, a movement disorder that has been 
related with nigrostriatal loss of dopamine [34]. HFD-fed mice showed 
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Figure 1. Assessment of locomotor activity. (a) Total distance travelled during open-field test. Comparison of the total distance travelled by RD (n=10) and HFD (n=12) mice within 
period of 9 months. Statistical comparison between two groups was performed with two-way ANOVA followed. (b) Rotarod performance. Comparison of the average latency (measured 
in seconds) to fall from the rotating drum displayed by RD (n=10) and HFD (n=12) during 9 months test period. Statistical comparison between two was performed with two-way ANOVA. 
**P<0.01 vs. RD

Figure 2. Assessment of coordinative abilities: Pole test: (a) Latency for mice fed either RD (n=10), or HFD (n=5) to turn around and (b) climb down the pole was recorded in seconds. (c) 
Mice performance in the stepping test: number of adjusted step in mice fed either RD (n=10), or HFD (n=4) was measured in length of 1m and recorded as average count of adjusted forelimb 
steps over three given trials for each mouse. (d) Hind limb clasping test: mice fed either RD (n=10), or HFD (n=4) were suspended in the air for 10 seconds by the tail and their performance 
to clasp hind limbs was scored. (e) Mice performance in the grid test: Limb muscle strength was measured as the latency for mice fed with either RD (n=10), or HFD (n=4) to fall down from 
horizontally positioned metal grid of the apparatus and recorded in seconds. Error bars represent standard errors All data were analyzed by unpaired T-test. **P<0.01, ***P<0.001 vs. RD

significant reduction in their ability to adjust forelimbs steps [41% 
(P<0.001)] (Figure 2c). Evaluation of dyskinesia (diminished voluntary 
and prevalence of involuntary movements) may be conducted by 
performing a hind limb clasping test. The hind limb clasping test is 
performed by suspending mice in the air by the tail and the position 
of hind limbs are observed. Based on the position of the limbs HFD-
fed mice showed signs of dyskinesia in comparison to RD mice (Figure 

2d). One of the experiments performed after the open-field and rotarod 
test was the grid test, which gives reliable indications on the general 
condition of limb muscle strength [35]. The test was performed in 
order to exclude the possible effects of muscle strength disability that 
might occur in mice fed a HFD, which would have in turn affected their 
rotarod performance. The overall time that animals spent hanging on 
the horizontally positioned grid indicated that muscle strength was even 
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better in HFD-fed mice in comparison to RD (Figure 2e), which suggest 
that long-term consumption of HFD did not impair muscle strength in 
the mice. Collectively, these data suggest that long-term exposure to 
HFD might have impaired dopaminergic neurotransmission.

Long-term effect of high-fat diet on metabolic outcomes

There were no significant differences in the initial body weight 
observed between RD and HFD-fed mice nor after the 13 months 
collection period (Figure 3a). Food consumption was significantly 
higher in HFD-fed mice in comparison to RD group (Figure 3b). 
Similarly, normalized data of food intake versus corresponding body 

weights of RD and HFD mice in Figure 3c showed that HFD-fed mice 
had an overall increased caloric intake. These results indicate that in 
the experimental paradigm HFD consumption increased energy intake.

In order to further evaluate the differences in body composition 
between RD and HFD-fed group, the percentage and weight of body 
fat mass, weight of lean mass were assessed by DEXA scan. The 
diet comparison of body fat mass composition and its percentage 
showed that HFD-fed mice in general had a higher percentage of fat 
accumulation in comparison to RD group, despite similar body weight 
(Figures 4a, b and d). On the other hand, HFD-fed mice had less 

Figure 3. Effects of high-fat diet consumption on body weight and food intake: (a) Body weight data were collected weekly for the period of 13 months. Food intake was measured 
on a weekly basis. Results were expressed as a mean/per cage, since 3-5 animals were housed in a single cage. (b) Average food intake of RD (n=10) and HFD-fed mice (n=10) collected 
over a period of seven months. (c) Percentage of food intake normalized by body weight of RD and HFD-fed mice. All data were analyzed by unpaired T-test. Error bars represent standard 
errors. ***P<0.001 vs. RD

