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Introduction
A high fat diet (HFD) has been shown to increase the risk of

neurodegenerative disorders such as Alzheimer's and Parkinson's disease in
humans ( 1, 2 ). Symptoms of these neurodegenerative diseases include
motor and cognitive behavioral deficits resulting from a disruption in the
biological functions of neurotransmitters in the brain. Dopamine (DA) is an
important neurotransmitter regulating the food eating reward circuit, motor
activity, and emotion ( 3 - 5 ). Loss of dopaminergic neurons in the brain,
especially in the midbrain including the substantia nigra nuclei, is
responsible for reduced motor activity, impaired motor and sensory balance,
and abnormal changes to food reward circuitry ( 6 ). HFD has been shown to
disrupt dopaminergic pathways and generate motor behavioral deficits, but
the duration of chronic HFD exposure needed to cause these effects is

unclear.

HFD has been shown to impair dopaminergic pathways in various rodent
models. For example, HFD-induced insulin resistance slowed down
nigrostriatal function and favored loss of DA neurons in mice ( 7, 8 ). Mice
fed with a HFD show deficits in pre-attentive central information processing (
9 ). Decreased dopamine receptor D2 (DRD2) was observed in HFD and high
sugar diet-induced obese rats ( 10 ). The C57BL/6J mice fed with a high fat
and sugar diet for 16 weeks showed a significant increase of DA release from
the striatum, but a much slower uptake of DA compared to controls ( 11 ).
Tweleve-week-old adult Sprague Dawley rats showed that 2 weeks of HFD

consumption disrupted DA networks (9, 12 ). In comparison to controls,
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obesity-prone rats exhibited 42% lower striatal DRD2 density and 30% lower
total dopamine transporter (DAT) total expression of DAT following 8 weeks

on a HFD ( 13 ). Collectively, these studies show that chronic intake of a HFD
can disrupt dopaminergic function in rodents, but the initial time point when

disturbances occur is not clear.

A disruption in dopaminergic function has been positively associated with
behavioral deficits ( 14 ). For example, injection of DA into the nucleus
accumbens restored normal motor activity in rats with reduced motor
activity from the injection of 6-hhyroxydopamine causing an 83% DA
depletion ( 15 ). The loss of dopaminergic neurons and subsequent depletion
of DA in the substantia nigra are known to cause the motor deficits observed
in Parkinson's disease in both humans and rodent models ( 16 - 18 ).
Dopamine D1 and D2 receptors in the hippocampus and amygdala are
associated with anxiety-related behaviors. In the case of rodent studies, it
has been shown that amphetamine withdrawal results in depression and

anxiety-like behavior associated with dysregulation of DA ( 19, 20 ).

Therefore, behavioral deficits in locomotion and anxiety are potential
indicators of altered brain neuro-activity related to DA dysregulation. Other
neurochemical pathways related to behavior may also be affected, or it may
be HFD-induced obesity itself that is causing the deficits due to increased

weight, movement problems, and anxiety.

This study aimed to assess the occurrence of motor behavior deficits over
time in a young mice given chronic exposure of HFD. The central hypothesis

is that HFD will induce behavioral deficits within 5 months of HFD intake
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which reflect neurochemical changes in the brain, possibly related to
dopaminergic pathways. The choice of a 5-month timeline was based on
previous research that showed significant elevations in body weight, glucose,
insulin resistance, and adipose tissue weight in C57BL/6) mice after 5 months
on a HFD ( 21 ). The results from this study will contribute to a greater
understanding of when and how HFD contributes to behavioral deficits and

changes in brain neurochemistry.

Materials and Methods

Animals, Diets and Experimental Design

One-month-old male and female C57BL/6] mice were fed with either a control
or a HFD diet ( n = 15 including 8 male and 7 female for each dietary
treatment) for 5 months. Diets were purchased from Research Diets Inc.
(New Brunswick, NJ). The energy density for both control (Catalog#
D12450H) and HFD (Catalog# D12451) was 4. 7 Kcal/g diet. The control diet
had 10% calories from the fat, while HFD had 45% calories from the fat. The
main source of fat was lard. Mice were housed in individual cages in an
animal facility maintained on a 12 h light (7A. M.—7P. M.)/dark cycle and
proper temperature control of 24-26°C. Food consumption and body weights
were measured weekly. Mice were fasted overnight for 10-12 h and blood
glucose was measured from the tail blood using a Relion Prime Blood
Glucose Monitoring System (Catalog# 556621084, Walmart, Bentonville, AK).
Three categories of behavioral tests for motor activity, sensorimotor
integration, and anxiety-like behavior, were measured at the time points
shown in Figure 1 . All behavioral tests were performed between 9 A. M. and
5 P. M. during the day and estrus was not determined in female mice.
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Biomedical assays for DA, DRD2, and DAT were performed at the end of the
dietary exposure. The animal protocol (#18-006) was proved by the
Institutional Animal Care and Use Committee at the North Carolina

