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Abstract: Epidemiologic studies have indicated that dyslipidemia may facilitate the progression of
neuronal degeneration. However, the effects of chronic dyslipidemia on brain function, especially
in older individuals, remain unclear. In this study, middle-aged 37-week-old male Wistar-Kyoto
rats were fed a normal diet (ND) or a 45% high-fat diet (HFD) for 30 weeks (i.e., until 67 weeks of
age). To study the effects of chronic dyslipidemia on the brain, we analyzed spontaneous locomotor
activity, cognitive function, and brain tissues in both groups of rats after 30 weeks. Compared with
age-matched rats fed a ND, Wistar-Kyoto rats fed a HFD had dyslipidemia and showed decreased
movement but normal recognition of a novel object. In our brain analyses, we observed a significant
decrease in astrocytes and tyrosine hydroxylase–containing neurons in the substantia nigra and locus
coeruleus of rats fed a HFD compared with rats fed a ND. However, hippocampal pyramidal neurons
were not affected. Our findings indicate that the long-term consumption of a HFD may cause lipid
metabolism overload in the brain and damage to glial cells. The decrease in astrocytes may lead to
reduced protection of the brain and affect the survival of tyrosine hydroxylase–containing neurons
but not pyramidal neurons of the hippocampus.

Keywords: lipids; locomotor activity; cognitive function; dopamine neuron; glial cell

1. Introduction

Dopaminergic (DA) neurons are associated with the coordination of body movement.
The apoptosis of DA neurons in the substantia nigra (SN) induces motor deficiency and is
believed to be a step in the progression of Parkinson’s disease (PD). However, mounting
evidence has indicated that these manifestations do not appear until later in the disease
course, possibly a decade or more after the pathogenic events of PD occur [1]. An estimated
70% of DA neurons die before the onset of clinical symptoms [2]. Thus, identifying
the putative pathogenic factors and developing preventive strategies against DA neuron
apoptosis has become of critical importance.
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Dyslipidemia may be a risk factor for neuronal degeneration. In patients with
metabolic syndrome (MetS), dyslipidemia, such as hyperlipidemia or hypercholesterolemia,
has been associated with an increased risk of diseases in the cardiovascular and nervous
systems, such as atherosclerosis [3], heart disease [4], diabetes [5], and neurodegenerative
disease [6,7]. However, whether MetS or obesity is associated with degenerative neuronal
disease is not clear. Epidemiologic studies have shown that seniors with MetS are sig-
nificantly more likely to develop PD than are those without MetS [6,8]. Furthermore, a
large cohort study showed that middle-aged individuals (age range, 45–68 years) with
greater adiposity had a higher risk of PD than did those with lower adiposity after a 30-year
follow-up period [8]. Several studies in animals have verified the effect of dyslipidemia
on the progressive apoptosis of DA neurons, but all animal studies to date of DA neurons
involving a high-fat diet (HFD) have been conducted in young adult rodents that do not
represent middle-aged humans.

However, studies have yielded conflicting data regarding the role of high blood lipid
levels in PD in humans [6,8–11]. A large cohort study showed that the incidence of PD was
decreased in obese middle-aged patients (mean age, 54 years) [11]. Moreover, the results of
several longitudinal studies have suggested that obesity is not significantly associated with
the development of PD [9], and elevated blood lipid levels have even been shown to be a
protective factor in the progression of PD [10]. This discrepancy may derive from potential
confounding factors, which could affect both PD risk and body weight alike, such as ethnic
differences, fat distribution, smoking, substance use, and relevant metabolic conditions.
Thus, the effects of obesity and dyslipidemia on the progression of PD or the degeneration
of DA neurons need to be further elucidated, and how abnormal blood lipid profiles affect
the neuronal system in the middle-aged population requires further evaluation.

The enzyme tyrosine hydroxylase (TH) catalyzes the conversion of L-tyrosine to
L-3,4-dihydroxyphenylalanine (L-DOPA) in catecholamine neurons such as DA and nore-
pinephrine (NE) neurons. In the brain, these TH-containing neurons, located in the SN
and locus coeruleus (LC), are important for maintaining neuronal function. In the SN,
TH-positive neurons are primarily DA neurons. In the LC, TH-containing neurons are
primarily NE neurons, which are associated with brain activation. NE neurons in the LC
have an excitatory effect on the brain, mediating autonomic arousal and the priming of
neuronal cells in the brain [12]. The LC is located deep in the brain stem and is rarely
evaluated or discussed in neuronal degeneration models. Because DA and NE neurons
are both TH positive, we examined these neuronal cells in the SN and LC of rats to study
pathogenic events and their effects on TH-containing neurons.

In this study, we investigated the effects of abnormal lipid profiles on the progression
of neuronal dysfunction at middle age and the underlying mechanisms. To this end, we fed
middle-aged rats with a normal diet (ND) or a HFD for 30 weeks and analyzed locomotor
activity and cognitive function, and quantified TH-positive neurons and glial cells in the
SN and LC. Moreover, we evaluated the hippocampus—the area of the brain related to
cognitive function—and quantified pyramidal neurons (glutamatergic neurons) and glial
cells in the hippocampus.

2. Materials and Methods
2.1. Experimental Design

To evaluate the effect of abnormal blood lipid levels on the SN, LC, and hippocampus
in middle-aged rats, we fed 37-week-old Wistar-Kyoto (WKY) rats either a ND (65%
carbohydrate, 24% protein, 11% fat [kcal]) or a 45% HFD (35% carbohydrate, 20% protein,
45% fat [kcal]; D12451i, Research Diets, Inc., New Brunswick, NJ, USA) for 30 weeks
(i.e., until 67 weeks of age). Spontaneous locomotor activity and cognitive function were
tested by using the open field and novel object recognition tests. After behavior testing,
rats were euthanized, their plasma and brain tissues were isolated and analyzed, and blood
lipid levels were evaluated. To examine the underlying pathophysiologic mechanisms, we
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evaluated cell marker expression for neuronal cells, astrocytes, and microglia in the SN, LC,
and hippocampus.

2.2. Animal Experiments

All animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of Kaohsiung Medical University (KMU) and were performed in
accordance with the Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC) regulations, the US Department of Agriculture Animal
Welfare Act, and the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Male WKY rats were purchased from the National Laboratory Animal Center
in Taiwan and were kept in an environmentally controlled room in an AAALAC-certified
breeding facility of KMU (temperature: 23 ± 2 ◦C; 12-h/12-h light/dark cycle with light on
from 07:00 to 19:00) and had free access to food and water during the experiment.

2.3. Open Field Test

The open field test was used to analyze the spontaneous locomotor activity of rodents.
Testing was performed in a black square acrylic box (80 cm × 80 cm × 40 cm) for 10 min.
Rats were given at least 60 min to familiarize themselves with the environment before
commencing the experiment. Room brightness was kept consistent, and no disturbing
sounds or odors were present during testing. After each test, the maze was wiped with a
75% alcohol solution to prevent odor cues. The same researcher conducted all tests. Animal
behaviors were recorded on camera and were analyzed by using an authorized image
tracking software system (Panlab SMART 3.0, Panlab, Barcelona, Spain).