Figure 4. Effects of high-fat diet on fat mass and lean tissue remodeling: (a) Body weight data collected at the time of DEXA scan. (b) Weight and (d) percentage of the fat tissue. (c) 
Weight of lean tissue. Differences between RD (n=10) and HFD-fed mice (n=4) were analyzed by unpaired T-test. Error bars represent standard errors. *P<0.05 vs. RD
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lean tissue (Figure 4c). Detailed examination of individual fat depots 
revealed that amount of brown (Figure 5a), retroperitoneal (Figure 5b) 
and subcutaneous (Figure 5c) adipose tissues was higher with long-
term HFD consumption, while weight of epididymal fat depot was 
similar to RD-fed mice (Figure 5d). 

In order to assess the additional effects of long-term HFD 
consumption on metabolic outcomes, IPGTT test, insulin and leptin 
levels tests were performed. Blood glucose level was determined by 

IPGTT test at the end of 15 months of in vivo studies. HFD-fed mice 
had a higher baseline level of glucose and showed a significant increase 
in glucose intolerance at 60, 90 and 120 minutes after glucose injection 
(Figure 6a). Further analysis revealed that HFD-fed mice were glucose 
intolerant (Figure 6b). Moreover, HFD-fed mice displayed higher levels 
of insulin than RD mice (Figure 6c), indicating that HFD-fed mice were 
hyperinsulinemic. Similarly, leptin level was significantly elevated in 
HFD-fed mice in comparison to RD-fed mice (Figure 6d). Overall, data 

Figure 5. Effect of high-fat consumption on remodeling of individual fat depots. After euthanasia, individual fat depots were collected and weighted. (a) weight of brown fat tissue, (b) 
retroperitoneal adipose tissue, (c) subcutaneous adipose tissue and (d) epididymal adipose tissue expressed in grams. Differences between RD (n=10) and HFD-fed mice (n=4) were analyzed 
by unpaired T-test. Error bars represent standard errors. *P<0.05, ***P<0.001 vs. RD

Figure 6. Assessment of metabolic parameters: Effect of high-fat diet on blood glucose level in IPGTT test: Mice were fasted for 6 hours and were injected (i.p.) with 2g/kg of glucose 
solution [393]. Blood glucose level was measured at 0 min before injection and 30, 60, 90 and 120 min after the injection. (a) Blood glucose levels of RD (n=10) and HFD-fed mice (n=4) 
were analyzed by one-way ANOVA (Tukey`s multiple comparison test). (b) Glucose tolerance in between RD and HFD-fed mice was analyzed by AUC and differences were compared by 
unpaired T-test. Level of insulin and leptin in the blood plasma was measured by ELISA kit. Differences in (c) insulin and (d) levels of RD and HFD-fed mice were analyzed by unpaired 
T-test. Error bars represent standard errors. *P<0.05, **P<0.001, ***P<0.0001 vs. RD
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presented here are suggesting that HFD-fed mice became metabolically 
obese despite having similar body weight to RD-fed mice.

Immunohistological examination of high-fat diet effect on 
degeneration of dopaminergic neurons

In order to assess the effect of HFD consumption on neuronal 
degeneration of dopamine neurons, the total number of TH-positive 
neurons was quantified from eight evenly spaced frozen sections of the 
brain that encompassed the entire region of the SNpc. Representative 
pictures displaying positive TH-staining of dopamine neurons in 
SNpc of RD and HFD-fed mice are shown in Figure 7 (left panels). As 
presented in the Figure 8a, there was no evident reduction of dopamine 
neurons in HFD-fed mice in comparison to RD-fed mice.