Agriculture and Technical State University.

FIGURE 1

Time points of behavior tests performed.

Behavior Analysis

Motor Activity

Open Field Test

The open field test was conducted in Plexiglas chambers (40. 6 x 40. 6 cm).
Motor Monitor software (Kinder Scientific, CA) was used to record motor and
anxiety-like activities for 60 min. The total distance traveled and rearing
frequencies were recorded as motor activities. Time spent in the center
zone, distance traveled, and entries into the center zone were recorded as

anxiety-like behaviors ( 22 ).

Stride Length Test

The stride length test was used to identify gait inconsistency. Reduced

length of strides indicate basal ganglia dysfunction ( 23 , 24 ). The stride

length test was conducted separately for the front paw and rear paw. The
front and rear paws were painted with red or black ink, respectively. The
mice were allowed to walk on a white strip of paper (4. 5 cm wide, 40 cm

long) placed in an alleyway toward a dark goal box. The distance between
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the same paw prints were measured, and the four longest distances for each

paw were averaged ( 24 ).

Sensorimotor Integration

Adhesive Removal Test

The adhesive removal test signifies accurate paw sensitivity and dexterity (

25 ). Two different colored adhesive tapes (5 mm 2 ) were placed on the left
and right front paws of the mouse. The time taken for the mouse to realize
the adhesive tapes were on the paws was recorded as the contact time. The
time it took the mouse to remove the adhesive tapes from both paws was
recorded as total removal time, which included the contact time. If the
mouse did not remove the adhesive tape by 120 s, the trial was terminated
and 120 s was recorded as the removal time. There were 20% of HFD mice (
n = 3) unable to remove the tape, but all control mice removed the tape

within 120 s.

Beam Traverse Test

The beam traverse test analyzes fine motor coordination and balance in mice
(26). The beam contained two sections, with the wider section 12 mm in
width and the narrow section 6 mm in width. Each section was 1 m long. The
beam was suspended 50 cm above the floor and secured to the tabletop. A
black goal box was placed at the narrow end of the beam as the finishing
point. The home cage nesting materials were placed in the dark goal box to
attract the mouse to walk toward the finish point. A lamp was used to shine
light above the starting point and served as an aversive stimulus ( 26 ). Mice

were placed under the light at the wider end of the beam and trained over
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three trials to walk across the beam toward the narrow portion of the beam
and end at the dark goal box. The fourth trial served as the test trial and was
video-recorded for offline analysis. The time taken by the mouse to cross the
beam was analyzed for each training trial. For the test trial, the time to cross
and number of slips for the wide and narrow portions of the test were

analyzed separately.

Anxiety-Like Behavior

Light-Dark Test

The light-dark box tests the levels of exploratory and anxiety-like behaviors
expressed by a mouse ( 27 ). The light-dark test was conducted in the same
apparatus used for the open field test, but with a black plexiglass divider
that separated the apparatus into light and dark sections of equal size. The
dark box included a door separator and a lamp was used to brightly
illuminate the light side. Each mouse was placed in the dark side for 30 s to
allow the mouse to acclimate to the dark environment. The separator wall
was removed and the mouse was allowed to freely explore both
compartments for 10 min. From this test, three parameters were analyzed:
time spent by mice in both the light and dark sides, distance traveled by the
mice on both sides, and the number of crossovers/entries into the light side.
The data were extracted using the Motor Monitor software (Kinder Scientific,

CA).