The total travel distance (in cm), maximal traveling speed (in cm/min), fast-moving
time (in sec, speed > 15 cm/s), and slow-moving time (in sec, speed < 2.5 cm/s) were used
as indictors of locomotor activity.

2.4. Novel Object Recognition Test

We quantified cognitive function in rats by using the novel object recognition test,
which is a behavioral test used to measure a rodent’s tendency to explore a new object.
Rodents with normal cognitive function typically prefer to investigate a new object rather
than a familiar object. The cognition and short-term memory-related areas of the brain such
as the hippocampus are involved in this task. Briefly, during the first session trial (T1), a
rat was presented with two similar objects. During the next testing trial (T2), a new object
replaced one of the two objects used in T1. Testing was performed in a black square acrylic
box (80 cm × 80 cm × 40 cm). During T1, rats were allowed to freely explore the two
familiar objects for 10 min. After T1, the rat was returned to its cage for a 90-min intertrial
interval. During T2, the rat was placed into the medial area and then allowed to access all
three areas (familiar object area (Zone 1), medial area, and novel object area (Zone 2)) of
the box for 10 min. After each test and between T1 and T2, the maze was wiped with a
75% alcohol solution to prevent odor cues. The travel distance and the time spent in each
area were recorded and analyzed by an authorized image tracking software system (Panlab
SMART 3.0).

2.5. Blood Lipid Analysis

After 30 weeks on a ND or HFD and behavior testing, rats were weighed, and their
body weights recorded. At the end of the experiment, rats were anesthetized by using
pentobarbital (50 mg/kg via intraperitoneal injection) and euthanized. Blood was collected
from rat hearts, and plasma was separated by centrifugation at 3000 rpm for 15 min at 4 ◦C.
Blood levels of glucose, total cholesterol, triglyceride, low-density lipoprotein (LDL), and
high-density lipoprotein (HDL) were measured by using routine procedures in the central
laboratory of the Division of Nephrology, Department of Internal Medicine, KMU Hospital.
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2.6. Immunohistochemical and Immunofluorescence Staining

Rat brains were dissected and cut into two halves. The left hemisphere was placed in
4% paraformaldehyde in 0.1M phosphate buffer overnight at 4 ◦C. After left brain tissues
were suspended in a sucrose solution (10–30%), they were embedded in optimal cutting
temperature (OCT) compound (Fisher Healthcare, Tissue-PlusTM, Waltham, MA, USA)
and frozen at −20 ◦C. With a cryostat, the SN, LC, and hippocampus were sectioned
into serial transverse slices (30 µm). From each brain area, at least six brain slices were
randomly selected for analysis to determine the representative expression of cell markers.
Cell marker expression in the randomly selected brain slices of the hippocampus, SN, and
LC was presumed to represent cell marker expression in each brain area. For each group of
animals, at least 4 to 8 rats were used to evaluate the abundance of TH-positive neurons,
NeuN-positive neurons, astrocytes, and microglia.

To examine cell marker expression for DA neurons, NE neurons, pyramidal neurons,
astrocytes, and microglial cells, cross-sectional brain slices were soaked in 5% bovine
serum albumin (BSA) mixed with PBST for 60 min and then incubated with primary
antibodies against TH (1:1000, Merck Millipore, MilliporeSigma, Burlington, MA, USA,
AB152), NeuN (1:500, Merck Millipore, ABN78), glial fibrillary acidic protein (GFAP;
1:1000, Merck Millipore, MAB360), or IbA1 (1:2000, FUJIFILM Wako Chemicals USA, Corp.,
Richmond, VA, USA, 019-19741) overnight at 4 ◦C. For immunohistochemical staining, after
the sections had been repeatedly washed in PBST, they were incubated with biotinylated
secondary antibody (1:1000, BA-1000, Vector Laboratories, Burlingame, CA, USA) and then
with an avidin-biotin complex (PK-6101, Vector). The peroxidase reaction product was
visualized by incubating the sections in a solution containing 0.022% 3,30-diaminobenzidine
(DAB) (SK-4100, Vector). For immunofluorescence staining, slices from each brain area were
incubated in 5% BSA mixed with PBST at 4 ◦C and then with secondary antibody directed
against rabbit IgG coupled to Alexa Fluor® 488 (Invitrogen A-21206, Invitrogen Corp.,
Waltham, MA, USA, 1:200) or mouse IgG coupled to DyLight® 550 (Bethyl, A90-241D3,
Bethyl Laboratories, Montgomery, TX, USA, 1:200).

Sections were rinsed and mounted with Shandon Immu-Mount (Thermo Fisher Scien-
tific, Waltham, MA, USA) or Micromount solution (M-3801730, Leica Camera AG, Wetzlar,
Germany) and examined by using an upright microscope (BX53, Olympus, Tokyo, Japan)
and an Olympus DP73 camera. OLYMPUS cellSens Dimension 1.13 software was used to
examine cell marker expression in each brain area. For image acquisition, the exposure
time was carefully controlled by the DP73 camera. The white or black balance was used to
clear background noise before an image was captured.

To compare cell marker expression between groups of rats, we used the same exposure
time and calculation threshold and analyzed the immunosignal intensity for each cell
marker per unit area of brain slice. Each single-plane image was converted to gray-
scale before analysis. Marker expression was calculated as the positive cell count or
percentage (%) of immuno-intensity per unit area of brain.

2.7. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Staining

TUNEL staining was used to detect the apoptosis of cells in the SN by using the
POD In Situ Cell Death Detection Kit (Roche, Roche Holding AG, Basel, Switzerland).
Briefly, brain slices were blocked in 3% H2O2 solution and permeabilized with 0.1% Triton
X-100 and 0.1% sodium citrate solution. After brain slices were washed in PBS, they were
incubated in the TUNEL reaction mixture at 37 ◦C for 30 min. The reaction substrates
POD and DAB were added according to the manufacturer’s instructions. Hematoxylin
(Surgipath, Leica Biosystems, Inc., Buffalo Grove, IL, USA) was used to counterstain nuclei.

2.8. Western Blot Analysis

The right brain hemisphere was immediately frozen in liquid nitrogen. The hippocam-
pus and midbrain were isolated, homogenized, and lysed in RIPA sample buffer (catalog
number #9806, Cell Signaling Technology, Danvers, MA, USA) supplemented with 1X
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protease and phosphatase inhibitor cocktail (catalog number 78441, Thermo Fisher). The
homogenate was centrifuged at 4 ◦C for 10 min at 1200× g. The supernatant was collected
and further centrifuged at 15,000× g for 20 min at 4 ◦C. The supernatant constituting the
cell cytosolic fraction was used for further study. Equal amounts of cytosolic protein (30 µg)
were loaded and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE; 4-12%, SurePAGETM, Bis-Tris, GenScript Biotech, Singapore) and transferred
to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were blocked
with 5% BSA in tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h and then incubated
with primary antibodies against cell markers of astrocytes (anti-GFAP, 1:5000, ab7260), TH
(1:1000, Merck Millipore, MilliporeSigma, Burlington, MA, USA, AB152), NeuN (1:200,
Merck Millipore, ABN78), and GADPH (1:2000, Santa Cruz Biotechnology, Inc., Dallas,
TX, USA, sc-32233) for 12 h at 4 ◦C. The membranes were then incubated with secondary
antibodies for 1 h at 25 ◦C. All blots were visualized by using enhanced chemiluminescence
Western blot detection reagents (Thermo Fisher, 34577).