Further on, activated microglia/macrophages were stained with 
the CD68 marker and counted in the area of the SNpc and SNpr. A 
positive CD68-staining of activated microglia cells in the SN of RD and 
HFD-fed mice is presented in Figure 7 (right panels). As presented in 
Figure 8b, quantification of activated microglia yielded no differences 
between HFD and RD-fed mice, indicating that long-term feeding on 
HFD did not induce significant upregulation of inflammatory cascade 
in the SN.

Discussion
General control over locomotor activity is highly dependent on 

normal functionality of basal ganglia and sufficient production of 
dopamine by its neurons. In current study, the long-term feeding on 
HFD in WT mice did not induce gross motor disabilities. Assessment 
of voluntary movements in open-field test yielded no difference 
between HFD and RD-fed mice. Immunohistological quantification of 
TH-positive neurons showed that long-term HFD consumption did not 
induce significant loss of dopaminergic neurons and this finding is in 
the agreement with the open-field results.

Mice coordination has been tested in the rotarod test, and as it 
was described previously, this test is able to detect an imbalance in the 
dopamine system [21]. The ability of RD or HFD-fed mice to keep their 
balance on the rotarod apparatus during baseline assessment was not 
different between the two groups. During nine months test period, 
the motor coordination of HFD-fed mice significantly declined in 
comparison to RD-fed mice. These observations may suggest that this 
significant decrease in the coordination of HFD-fed mice may have 
resulted from a decline in the striatal dopamine level. Although the HFD 
group was fed a fat enriched diet for a several months, these mice did 
not gain a significant amount of body weight. Thus, decreased rotarod 

Figure 7. Dopamine neurons and microglia cell count. (a) Mice brains were at 15 months. The total number of TH-positive cells from eight evenly spaced frozen sections that encompassed 
the entire SN of RD (n=5) and HFD (n=7) mice were evaluated from the unilateral side of SNpc. (b) Eight evenly spaced frozen sections that encompassed the entire SN of RD (n=5) and 
HFD (n=6) were stained with anti-CD68, a marker for activated microglia. Total count of CD68-positive cells was counted unilaterally in the region of SN. Data were analyzed by student 
T-test. Error bars represent standard errors
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performance in HFD mice was not due to increased body weight, which 
was described as one of the elements that may affect the balance on 
rotarod apparatus [36]. However, these mice were metabolically obese 
as it was shown by DEXA scan of body composition, IPGTT and 
greater fat pad mass. Consumption of a HFD did not impair the muscle 
strength in mice as it was demonstrated with the grid test. Therefore, 
coordinative disabilities observed in HFD-fed mice could not be 
attributed to the possible impairment of neuromuscular function. 
Along with the coordinative impairment demonstrated with rotarod 
test, further motor assessment showed that HFD-fed mice displayed 
signs of akinesia, bradykinesia and dyskinesia.

The pole test, as described previously, is used in an assessment 
of bradykinesia, which is also one of the symptoms related with 
nigrostriatal dysfunction [33]. Animals that show signs of bradykinesia 
need more time to turn around and climb down the pole. Results 
showed that it took significantly more time for HFD-fed mice to 
climb down the pole. The stepping test was used to assess akinesia, 
symptom that is characterized by the impairment to initiate steps and 
it was related with the loss of positive TH-neurons [37]. HFD-fed 
mice performed significantly worse than RD-fed mice. As described 
previously, akinesia has been pharmacologicaly induced in mice by 
inhibition of D2 receptors [38]. Since HFD feeding and obesity in 
mice was associated with decreased density of D2 receptors [39], 
lower availability of D2 receptors in HFD-fed mice could have induced 
symptoms of akinesia. The hind limb clasping test has been used for 
the evaluation of dyskinesia (presence of involuntary movement and 
diminished voluntary movements). The comparison between the two 
groups indicated that HFD-fed mice showed significant neurological/
motor impairment. Clasping behavior has been observed in DAT -/- 
mice [40], implying that the motor impairments observed in HFD-fed 
mice might be related to a reduced level of dopamine transporters. 
Overall, coordinative impairments observed in HFD-fed mice might be 
attributed to decreased level of dopamine in striatum and/or impaired 
dopaminergic neurotransmission.