Brain Dopamine and Related Markers

At the end of the 5th month of dietary exposure, mice were euthanized with

CO 2 followed by decapitation. The brains were removed, and the midbrain
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region was dissected under a dissection microscope and immediately frozen
on dry ice. The midbrain region was processed for ELISA assays to detect DA
(Catalog# MBS269234, MyBioSource, San Diego, CA), DRD2 (Catalog#
MBS9301506, MyBioSource, San Diego, CA), and DAT (Catalog#

MBS2703507, MyBioSource, San Diego, CA) levels following the

manufacturer's protocols ( 28 , 29).

Statistical Analysis
Data were analyzed using two-way ANOVA for Exposure (Control diet, HFD)

and Month as a repeated measure, followed by appropriate post-hoc tests
(Sidak's and Tukey's multiple comparison tests). In cases where behavior
and biochemical data were analyzed at one time point, data were analyzed
using an independent samples unpaired ¢ -test. The level of significance was

set at a = 0. 05.

Results

Food Intake, Body Weight, and Blood Glucose
As shown in Figure 2A , HFD-exposed mice began to weigh significantly more

than control-diet mice at the 4 " and 5 th months of dietary exposure as
supported by an exposure by month interaction [ F (s, 140) = 17. 21, p < 0.
0001], and main effects of diet [ F(1,28) = 7. 93, p < 0. 001] and month [ F

(5, 140) = 199. 20, p < 0. 0001]. There was a trend for HFD-exposed mice to

weigh more at the 3 " month of dietary exposure ( p = 0. 08). As shown in
Figure 2B , HFD-exposed mice consumed similar amounts of diet as control-
diet exposed mice at each month, however, diet consumption did increase in

both groups across months as supported by an exposure by month
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interaction [ F (4,112) = 2. 77, p < 0. 05], and main effect of month [ F (2. 718,
76.09) = 27. 97, p < 0. 0001]. As shown in Figure 2C, blood glucose levels
were generally higher in HFD-exposed mice compared to control diet-
exposed mice as supported by a main effect of diet [ F (5, 140) = 31. 98, p <
0. 0001]. Additionally, blood glucose levels increased in both groups over
time as supported by a main effect of month [ F(1, 28) = 5. 62, p < 0. 03].

The diet by month interaction failed to reach statistical significance.

FIGURE 2

Physiological measures of(A)weight,(B)food consumption, and(C)blood
glucose levels across months of exposure to control diet (open circles) and
high fat diet (closed circles). Data are presented as mean * SEM. Control
diet-exposed n = 15, High fat diet-exposed n = 15. * indicates a significant
difference between control diet and high fat diet at that month of exposure.

# indicates a main effect of diet.

Behavior Analysis

The HFD group showed significant changes in motor activity, sensorimotor

integration, and anxiety-like behavior as described below.

Motor Activity

Overall, HFD-exposed mice showed decreased motor behavior across months
compared to control-diet exposed mice. As shown in Figure 3A , HFD-
exposed mice showed a significant decrease in distance traveled beginning
after the 3rd month of exposure as supported by a diet by month interaction

[ F(3,84)=10.55, p<0.001], and main effects of diet[ F(1,28)=7. 30, p<
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0. 02] and month [ F (3, 84) = 109. 10, p < 0. 0001]. Rearing behavior
decreased more in HFD-exposed mice compared to control-diet exposed
mice ( Figure 3B ) as supported by a main effect of diet [ F(1,28) = 13. 06, p
< 0. 002] and month [ F(3,84) = 73. 62, p < 0. 0001]. The diet by month
interaction failed to reach statistical significance. There were no changes in
stride length for the front paw across months in either dietary group ( Figure_
3C) but, in general, HFD exposure decreased stride length for the rear paw (

Figure 3D ) as supported by a main effect of diet [ F (1, 28) = 4. 89, p < 0. 05].

FIGURE 3

Measures of motor behavior for(A)open field distance traveled,(B)rearing in
the open field test, and stride length for the(C)front paw and(D)rear paw
across months of exposure to control diet (open circles) and high fat diet
(closed circles). Data are presented as mean * SEM. Control diet-exposed n
= 15, High fat diet-exposed n = 15. * indicates a significant difference
between control diet and high fat diet at that month of exposure. # indicates

a main effect of Diet.