2.9. Data Analysis

Data were analyzed by using a Student’s t-test. Authorized GraphPad Prism version
5.0 software was used for the statistical analysis. Data were expressed as the mean ± SEM.
Significance was determined as p < 0.05.

3. Results
3.1. Physiologic Analysis

Body weight (Figure 1a) and blood glucose level (Figure 1b) were significantly in-
creased in middle-aged rats fed a HFD for 30 weeks compared with rats fed a ND. Fur-
thermore, levels of blood lipids, including total cholesterol, triglyceride, LDL, and HDL
(Figure 1c–f), were significantly higher in the HFD group (n = 8) than in the ND group
(n = 8).
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Figure 1. Laboratory data for middle-aged rats fed a normal diet (ND; control, n = 8) or a 45% high-fat
diet (HFD; n = 8) for 30 weeks. Bar graphs show the mean (±SEM) values at the end of 30 weeks
for (a) body weight, (b) blood glucose level, and blood lipid levels including (c) total cholesterol,
(d) triglycerides, (e) low-density lipoprotein (LDL), and (f) high-density lipoprotein (HDL). * p < 0.05,
** p < 0.01, *** p < 0.001 vs ND group (t-test).

3.2. Middle-Aged Rats Fed a HFD Showed Decreased Spontaneous Locomotor Activity but Normal
Cognitive Function

Compared with rats in the ND group, rats in the HFD group showed decreased
spontaneous locomotor activity in the open field test. Although no significant differ-
ence was observed in the total travel distance between groups in the open field test
(Figure 2b), the maximal speed was significantly lower in the HFD group than in the
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ND group (Figure 2c, p = 0.017). In addition, rats in the HFD group spent less time
moving fast (i.e., speed > 15 cm/sec) (Figure 2d, p = 0.061) and more time moving slow
(i.e., speed < 2.5 cm/s) (Figure 2e, p = 0.061) than did rats in the ND group.
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Figure 2. The spontaneous locomotor activity of middle-aged rats evaluated by using the open
field test after rats were fed a normal diet (ND, control, n = 8) or 45% high-fat diet (HFD, n = 8)
for 30 weeks. Data in a-e show the (a) travel tracks, (b) total travel distance (cm), (c) maximal
travel speed (cm/min), (d) fast-moving time (s, speed > 15 cm/s), and (e) slow-moving time (s,
speed < 2.5 cm/s). Behavior was analyzed by using a camera and an authorized image-tracking
software (Panlab Smart video-tracking software). For (b–e), data are expressed as the mean ± SEM.
* p < 0.05 vs ND group (t-test).

In the test for novel object recognition (Figure 3a,b) used to analyze cognitive function,
no significant difference was observed in the total travel distance (in cm) between groups
(Figure 3c). Furthermore, the ability to recognize novel and familiar objects was similar
between rats in the HFD group and the ND group. This ability was quantified as the
percent (%) travel distance in zones 1 and 2 (Figure 3d).
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Figure 3. Cognitive function of middle-aged rats evaluated by using the novel object recognition test
after rats were fed a normal diet (ND, control, n=8) or 45% high-fat diet (HFD, n = 8) for 30 weeks.
(a) A schematic of the novel object recognition test is shown. Data in (b–d) show the (b) travel tracks,
(c) total travel distance (cm), and (d) percentage (%) of travel distance in a familiar (zone 1) and novel
object (zone 2) zone after 30 weeks. Behavior was analyzed by using a camera and an authorized
image-tracking software (Panlab Smart video-tracking software). Data in (c,d) are expressed as the
mean ± SEM. ** p < 0.01 between familiar and novel object zones within the same group (t-test).
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3.3. Middle-Aged Rats Fed a HFD Showed a Reduced Number of DA Neurons and Astrocytes in
the SN

The SN is composed of an upper cell-dense layer (i.e., substantia nigra pars compacta,
SNc) and a lower cell-sparse layer (i.e., substantia nigra pars reticularis, SNr) [13]. The
different sections of the SN have unique DA neuron distribution patterns [13] that have not
been fully represented in previous studies [14,15]. Here, we performed immunostaining
to examine cell marker expression for DA neurons, astrocytes, and microglial cells in the
rostral and caudal parts of the SNc and SNr.

In middle-aged rats that consumed a HFD for 30 weeks, we observed a significant
decrease in the number of DA neurons (TH-positive cells) in the SNc (Figure 4). Compared
with the ND group (n = 8), the HFD group (n = 8) showed a significant reduction in the
number of DA neurons in the rostral part of the SNc (Figure 4a, p = 0.0002) and caudal part
of the SNc (Figure 4b, p = 0.004). Furthermore, using TUNEL staining and hematoxylin to
detect cell apoptosis and nuclei in the SN, we observed increased apoptosis and the loss of
nuclei in both the SNc and SNr (Figure 4c) of rats in the HFD group compared with rats in
the ND group.

Cells 2022, 11, x  8 of 18 
 

8 
 

 
Figure 4. Immunostaining of dopaminergic neurons (tyrosine hydroxylase [TH]-positive cells) in the substantia nigra pars 
compacta (SNc) after middle-aged rats were fed a normal diet (ND, control, n = 8) or 45% high-fat diet (HFD, n = 8) for 30 
weeks. Data were captured by using 4X (scale bar = 200 μm) and 10X (scale bar = 100 μm) objectives. Immunostaining for 
TH in neurons in the (a) rostral part of the SNc and (b) caudal part of the SNc. TUNEL staining (brown) for cell apoptosis 
and hematoxylin staining (blue) for cell nuclei in the (c) SNc and SNr. The arrow indicates the loss of nuclei. The quantifi-
cation of TH-positive cells in the rostral and caudal parts of the SNc (4X objective) is shown. The TH-positive cells were 
quantified by using cellSens Dimension software (Olympus). Data are expressed as the mean ± SEM. ***p < 0.001 between 
groups (t-test). 

Furthermore, compared with the ND group (n = 8), the HFD group (n = 8) showed a 
significant reduction in the number of astrocytes (GFAP-positive cells) in the rostral part 
of the SNr (Figure 5a, GFAP% per unit of area, p < 0.0001) and caudal part of the SNr 
(Figure 5b, GFAP% per unit of area, p = 0.0011). 