In the current study, several metabolic outcomes were assessed in 
order to understand the possible impact of HFD-induced metabolic 
disorders on function of dopamine system. Therefore, body weight, 
glucose tolerance, insulin and leptin levels were measured as 
contributing factors. Average food consumption was increased in 
HFD-fed mice and also remained higher relative to body weight. It 
has been already described that chronic HFD consumption alters the 
homeostatic regulation of energy balance and leads to hyperphagia 
[41,42]. Moreover, consumption of a HFD positively correlates with 
accumulation of adipose tissue [43]. Despite increased food intake, 
HFD-fed mice had similar body weight to RD-fed mice. We hypothesize 
that frequent handling, measurements and behavioral assessments could 
have resulted in reduced weight gain in HFD-fed mice. Nevertheless, 
HFD-fed mice had more accumulated fat tissue, which was expected 
from the higher food intake. HFD-fed mice showed to be glucose 
intolerant and had higher plasma levels of insulin and leptin. Obesity 
can trigger chronic inflammatory and metabolic imbalances affecting 
dopaminergic neurotransmission. For example, it has been shown that 
dopamine content was reduced in the nigrostriatal system of diabetic 
rats [44]. In human studies, diabetes has been shown to augment motor 
impairment in Parkinson`s disease patients [45]. Correlation between 
type-2 diabetes and Parkinson`s disease was reported in more than 50% 
of cases [46]. Insulin injection into mice brains increases the activity of 
DAT in SN [47], but chronic hyperinsulinemia was shown to reduce 
the expression of insulin receptors in the blood brain barrier (BBB), 
which leads to central insulin resistance [48]. Moreover, development 

of insulin resistance in HFD-fed rats reduced dopamine release and its 
reuptake in the synaptic vesicles [11]. 

In regards to leptin, leptin resistance may not influence the basal 
level of dopamine, but it can reduce the total capacity of dopamine cells 
to secret dopamine [49]. In fact, it has been shown that leptin regulates 
the expression of dopamine transporters [50]. Moreover, continued 
feeding on a HFD induces central leptin resistance accompanied with 
weight gain [51].

Aging is characterized by increased basal level of proinflammatory 
cytokines such as IL-1β, IL-6 and TNF-α in the periphery and the brain 
[8, 52]. Age-related priming of microglial cells is suggested to facilitate 
an environment that could be described as a low-grade chronic 
neuroinflammation [53]. In a similar manner, HFD consumption 
and obesity are also considered to facilitate a low-grade chronic 
inflammatory state [54] that could potentiate the up-regulation of 
peripherally-induced inflammation. A HFD feeding for two months 
exacerbated the decrease of dopamine in the striatum in the MPTP-
induced model of dopaminergic neurodegeneration [13]. Furthermore, 
it was demonstrated that mice fed a HFD for 22 weeks had an increased 
level of proinflammatory cytokines in the brain [55]. Even though 
there was no detectable difference in the number of CD68-positive 
microglial cells (measured as an index of microglia activation), it has 
been additionally observed that isolated microglial cells from HFD-
fed mice secreted more TNF-α in comparison to RD-fed mice [55]. 
Collectively, these studies suggest that the inflammatory profile in the 
brain may be up-regulated with HFD-induced obesity and possibly 
exacerbated the loss of dopamine neurons [13], which does not have to 
be necessarily correlated with the number of activated microglia [55]. 
In current study HFD diet feeding did not result in increased number of 
activated microglial cells, nor significant loss of dopaminergic neurons. 
Therefore, time-related decrease in coordinative ability of HFD-
fed mice could be attributed to potentially impaired dopaminergic 
neurotransmission, due to perturbations in metabolic outcomes, such 
as development of leptin and insulin resistance.
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