Sensorimotor Integration

A time course for sensorimotor integration was performed but only the
significantly different time point was described below. After 3 months of
dietary exposure, HFD-exposed mice showed some deficits in sensorimotor
integration. Specifically, chronic HFD exposure increased contact time [
Figure 4A ; t(28) = 2. 35, p < 0. 03] and time to remove the first adhesive

tape [ Figure 4B ; t(28) = 2. 65, p < 0. 02]. There was no difference in total
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time, which included the contact time, to remove both adhesive tapes
between control and HFD groups ( Figure 4C ). Twenty percent of the HFD
mice reached to maximum testing time of 120 s, and this ceiling effect could
contribute to no difference in total time between control and HFD groups.
After 3 months, the HFD group tended to show deficits in contact time and
total time to remove the first adhesive tape at 4 and 5 months, but the
differences between control and HFD groups were not significant ( p > 0.

05).

FIGURE 4

Measures of sensorimotor integration using the adhesive removal test
for(A)contact time,(B)time to removal of first adhesive tape,(C)total time to
remove both adhesive tapes after 3 months of exposure to control diet (clear
bars) and high fat diet (gray bars). Data are presented as mean = SEM.
Control diet-exposed n = 15, High fat diet-exposed n = 15. * indicates a

significant difference between control diet and high fat diet.

Using the beam traverse test following 4 months of diet exposure, HFD-
exposed mice showed deficits in balance/coordination compared to control
diet-exposed mice. As shown in Figure 5 , HFD-exposed mice showed an
increase in time to cross both the wide [ Figure 5A ; t(28) = 2. 07, p < 0. 53]
and narrow [ Figure 5B ; t(28) = 5. 23, p < 0. 0001] sides of the beam.
Additionally, HFD-exposed mice had a greater frequency of slips on the wide

[ Figure 5C; t(28) = 2. 85, p < 0. 01] and narrow [ Figure 5D ; t(28) = 4. 23,
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p < 0. 0003] portions of the beam. At the 5 t" month, the difference between

two treatment groups was not significant ( p > 0. 05).

FIGURE 5

Measures of balance/motor coordination using the beam traverse test
following 4 months of exposure to control diet (clear bars) and high fat diet
(gray bars).(A)time to traverse the wide portion of the beam;(B)time to
traverse the narrow portion of the beam.(C)frequency of slips on the wide
portion of the beam;(D)frequency of slips on the narrow portion of the beam.
Data are presented as mean £ SEM. Control diet-exposed n = 15, High-fat
diet-exposed n = 15. * indicates a significant difference between control diet

and high fat diet.

Anxiety-Like Behavior

Using the center zone in the open field test and the light/dark test, HFD-
exposed mice showed significantly increased anxiety-like behavior compared
to control diet-exposed mice after 5 months of dietary exposure. As shown in
Figure 6A , HFD-exposed mice showed decreased time in the center zone
compared to control diet-exposed mice across months as supported by a

main effect of diet [ F (1, 28) = 13. 37, p < 0. 003] and a main effect of month

[ F(3,84)=6.57, p<0.002] at the end of the 5 t" month of dietary
treatment. In the light/dark test, HFD-exposed mice spent less time on the
light side [ Figure 6B ; t(26) = 4. 11, p < 0. 0005] and fewer entries into the

light side ( Figure 6C ; t(26) = 5. 79, p < 0. 0001) compared to control diet-
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exposed mice. There was no significant difference in anxiety-like behavior

during months 1-4 of the dietary exposure.

FIGURE 6

Measures of anxiety-like behavior using the open field test and light/dark
test.(A)amount of time spent in the center zone of the open field test across
months of diet exposure.(B, C)amount of time spent on, and number of
entries into, respectively, the light side of the two-chambered light/dark test
following 5 months of diet exposure. Control diet (open circles/clear bars)
and high fat diet (open circles/gray bars). Data are presented as mean *=
SEM. Control diet-exposed n = 15, High fat diet-exposed n = 15. * indicates a
significant difference between control diet and high fat diet; # indicates a

main effect of diet.

Brain Dopamine and Related Markers

Following 5 months of dietary exposure, HFD-exposed mice showed
increased DA levels [ Figure 7A ; t(18) = 3. 09, p < 0. 01] and DRD2
receptor levels [ Figure 7B ; t(18) = 2. 12, p < 0. 05]. However, there were
no differences in DAT levels between the groups after 5 months of dietary

exposure ( Figure 7C, p > 0. 05).