  

ND 

HFD 

(a) (b) (c) 

TH (4X) TH (10X) TH (4X) TH (10X) 

Rostral part of SNc Caudal part of SNc 
TUNEL-SN (10X) 

SNc  

SNr 

SNc  
SNr 

SNc  

SNr 

SNc  
SNr 

SNc  
SNr  

SNc  
SNr 

Figure 4. Immunostaining of dopaminergic neurons (tyrosine hydroxylase [TH]-positive cells)
in the substantia nigra pars compacta (SNc) after middle-aged rats were fed a normal diet (ND,
control, n = 8) or 45% high-fat diet (HFD, n = 8) for 30 weeks. Data were captured by using 4X
(scale bar = 200 µm) and 10X (scale bar = 100 µm) objectives. Immunostaining for TH in neurons
in the (a) rostral part of the SNc and (b) caudal part of the SNc. TUNEL staining (brown) for cell
apoptosis and hematoxylin staining (blue) for cell nuclei in the (c) SNc and SNr. The arrow indicates
the loss of nuclei. The quantification of TH-positive cells in the rostral and caudal parts of the SNc
(4X objective) is shown. The TH-positive cells were quantified by using cellSens Dimension software
(Olympus). Data are expressed as the mean ± SEM. *** p < 0.001 between groups (t-test).

Furthermore, compared with the ND group (n = 8), the HFD group (n = 8) showed a
significant reduction in the number of astrocytes (GFAP-positive cells) in the rostral part
of the SNr (Figure 5a, GFAP% per unit of area, p < 0.0001) and caudal part of the SNr
(Figure 5b, GFAP% per unit of area, p = 0.0011).
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with 4X (scale bar = 200 μm), 10X (scale bar = 100 μm), and 20X (scale bar = 50 μm) objectives. Immunostaining for GFAP 
in neurons in the (a) rostral part of the SNr and (b) caudal part of the SNr. As shown on the right, the GFAP immuno-
intensity (%) and GFAP-positive cells per unit of area (20X objective) were quantified by using cellSens Dimension soft-
ware (Olympus). Data are expressed as the mean ± SEM. **p < 0.01, ***p < 0.001 between groups (t-test). 
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Figure 5. Immunostaining of astrocytes (GFAP-positive cells) in the substantia nigra pars reticularis
(SNr) after middle-aged rats were fed a normal diet (ND, control, n = 8) or 45% high-fat diet (HFD,
n = 8) for 30 weeks. Data were captured with 4X (scale bar = 200 µm), 10X (scale bar = 100 µm), and
20X (scale bar = 50 µm) objectives. Immunostaining for GFAP in neurons in the (a) rostral part of
the SNr and (b) caudal part of the SNr. As shown on the right, the GFAP immuno-intensity (%) and
GFAP-positive cells per unit of area (20X objective) were quantified by using cellSens Dimension
software (Olympus). Data are expressed as the mean ± SEM. ** p < 0.01, *** p < 0.001 between
groups (t-test).

3.4. Middle-Aged Rats Fed a HFD Showed a Reduced Number of NE Neurons and Astrocytes in
the LC

In rats that consumed a HFD for 30 weeks, we observed a significant reduction in the
number of NE neurons (TH-positive cells) and astrocytes (GFAP-positive cells) in the LC.
Compared with rats in the ND group, rats in the HFD group showed a reduced number of
NE neurons in the rostral part of the LC (Figure 6a, p < 0.001) and the caudal part of the LC
(Figure 6b, p < 0.001).

Moreover, compared with the ND group, the HFD group showed a significant reduc-
tion in the number of astrocytes (GFAP-positive cells) in the rostral part of the LC (Figure 6a,
GFAP% per unit of area, p < 0.01) and caudal part of the LC (Figure 6b, GFAP% per unit of
area, p < 0.01).
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Figure 6. Immunostaining of astrocytes (GFAP-positive cells) and norepinephrine neurons (tyrosine 
hydroxylase [TH]-positive cells) in the locus coeruleus (LC) after middle-aged rats were fed a nor-
mal diet (ND, control) or 45% high-fat diet (HFD) for 30 weeks. Data were captured with 4X (scale 
bar = 200 μm) and 10X (scale bar = 100 μm) objectives. Immunostaining for TH-positive cells (nore-
pinephrine neurons) and GFAP-positive cells (astrocytes) in the (a) rostral part of the LC and the (b) 
caudal part of the LC. As shown on the right, the GFAP immuno-intensity (%) and TH-positive cells 
per unit of area (10X objective, n = 4) were quantified by using cellSens Dimension software (Olym-
pus). Data are expressed as the mean ± SEM. **p < 0.01, ***p < 0.001 between groups (t-test). 

Moreover, compared with the ND group, the HFD group showed a significant re-
duction in the number of astrocytes (GFAP-positive cells) in the rostral part of the LC 
(Figure 6a, GFAP% per unit of area, p < 0.01) and caudal part of the LC (Figure 6b, GFAP% 
per unit of area, p < 0.01). 

3.5. Middle-Aged Rats Fed a HFD Showed a Reduced Number of Astrocytes but Not Pyramidal 
Neurons in the Hippocampus 

Compared with rats in the ND group, rats in the HFD group showed a reduction in 
the number of astrocytes (GFAP-positive cells) in the hippocampus dentate gyrus (DG) 
(Figure 7a, GFAP% per unit of area, p = 0.003) and CA3 (Figure 7b, GFAP% per unit of 
area, p = 0.0009). However, no difference was observed between groups with respect to 
the number of pyramidal neurons (NeuN-positive cells) in the hippocampus DG (Figure 
7a, p = 0.51) and CA3 (Figure 7b, p = 0.53). 

Rostral part of LC (4-10X) 

TH + GFAP (4X) TH (10X)  GFAP (10X) TH + GFAP (10X) 
(a) 

(b) 

ND 

ND 

HFD 

HFD 

Caudal part of LC (4-10X) 

TH + GFAP (4X) TH (10X)  GFAP (10X) TH + GFAP (10X) 

Figure 6. Immunostaining of astrocytes (GFAP-positive cells) and norepinephrine neurons (tyrosine
hydroxylase [TH]-positive cells) in the locus coeruleus (LC) after middle-aged rats were fed a normal
diet (ND, control) or 45% high-fat diet (HFD) for 30 weeks. Data were captured with 4X (scale
bar = 200 µm) and 10X (scale bar = 100 µm) objectives. Immunostaining for TH-positive cells
(norepinephrine neurons) and GFAP-positive cells (astrocytes) in the (a) rostral part of the LC and the
(b) caudal part of the LC. As shown on the right, the GFAP immuno-intensity (%) and TH-positive
cells per unit of area (10X objective, n = 4) were quantified by using cellSens Dimension software
(Olympus). Data are expressed as the mean ± SEM. ** p < 0.01, *** p < 0.001 between groups (t-test).

3.5. Middle-Aged Rats Fed a HFD Showed a Reduced Number of Astrocytes but Not Pyramidal
Neurons in the Hippocampus

Compared with rats in the ND group, rats in the HFD group showed a reduction in
the number of astrocytes (GFAP-positive cells) in the hippocampus dentate gyrus (DG)
(Figure 7a, GFAP% per unit of area, p = 0.003) and CA3 (Figure 7b, GFAP% per unit of
area, p = 0.0009). However, no difference was observed between groups with respect to the
number of pyramidal neurons (NeuN-positive cells) in the hippocampus DG (Figure 7a,
p = 0.51) and CA3 (Figure 7b, p = 0.53).