FIGURE 7

Measures of dopamine and dopamine receptor D2 using ELISA assays.
(A)amount of dopamine protein per gram of midbrain tissue.(B)amount of

dopamine receptor D2 protein per gram of midbrain tissue.(C)amount of
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dopamine transporter protein per gram of midbrain tissue. Control diet (clear
bars) and high fat diet (gray bars). Data are presented as mean = SEM.
Control diet-exposed n = 10, High-fat diet-exposed n = 10. * indicates a

significant difference between control diet and high fat diet.

Discussion

This study aimed to investigate the early changes in behavior and brain

dopaminergic function in young mice fed a HFD. Our results showed that

initial signs of weight gain and behavioral deficits started at the 3 " month of
HFD intake. At the end of the 5th month, the mice fed a HFD showed
increased DA and DRD?2 levels in the midbrain, but there was no change in
DAT levels. This study contributes to the field of nutrition and neuroscience
because the identification of early signs of behavioral deficits may reflect
initial dysregulation of dopaminergic or other neurochemical pathways, and
this information is critical in understanding the progression of brain disorders

induced by HFD.

The physiological data collected in this study are consistent with our
previous research ( 21 ). Previously, we found that 1-month old C57BL/6)
mice fed a HFD gained significantly more body weight after 4 months than
mice fed the control diet, and also found no difference in food consumption
between HFD and control groups and control-diet exposed groups. The
increase in body weight on the HFD group is consistent with other reports. A
study using young adult C57BL/6) mice (2-month-old) showed significant
increases of body weight after 2 months on a HFD ( 30 ). Another study

found that HFD caused young C57BL/6) mice to weigh 12. 4% more than
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controls after 6 weeks even though the former consumed less food per day (
31 ). Finally, a study using male Wistar rats aged 14-16 weeks also found
significant differences in body weight after 4 weeks of HFD exposure ( 32 ).
These results indicate that rodent models from different age groups
chronically fed HFD display greater body weight compared to animals fed
control diets. The rate of weight gain on any diet is always a function of age.
For example, adult animals might gain weight more quickly due to their

slower metabolic rate compared to younger animals ( 33 ).

Identifying the initial time point for body weight gain and motor behavioral
deficits is fundamental knowledge concerning the impact of HFD in C57BL/6]
mice. It may help to reveal underlying conditions of neurophysiology and
behavior that are dependent on caloric intake. For example, calorically
restricted C57BL/6) mice showed improved cardio-metabolic rates,
hippocampus RNA expression, nutrient sensing pathways, age-dependent
cognitive function, and dendritic spine density compared to mice fed a
control diet ( 34 ). In contrast, HFD fed mice showed weight gain, impaired
glucose tolerance (IGT), deficits in hippocampal-dependent memory/learning
and mood states, and depression-like behavior ( 31 ). Results such as these
indicate that caloric intake and the time course of weight gain play a crucial

role in the etiology of proper brain function (or disorder).

Three categories of behavior were tested in our study as indicators of initial
signs of dopamine-related behavioral activities: motor activity, sensorimotor
integration, and anxiety-like behavior. Two tests were used in each category

to confirm the results, and we found similar times of occurrence for
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behavioral deficits in each pair of tests. In the open-field test, the HFD-
exposed mice showed a decrease in total distance traveled starting at the
3rd month of HFD, and decreased rearing frequency that served as a
measure of exploratory behavior. Similarly, in another study, when 8-week-
old adult male C57BL/6) mice have been placed on HFD diet for 3 months,
they also showed significant decreases in these open-field tasks ( 30 ). In our

study, both the open-field and the stride length tests support that HFD

caused the initial signs of motor deficits beginning at the 3 @ month of HFD
exposure. These findings are important because deficits in motor activity are
one of the important symptoms in many neurodegenerative diseases ( 35 ).
As we mentioned previously, body weight also increased significantly in HFD
mice at the 3rd month of dietary exposure. The motor behavioral deficits and
increases in body weight occurred at the same time indicating that these

changes may be linked.