In addition, immunoblot analysis of cell markers showed reduced expression of
GFAP (astrocytes) and TH (DA neurons) but not of NeuN (pyramidal neurons) in the
hippocampus and midbrain of rats in the HFD group compared with rats in the ND group
(Figure 8).
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Figure 7. Immunostaining of pyramidal neurons (NeuN-positive cells) and astrocytes (GFAP-positive cells) in the hippo-
campus after middle-aged rats were fed a normal diet (ND; control, n = 4) or 45% high-fat diet (HFD; n = 4) for 30 weeks. 
Data were captured with 10X (scale bar = 100 μm) and 20X (scale bar = 50 μm) objectives. Immunostaining for NeuN 
(pyramidal neurons) and GFAP (astrocytes) in the (a) hippocampus dentate gyrus (DG) and (b) CA3. NeuN or GFAP 
immuno-intensity (%) and NeuN- or GFAP-positive cells per unit of area (20X objective) were quantified by using cellSens 
Dimension software (Olympus). Data are expressed as the mean ± SEM. **p < 0.01, ***p < 0.001 between groups (t-test). 

In addition, immunoblot analysis of cell markers showed reduced expression of 
GFAP (astrocytes) and TH (DA neurons) but not of NeuN (pyramidal neurons) in the 
hippocampus and midbrain of rats in the HFD group compared with rats in the ND group 
(Figure 8.) 

DG (20X) 
NeuN  GFAP NeuN + GFAP 

(b) 

NeuN + GFAP 

ND 

HFD 

HFD 

ND 

(a) DG (10X) 

CA3 (20X) CA3 (10X) 
NeuN  GFAP NeuN + GFAP NeuN + GFAP 

Figure 7. Immunostaining of pyramidal neurons (NeuN-positive cells) and astrocytes (GFAP-positive
cells) in the hippocampus after middle-aged rats were fed a normal diet (ND; control, n = 4) or 45%
high-fat diet (HFD; n = 4) for 30 weeks. Data were captured with 10X (scale bar = 100 µm) and 20X
(scale bar = 50 µm) objectives. Immunostaining for NeuN (pyramidal neurons) and GFAP (astrocytes)
in the (a) hippocampus dentate gyrus (DG) and (b) CA3. NeuN or GFAP immuno-intensity (%)
and NeuN- or GFAP-positive cells per unit of area (20X objective) were quantified by using cellSens
Dimension software (Olympus). Data are expressed as the mean ± SEM. ** p < 0.01, *** p < 0.001
between groups (t-test).
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Figure 8. Western blot analysis of GFAP (astrocytes), TH (DA neurons), and NeuN (pyramidal neu-
rons) in the hippocampus and midbrain of middle-aged rats after rats were fed a normal diet (ND, 
n = 3) or 45% high-fat diet (HFD, n = 5) for 30 weeks. Immunoblotting of the (a) hippocampus and 
midbrain of rats from the ND or HFD group. As shown in (b), the GFAP%, TH%, and NeuN% were 
quantified in the hippocampus and midbrain. Data are presented as the mean ± SEM. *p < 0.05, **p 
< 0.01 vs ND rats (t-test). 
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SN but not in the Hippocampus 

In rats that consumed a HFD for 30 weeks, we observed a significant reduction in the 
immunostaining intensity for microglial cells (Iba1-positive cells) in the rostral part (Fig-
ure 9a) and caudal part (Figure 9b) of the SNr. The immunostaining intensity for micro-
glial cells was similar in the hippocampus DG (Figure 10a) and CA3 (Figure 10b) between 
the HFD and ND groups. 
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Figure 8. Western blot analysis of GFAP (astrocytes), TH (DA neurons), and NeuN (pyramidal
neurons) in the hippocampus and midbrain of middle-aged rats after rats were fed a normal diet
(ND, n = 3) or 45% high-fat diet (HFD, n = 5) for 30 weeks. Immunoblotting of the (a) hippocampus
and midbrain of rats from the ND or HFD group. As shown in (b), the GFAP%, TH%, and NeuN%
were quantified in the hippocampus and midbrain. Data are presented as the mean ± SEM. * p < 0.05,
** p < 0.01 vs ND rats (t-test).

3.6. Middle-Aged Rats Fed a HFD Showed Reduced Immunostaining for Microglial Cells in the SN
but Not in the Hippocampus

In rats that consumed a HFD for 30 weeks, we observed a significant reduction in
the immunostaining intensity for microglial cells (Iba1-positive cells) in the rostral part
(Figure 9a) and caudal part (Figure 9b) of the SNr. The immunostaining intensity for
microglial cells was similar in the hippocampus DG (Figure 10a) and CA3 (Figure 10b)
between the HFD and ND groups.
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Figure 9. Immunostaining of microglial cells (IbA1-positive cells) in the substantia nigra pars reticularis (SNr) after rats 
were fed a normal diet (ND, control, n = 5) or 45% high-fat diet (HFD, n = 5) for 30 weeks. Data were captured with 10X 
(scale bar = 100 μm) and 20X (scale bar = 50 μm) objectives. Immunostaining for IbA1 (microglial cells) in the (a) rostral 
part of the SNr and (b) caudal part of the SNr. IbA1 immuno-intensity (%) and IbA1-positive cells per unit of area (20X 
objective) were quantified by using cellSens Dimension software (Olympus). Data are expressed as the mean ± SEM. *p < 
0.05, **p < 0.01 vs ND rats (t-test). 
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Figure 9. Immunostaining of microglial cells (IbA1-positive cells) in the substantia nigra pars
reticularis (SNr) after rats were fed a normal diet (ND, control, n = 5) or 45% high-fat diet (HFD, n = 5)
for 30 weeks. Data were captured with 10X (scale bar = 100 µm) and 20X (scale bar = 50 µm) objectives.
Immunostaining for IbA1 (microglial cells) in the (a) rostral part of the SNr and (b) caudal part of
the SNr. IbA1 immuno-intensity (%) and IbA1-positive cells per unit of area (20X objective) were
quantified by using cellSens Dimension software (Olympus). Data are expressed as the mean ± SEM.
* p < 0.05, ** p < 0.01 vs ND rats (t-test).
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Figure 10. Immunostaining of microglial cells (IbA1-positive cells) in the hippocampus dentate gyrus (DG) and CA3 after 
rat were fed a normal diet (ND, control, n = 5) or 45% high-fat diet (HFD, n = 5) for 30 weeks. Data were captured with 
10X (scale bar = 100 μm) and 20X (scale bar = 50 μm) objectives. Immunostaining of IbA1 (microglial cells) in the hippo-
campus (a) and DG (b). IbA1 immuno-intensity (%) and IbA1-positive cells per unit of area (10X objective) were quantified 
by using cellSens Dimension software (Olympus). Data are expressed as the mean ± SEM. 
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with increased blood lipid levels are more likely to have SN and LC neuronal damage. 
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other study, young, 6-week-old mice fed with an 18.6% HFD (18.6% fat and 44.3% carbo-
hydrate) for 15 months showed reduced coordinative abilities but not the loss of DA neu-
rons, and the number of activated microglial cells was not increased in the rostral part of 
the SN [14]. The discrepancies observed between these studies may be due to the differ-
ence in fat composition of each diet; however, the levels of blood lipids were not examined 
in these studies. In our study, we took into consideration that most dyslipidemia in hu-
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Figure 10. Immunostaining of microglial cells (IbA1-positive cells) in the hippocampus dentate
gyrus (DG) and CA3 after rat were fed a normal diet (ND, control, n = 5) or 45% high-fat diet (HFD,
n = 5) for 30 weeks. Data were captured with 10X (scale bar = 100 µm) and 20X (scale bar = 50 µm)
objectives. Immunostaining of IbA1 (microglial cells) in the hippocampus (a) and DG (b). IbA1
immuno-intensity (%) and IbA1-positive cells per unit of area (10X objective) were quantified by
using cellSens Dimension software (Olympus). Data are expressed as the mean ± SEM.
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4. Discussion

To our knowledge, this is the first study in which different neuronal cells were quan-
tified and compared among the SN, LC, and hippocampus. Our data showed that, in
middle-aged rats, the long-term consumption of a HFD (i.e., for 30 weeks) induced an
increase in body weight, blood glucose level, and blood lipid levels. Rats with dyslipidemia
and obesity showed significantly decreased spontaneous locomotor activity but similar
object recognition when compared with age-matched control rats fed a ND. In addition,
compared with the ND group, rats in the HFD group showed a significant reduction in the
number of TH-containing neurons in the SN and LC, whereas the number of pyramidal
neurons, which correlate with cognitive function and memory in the hippocampus, was
similar between groups. These findings indicate the possibility that middle-aged rodents
with increased blood lipid levels are more likely to have SN and LC neuronal damage.

In our study, we demonstrated a reduction in the number of DA neurons in the
vast area of the SNc (rostral and caudal part of the SNc) in the brain after the long-term
consumption of a HFD. Notably, in previous studies, these parts of the SNc were not
fully represented [14,15]. In one study, the long-term consumption of a HFD (60% fat
content) in young, 6-week-old mice for 20 weeks impacted the locomotor activity but only
slightly decreased the DA neuronal cells and astrogliosis in the caudal part of the SN [15].
In another study, young, 6-week-old mice fed with an 18.6% HFD (18.6% fat and 44.3%
carbohydrate) for 15 months showed reduced coordinative abilities but not the loss of
DA neurons, and the number of activated microglial cells was not increased in the rostral
part of the SN [14]. The discrepancies observed between these studies may be due to the
difference in fat composition of each diet; however, the levels of blood lipids were not
examined in these studies. In our study, we took into consideration that most dyslipidemia
in humans occurs in middle-age. Therefore, we used middle-aged rats and analyzed their
blood lipid levels after long-term HFD consumption. Although we could not exclude the
effects of obesity or organ damage induced by a long-term HFD on behavior, our results
showed that long-term hyperlipidemia in middle-aged rats reduced locomotor activity
and induced molecular changes in the rostral and caudal parts of the SN related to the
progression of PD.

The number of NE (TH-positive) neurons in the LC and DA neurons in the SN were
also reduced in middle-aged rats fed a long-term HFD. In humans, studies have shown
that NE neurons in the LC are exquisitely sensitive to pathologic changes and death in
aging-related neurodegenerative disease [16–19]. The degeneration of the LC was shown
to occur before the degeneration of the SN in patients with PD [16–18]. However, despite
previous reports indicating that neuronal degeneration in the LC occurs much earlier and
to an even greater extent than in the SN, whether NE neurons are reduced throughout the
brain in patients with PD has remained largely unstudied. Here, we demonstrated a loss of
NE neurons in the LC after long-term HFD consumption. To our knowledge, this is the first
study to describe the effects of dyslipidemia on NE neurons in the LC. These data build
upon those of previous studies [16–18] by showing that, during the progression of PD, the
degeneration of NE neurons in the LC is important.

Compared with age-matched rats fed a ND, rats fed a HFD and with increased blood
lipid levels had similar cognition. In our analysis of the hippocampus, rats in the HFD group
showed unchanged numbers of pyramidal neurons in the DG and CA3 (Figure 7a). Using a
motivational test such as the novel object recognition test allowed us to measure cognition.
Although the findings of this test cannot fully represent cognitive or hippocampus function,
our data showed the same expression of neuronal cells in the DG and CA3 between
HFD and ND groups. These data indicate that the sensitivity of neurons (TH-positive
and pyramidal neurons) in middle-aged rats is different in the presence of high blood
lipid levels.

Chronic dyslipidemia may induce the reduced numbers of astrocytes in the brain of
middle-aged rats. Previous studies have shown that, in young adult rodents, the long-term
intake of a HFD increases the number of astrocytes in the SN [15] and hypothalamus [20].
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However, in this study, we observed the significant reduction in the number of astrocytes
in the brain of middle-aged rats after long-term exposure to high blood lipid levels induced
by a HFD. Studies have shown that astrocytes play an important role in the transport
and metabolism of lipids in the brain [21–23]. In primary rat astrocytes, LDL receptors
(LDLRs) were present [21], which are also found in the endothelial cells of the blood-
brain barrier [24], microglial cells, and neurons [22]. LDLR is a cell surface receptor that
mediates the uptake and catabolism of apolipoprotein B (ApoB) or ApoE-containing plasma
lipoproteins [25]. In addition, astrocytes also express fatty acid transporters (FATP), which
are critical for lipid metabolism in the brain [22]. FATP expressed in endothelial cells [24]
and astrocytes (FATP1 and FTAP4) [22,24] is responsible for the diffusion and transport
of fatty acids (FAs) in the brain [24]. Many studies have provided evidence that the FAs
obtained from dietary intake can cross the blood-brain barrier and be taken up via FATP.
In another study in cultured cells, astrocytes consumed the FAs, stored the FAs in lipid
droplets, and protected neuronal cells from FA toxicity [23]. The oxidation of FAs primarily
occurs in astrocytes, and the metabolites (i.e., ketones, NADH, acetyl CoA, FADH2) are
taken up and utilized by neurons [22].

The roles of astrocytes in the homeostasis of lipids in the brain are important, providing
essential FAs to neurons and protecting neurons from the toxicity of FAs [23]. Another
study has previously shown that astrocyte lipid metabolism is critical for the development
of synapse function in the mouse brain [26]. Our findings indicate that the long-term
consumption of a HFD increases blood lipid levels, thus overloading lipid metabolism in
the brain and inducing a reduction in the number of astrocytes. Decreased astrocytes may
affect lipid metabolism and decrease the protection of DA and NE neurons.

In our study, we observed reduced immunostaining for microglia in the brain of
middle-aged rats after 30 weeks of HFD consumption. In mouse models of neuronal
degeneration, activated brain microglia have been shown to play a role in neuron dysfunc-
tion [27–30]. Furthermore, in vitro, a dyslipidemic microenvironment was shown to induce
the activation of microglial cells [31]. In a previous study in young adult mice, the activa-
tion of microglia was shown to be involved in obesity-associated cognitive decline [28].
Moreover, in young adult rodents fed a long-term HFD, microglia were increased in the
SN [15] and hypothalamus [20], and LDLRs were expressed in microglial cells [22]. In
contrast, we did not observe the significant activation of microglia. Instead, we observed
reduced immunostaining for microglia in the brain of middle-aged rats after 30 weeks of
HFD consumption. As mentioned above, LDLR expression has been reported in microglial
cells [22]. Thus, one possible explanation for our findings is that the long-term exposure of
rats to high blood lipid levels may have overloaded lipid metabolism in brain microglia,
subsequently affecting the levels of microglial cells. However, the mechanism by which a
long-term HFD depletes microglia and astrocytes remains to be determined.