Individuals with neurodegenerative disorders often show deficits in
sensorimotor integration. Two tests were used to test sensorimotor
integration in this study: the adhesive tape removal and beam traverse
tests. After 3 months, HFD-exposed mice showed increased time to remove
the first adhesive tape from their paws. Other studies have also shown that
obesity deteriorates sensorimotor integration. Following the 4th month of
dietary exposure in our study, HFD-exposed mice showed deficits in
balance/motor coordination in the beam traverse test. The HFD-exposed
mice took a longer time to cross the beam and had a higher number of slips
than the control group. Mice with destroyed dopaminergic neurons in the

substantia nigra by injection of 1-methyl-4-phenyl-1, 2, 3, 6-
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tetrahydropyridine spent more time crossing the beam compared to control
animals ( 36 ). These results were also observed in rats. Male Sprague-
Dawley rats fed a high fat and sucrose diet performed worse in removing the
adhesive tape compared to the control group ( 37 ). In male Sprague-Dawley
rats fed with a HFD for 3 months, the rats showed significant impairments in
the beam-traverse test ( 38 ). Overall, these results showed that
sensorimotor integration and balance can be disrupted after 3 and 4 months,

respectively, of HFD exposure.

Mood states are also impacted by HFD. HFD has been shown to cause an
increase in anxiety that is associated with increased body weight and
decreased motor activity in mice ( 39 ). In adult C57BL/6) mice fed a HFD for
3 months, increased anxiety-like behavior was observed as decreased time
spent in the center zone in the open field test ( 30 ). Chronic exposure to
HFD has also been shown to result in depression-like behavior ( 31 ).
Similarly, our study showed an increased anxiety-like phenotype
demonstrated by decreased time spent in the center zone of the open field
test, and less time spent on the light side in the light/dark box test. Although
the light-dark box test is commonly used to test anxiety-like behavior, both
the open field and light-dark box tests still rely on locomotor exploratory
behavior ( 27 ). Therefore, an alternative explanation is that the increased
anxiety-like behavior, such as less time spent in the light side of the box,
was due to decreased locomotor activity induced by chronic exposure to
HFD. In the future, other tests of anxiety-like behavior that do not rely on
locomotor behavior (e. g., light-enhanced startle response) will be used as

better indicators of anxiety.
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In summary, our data showed that initial behavioral deficits and increased
body weight are observed after 3 months of HFD exposure. Mice given the
HFD diet exhibited significant decreases in motor activity and increases in
anxiety-like behavior. However, sensorimotor integration and balance did not

differ between control and HFD groups until the 4th month of exposure.

We aimed to link the behavioral deficits induced by HFD with a disturbance
in midbrain dopaminergic pathways in this study. However, since we only
had measurements of dopaminergic molecules at the end of the dietary
exposure, we can only suggest that the decreased motor activity, decreased
sensorimotor integration, and increased anxiety-like behavior were
associated with dopaminergic changes. To verify an association, more time
points will be needed for a kinetic study of the expression of dopaminergic

molecules in the future. We did find increased DA and DRD2 protein levels in

the midbrain at the end of 5 ! month of HFD exposure, but the expression of
DAT did not change compared to controls. A study in adult C57BL/6) mice
given a HFD diet for 3 months showed significantly higher levels of DRD2 in
the striatum ( 40 ). Increased striatal DA levels were also found in adult
C57BL/6J mice after 4-months of a high fat and sugar diet ( 11 ). These
studies supported our findings, but our model is a developmental model
starting with younger, normal weight, 1 month old mice. Increased DA
expression may have occurred to compensate for the HFD-induced weight
gain and potentially rewarding effects of the HFD ( 6 ). However, unchanged
DAT level along with increased DA and DRD2 levels in our study could imply
that the dopaminergic pathway may have begun to show signs of

dysfunction.
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In conclusion, our study determined that young adult mice fed HFD

developed signs of behavioral deficits, especially in motor activity and

anxiety-like behavior. This occurs at the 3 "™ month of HFD exposure in
association with increased weight gain. Our findings demonstrate the initial
time point of significant body weight and behavioral deficits related to HFD
exposure in this strain. Due to the fact that most rodent models are inbred,
this initial point might differ by genetic background. However, we predict
that our overall finding that early exposure to HFD leads to increased weight
and associated deficits in behavior, is robust. In the future, longer exposure
to HFD, more extensive biomolecular assays across associated physiological
pathways and systems, increased numbers of time points and larger sample
sizes, as well as testing different strains of mice will aid in a more robust
detection and mechanistic modeling of behavioral deficits. We expect this
would further elucidate the potential involvement of DA, DRD2, and DAT in

these behavioral deficits.
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