5. Conclusions

Our study findings provide clear pathophysiologic evidence for the degeneration of
SN DA neurons and LC NE neurons in the setting of chronic dyslipidemia in middle-aged
rodents. These findings clarify the possible cross-talk between astrocytes and TH-containing
neurons but not with pyramidal (glutamatergic) neurons. The development of drugs that
preserve or rescue the function of astrocytes may improve the survival of DA and NE
neurons in patients with dyslipidemia.

Author Contributions: Conceptualization, M.-C.C. and S.-L.C.; methodology, H.-C.L. and S.-L.C.;
software, M.-C.C. and Y.-C.L.; validation, M.-C.C. and S.-L.C.; formal analysis, M.-C.C.; investigation,
M.-C.C., H.-C.L., Y.-C.L., P.S.-Y.Y. and T.-H.H.; resources, C.-K.L.; data curation, Y.-C.L. and T.-H.H.;
writing—original draft preparation, M.-C.C., P.S.-Y.Y. and S.-L.C.; writing—review and editing,
C.-K.L. and C.-H.C.; visualization, S.-L.C.; supervision, C.-K.L. and C.-H.C.; project administration,
C.-K.L., C.-H.C. and S.-L.C.; funding acquisition, S.-L.C. All authors have read and agreed to the
published version of the manuscript.



Cells 2022, 11, 295 15 of 16

Funding: This research was funded by grant M110002 (to SLC) from Kaohsiung Medical Univer-
sity and by grants #105-2628-B-037-003-MY3 (to SLC) from the Taiwan Ministry of Science and
Technology (MOST).

Institutional Review Board Statement: All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Kaohsiung Medical University (KMU) and conducted
according to the guidelines of the Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC) regulations, the US Department of Agriculture Animal Welfare Act,
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All authors have ensured that all data and materials support the
published statement and comply with field standards. The datasets generated during or analyzed
during the current study are available from the corresponding author upon reasonable request.

Acknowledgments: The authors thank Nicole Stancel of the Department of Scientific Publications at
the Texas Heart Institute, for editorial contributions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Postuma, R.B.; Aarsland, D.; Barone, P.; Burn, D.J.; Hawkes, C.H.; Oertel, W.; Ziemssen, T. Identifying prodromal Parkinson’s

disease: Pre-motor disorders in Parkinson’s disease. Mov. Disord. 2012, 27, 617–626. [CrossRef]
2. Jakubowski, J.L.; Labrie, V. Epigenetic Biomarkers for Parkinson’s Disease: From Diagnostics to Therapeutics. J. Parkinsons Dis.

2017, 7, 1–12. [CrossRef]
3. Fadaei, R.; Poustchi, H.; Meshkani, R.; Moradi, N.; Golmohammadi, T.; Merat, S. Impaired HDL cholesterol efflux capacity in

patients with non-alcoholic fatty liver disease is associated with subclinical atherosclerosis. Sci. Rep. 2018, 8, 11691. [CrossRef]
4. Mancia, G.; Bombelli, M.; Facchetti, R.; Casati, A.; Ronchi, I.; Quarti-Trevano, F.; Arenare, F.; Grassi, G.; Sega, R. Impact of

different definitions of the metabolic syndrome on the prevalence of organ damage, cardiometabolic risk and cardiovascular
events. J. Hypertens 2010, 28, 999–1006. [CrossRef]

5. Misra, A.; Soares, M.J.; Mohan, V.; Anoop, S.; Abhishek, V.; Vaidya, R.; Pradeepa, R. Body fat, metabolic syndrome and
hyperglycemia in South Asians. J. Diabetes Complicat. 2018. [CrossRef]

6. Zhang, P.; Tian, B. Metabolic syndrome: An important risk factor for Parkinson’s disease. Oxid. Med. Cell Longev. 2014,
2014, 729194. [CrossRef]

7. Paoli, A.; Bianco, A. Ketogenic diet in neuromuscular and neurodegenerative diseases. Biomed. Res. Int. 2014, 2014, 474296.
[CrossRef]

8. Abbott, R.D.; Ross, G.W.; White, L.R.; Nelson, J.S.; Masaki, K.H.; Tanner, C.M.; Curb, J.D.; Blanchette, P.L.; Popper, J.S.;
Petrovitch, H. Midlife adiposity and the future risk of Parkinson’s disease. Neurology 2002, 59, 1051–1057. [CrossRef]

9. Ascherio, A.; Schwarzschild, M.A. The epidemiology of Parkinson’s disease: Risk factors and prevention. Lancet Neurol. 2016, 15,
1257–1272. [CrossRef]

10. Jin, U.; Park, S.J.; Park, S.M. Cholesterol Metabolism in the Brain and Its Association with Parkinson’s Disease. Exp. Neurobiol.
2019, 28, 554–567. [CrossRef]

11. Jeong, S.-M.; Han, K.; Kim, D.; Rhee, S.Y.; Jang, W.; Shin, D.W. Body Mass Index, Diabetes, and the Risk of Parkinson’s Disease.
Mov. Disord. 2020, 35, 236–244. [CrossRef]

12. Poe, G.R.; Foote, S.; Eschenko, O.; Johansen, J.P.; Bouret, S.; Aston-Jones, G.; Harley, C.W.; Manahan-Vaughan, D.; Weinshenker,
D.; Valentino, R.; et al. Locus coeruleus: A new look at the blue spot. Nat. Rev. Neurosci. 2020, 21, 644–659. [CrossRef]

13. Vogt Weisenhorn, D.M.; Giesert, F.; Wurst, W. Diversity matters - heterogeneity of dopaminergic neurons in the ventral
mesencephalon and its relation to Parkinson’s Disease. J. Neurochem. 2016, 139 (Suppl. 1), 8–26. [CrossRef]

14. Stojakovic A, M.C.; Licinio, J.; Wong, M.-L. Long-term consumption of high-fat diet impairs motor coordination without affecting
the general motor activity. J. Transl. Sci. 2018, 5, 1–10. [CrossRef]

15. Kao, Y.C.; Wei, W.Y.; Tsai, K.J.; Wang, L.C. High Fat Diet Suppresses Peroxisome Proliferator-Activated Receptors and Reduces
Dopaminergic Neurons in the Substantia Nigra. Int. J. Mol. Sci. 2019, 21, 207. [CrossRef]

16. Del Tredici, K.; Rüb, U.; de Vos, R.A.I.; Bohl, J.R.E.; Braak, H. Where Does Parkinson Disease Pathology Begin in the Brain?
J. Neuropathol. Exp. Neurol. 2002, 61, 413–426. [CrossRef]

17. Vermeiren, Y.; De Deyn, P.P. Targeting the norepinephrinergic system in Parkinson’s disease and related disorders: The locus
coeruleus story. Neurochem. Int. 2017, 102, 22–32. [CrossRef]

18. Braak, H.; Del Tredici, K. Neuropathological Staging of Brain Pathology in Sporadic Parkinson’s disease: Separating the Wheat
from the Chaff. J. Parkinsons Dis. 2017, 7, S71–S85. [CrossRef]

19. Weinshenker, D. Long Road to Ruin: Noradrenergic Dysfunction in Neurodegenerative Disease. Trends Neurosci. 2018, 41, 211–223.
[CrossRef]

http://doi.org/10.1002/mds.24996
http://doi.org/10.3233/JPD-160914
http://doi.org/10.1038/s41598-018-29639-5
http://doi.org/10.1097/HJH.0b013e328337a9e3
http://doi.org/10.1016/j.jdiacomp.2018.08.001
http://doi.org/10.1155/2014/729194
http://doi.org/10.1155/2014/474296
http://doi.org/10.1212/WNL.59.7.1051
http://doi.org/10.1016/S1474-4422(16)30230-7
http://doi.org/10.5607/en.2019.28.5.554
http://doi.org/10.1002/mds.27922
http://doi.org/10.1038/s41583-020-0360-9
http://doi.org/10.1111/jnc.13670
http://doi.org/10.15761/JTS.1000295
http://doi.org/10.3390/ijms21010207
http://doi.org/10.1093/jnen/61.5.413
http://doi.org/10.1016/j.neuint.2016.11.009
http://doi.org/10.3233/JPD-179001
http://doi.org/10.1016/j.tins.2018.01.010


Cells 2022, 11, 295 16 of 16

20. Baufeld, C.; Osterloh, A.; Prokop, S.; Miller, K.R.; Heppner, F.L. High-fat diet-induced brain region-specific phenotypic spectrum
of CNS resident microglia. Acta Neuropathol. 2016, 132, 361–375. [CrossRef]

21. Pitas, R.E.; Boyles, J.K.; Lee, S.H.; Foss, D.; Mahley, R.W. Astrocytes synthesize apolipoprotein E and metabolize apolipoprotein
E-containing lipoproteins. Biochim. Biophys. Acta Lipids Lipid Metab. 1987, 917, 148–161. [CrossRef]

22. Barber, C.N.; Raben, D.M. Lipid Metabolism Crosstalk in the Brain: Glia and Neurons. Front.Cell. Neurosci. 2019, 13, 212.
[CrossRef]

23. Ioannou, M.S.; Jackson, J.; Sheu, S.H.; Chang, C.L.; Weigel, A.V.; Liu, H.; Pasolli, H.A.; Xu, C.S.; Pang, S.; Matthies, D.; et al.
Neuron-Astrocyte Metabolic Coupling Protects against Activity-Induced Fatty Acid Toxicity. Cell 2019, 177, 1522–1535.e14.
[CrossRef]

24. Mitchell, R.W.; On, N.H.; Del Bigio, M.R.; Miller, D.W.; Hatch, G.M. Fatty acid transport protein expression in human brain and
potential role in fatty acid transport across human brain microvessel endothelial cells. J. Neurochem. 2011, 117, 735–746. [CrossRef]

25. Brown, M.S.; Goldstein, J.L. A receptor-mediated pathway for cholesterol homeostasis. Science 1986, 232, 34–47. [CrossRef]
26. van Deijk, A.F.; Camargo, N.; Timmerman, J.; Heistek, T.; Brouwers, J.F.; Mogavero, F.; Mansvelder, H.D.; Smit, A.B.; Verheijen,

M.H. Astrocyte lipid metabolism is critical for synapse development and function in vivo. Glia 2017, 65, 670–682. [CrossRef]
27. Acharya, M.M.; Green, K.N.; Allen, B.D.; Najafi, A.R.; Syage, A.; Minasyan, H.; Le, M.T.; Kawashita, T.; Giedzinski, E.; Parihar,

V.K.; et al. Elimination of microglia improves cognitive function following cranial irradiation. Sci. Rep. 2016, 6, 31545. [CrossRef]
28. Cope, E.C.; LaMarca, E.A.; Monari, P.K.; Olson, L.B.; Martinez, S.; Zych, A.D.; Katchur, N.J.; Gould, E. Microglia play an active

role in obesity-associated cognitive decline. J. Neurosci. 2018, 38, 8889–8904. [CrossRef]
29. Rodriguez, J.J.; Noristani, H.N.; Hilditch, T.; Olabarria, M.; Yeh, C.Y.; Witton, J.; Verkhratsky, A. Increased densities of resting and

activated microglia in the dentate gyrus follow senile plaque formation in the CA1 subfield of the hippocampus in the triple
transgenic model of Alzheimer’s disease. Neurosci. Lett. 2013, 552, 129–134. [CrossRef]

30. Doi, Y.; Mizuno, T.; Maki, Y.; Jin, S.; Mizoguchi, H.; Ikeyama, M.; Doi, M.; Michikawa, M.; Takeuchi, H.; Suzumura, A. Microglia
activated with the toll-like receptor 9 ligand CpG attenuate oligomeric amyloid {beta} neurotoxicity in in vitro and in vivo models
of Alzheimer’s disease. Am. J. Pathol. 2009, 175, 2121–2132. [CrossRef]

31. Lakk, M.; Vazquez-Chona, F.; Yarishkin, O.; Krizaj, D. Dyslipidemia modulates Muller glial sensing and transduction of ambient
information. Neural. Regen. Res. 2018, 13, 207–210. [CrossRef]

http://doi.org/10.1007/s00401-016-1595-4
http://doi.org/10.1016/0005-2760(87)90295-5
http://doi.org/10.3389/fncel.2019.00212
http://doi.org/10.1016/j.cell.2019.04.001
http://doi.org/10.1111/j.1471-4159.2011.07245.x
http://doi.org/10.1126/science.3513311
http://doi.org/10.1002/glia.23120
http://doi.org/10.1038/srep31545
http://doi.org/10.1523/JNEUROSCI.0789-18.2018
http://doi.org/10.1016/j.neulet.2013.06.036
http://doi.org/10.2353/ajpath.2009.090418
http://doi.org/10.4103/1673-5374.226383

	Introduction 
	Materials and Methods 
	Experimental Design 
	Animal Experiments 
	Open Field Test 
	Novel Object Recognition Test 
	Blood Lipid Analysis 
	Immunohistochemical and Immunofluorescence Staining 
	Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Staining 
	Western Blot Analysis 
	Data Analysis 

	Results 
	Physiologic Analysis 
	Middle-Aged Rats Fed a HFD Showed Decreased Spontaneous Locomotor Activity but Normal Cognitive Function 
	Middle-Aged Rats Fed a HFD Showed a Reduced Number of DA Neurons and Astrocytes in the SN 
	Middle-Aged Rats Fed a HFD Showed a Reduced Number of NE Neurons and Astrocytes in the LC 
	Middle-Aged Rats Fed a HFD Showed a Reduced Number of Astrocytes but Not Pyramidal Neurons in the Hippocampus 
	Middle-Aged Rats Fed a HFD Showed Reduced Immunostaining for Microglial Cells in the SN but Not in the Hippocampus 

	Discussion 
	Conclusions 
	References

